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Abstract

Recently, porous framework materials with various network-type structures have been constructed 

via several different approaches, such as coordination interactions, reversible covalent bonds, and 

non-covalent interactions. Here, we have combined the concepts of supramolecular coordination 

complex (SCC) and metal-organic framework (MOF) to offer a new strategy to construct a 

diamondoid supramolecular coordination framework (SCF) from an adamantanoid supramolecular 

coordination cage as the tetrahedral node and a difunctional Pt(II) ligand as the linear linker via 

the stepwise orientation-induced supramolecular coordination. The adamantanoid supramolecular 

coordination cage has four uncoordinated pyridyl groups, which serve as the four vertexes of the 

tetrahedral geometry in the diamondoid framework. As a result, this diamondoid SCF exhibits an 

adamantanoid-to-adamantanoid substructure with two sets of pores including the interior cavity of 

the adamantanoid cage and the extended adamantanoid space in between the individual cages in 

the framework. In addition, the shape-controllable and highly-ordered self-assembly of nanometer-

sized diamondoid SCF is observed as micrometer-sized regular octahedrons by evaporation under 

heating in DMSO. This study demonstrates the potential application of supramolecular 

coordination complexes in the precise construction of highly-regulated porous framework 

materials.
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INTRODUCTION

Although diamond has been known for a long time, scientists pay increasing attention to its 

atomic-level framework structure called a diamond lattice, where each carbon atom as a 

tetrahedral center is bonded covalently with other four carbon atoms and they show an 

arrangement of a variation of the face-centered cubic structure.1 Compared to its allotrope, 

graphite, diamond possesses several distinctive properties due to its framework structure, 

such as extreme hardness, high stability and thermal conductivity, broad optical 

transparency, and wide band gap.2 Therefore, controlling the structures in the synthesis 

process is crucial for the design of a variety of framework materials in order to obtain the 

desired properties. Inspired by diamond’s framework structure, chemists and material 

scientists have always been interested in this highly-ordered structure with Td symmetry, and 

attempt to construct similar diamondoid frameworks through molecular building blocks in a 

well-controlled manner while building up their own framework materials.3–17 In recent 

decades, porous framework materials have received considerable attention from the 

chemical, biological, and material science communities.18 Particularly, metal-organic 

frameworks (MOFs),19 covalent organic frameworks (COFs)20 and supra-molecular organic 

frameworks (SOFs),21 as prominent framework materials, have been widely studied and 

used for gas adsorption and separation,22–23 energy storage,24–25 heterogeneous catalysis,26 

drug delivery,27 and luminescent materials.28 These frameworks have various network-type 

structures including two-dimensional (2D) layers and three-dimensional (3D) frameworks, 

the structures of which include triangle-, square-, rhombus-, hexagon-, cube-, and diamond-

type shapes.29 Specifically, diamondoid frameworks have been constructed directly from 

tetrahedral precursors with metals or inorganic clusters (e.g. MOFs),3–5 complementary 

reactants (e.g. COFs),6–9 and complementary hosts or supramolecular building blocks (e.g. 

SOFs)10–17 via coordination interactions, reversible covalent bonds, and non-covalent 

interactions, respectively, and have exhibited excellent selective adsorption properties.7–9 

However, to the best of our knowledge, the reports about stepwise construction of 3D 

diamondoid frameworks with multiple-level substructures are limited. Compared to the 

direct construction of 3D diamondoid frameworks, the geometry and structure of the 
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framework materials could be controlled easily in the step-wise construction, but significant 

challenges remain in the designed and orientation-induced implementation of supra-

molecular forces, which can express self-sorted assembly in the stepwise process.30

Supramolecular coordination is a powerful tool for constructing novel supramolecular 

coordination complexes (SCCs), which are typically obtained by simply mixing soluble 

metals and ligands that spontaneously form metal-ligand bonds to generate a discrete 

thermodynamically favored self-assembled structure.31–37 This methodology allows for the 

preparation of fascinating supramolecular architectures of predesigned and controlled shape, 

size, and functionality. For examples, Stang, Raymond, Fujita, Nitschke, and others have 

already developed a series of rationally designed supramo lecular coordination complexes 

with various shapes including triangle,38 square,39 rectangle,40 and higher polygonal 2D 

SCCs,41–43 as well as tetrahedron,44 cube,45 octahedron,46 cub-octahedron,47–49 

dodecahedron,40 and other 3D SCCs.51–52 These SCCs have been used in host–guest 

chemistry, catalysis, supramolecular polymers, bio-applications, and so on. With the 

combined concepts of discrete SCCs and infinite MOFs,53–54 we offer a new strategy to 

stepwise construct a novel type of framework material from discrete supramolecular 

coordination complexes as the nodes via supramolecular interactions, called supramolecular 

coordination framework (SCF). In this strategy, an ideal SCC node, which should possess 

directional binding sites with highly-symmetrical geometry, can be connected predictably to 

neighboring SCCs with linkers via directional supramolecular interactions to generate a 

highly-ordered framework material with multiple-level substructures. Based on this idea, we 

report here the fabrication and construction of a diamondoid supramolecular coordination 

framework based on an adamantanoid supramolecular coordination cage as the node and a 

linear difunctional platinum(II) ligand as the linker. In fact, this adamantanoid cage, which 

possesses four uncoordinated pyridines as the four vertexes of the tetrahedral geometry, self-

assembles with two equivalents of complementary linear difunctional Pt(II) ligands to form 

a diamondoid supramolecular coordination framework with an adamantanoid-to-

adamantanoid substructure, which possesses two sets of porous structures from cages and 

frameworks, respectively. More interestingly, these nanometer-sized frameworks achieve a 

shape-controllable and highly-ordered self-assembly to form micrometer-sized regular 

octahedrons by evaporation under heating in DMSO.

RESULTS AND DISCUSSION

Design for diamondoid supramolecular coordination framework.

To exploit our strategy for constructing diamondoid supramolecular coordination 

framework, a suitable tetrahedral subunit, tetra(4-(4-pyridinyl)phenyl)methane (1)55 with the 

directing angle of nearly 108°, which is the optimal angle for the tetrahedral geometry, and a 

difunctional Pt(II) linker with a directing angle of 120°, bis[4,4’-(trans-
Pt(PEt3)2OTf)]diphenylmethanone (2),56 were prepared according to literature reports 

(Scheme 1). Based on the specific angularity and geometry of the binding sites of 1 and 2, 

we envisioned that 1 undergoes supramolecular coordination with 2 to give a discrete 

adamantanoid platinum(II) cage (3) with four tetrahedrally-oriented and uncoordinated 

pyridine groups. Next, the assembly of adamantanoid platinum(II) cage 3 as the SCC node 
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and bis[1,4-(trans-Pt(PEt3)2OTf)]ethynylbenzene (4),50 a difunctional Pt(II) ligand with a 

directing angle of 180°, as the linear linker, leads to the formation of a self-assembled 

intermediate, adamantanoidto-adamantanoid fragment (5), which further extend into a 

diamondoid supramolecular coordination frameworks (6). Furthermore, micrometer-sized 

regular octahedrons (SCF-1) with SCF features are self-assembled from diamondoid 

framework 6 by evaporation under heating (Scheme 1).

Self-assembly of adamantanoid Pt(II) cage 3.

As the simplest diamondoid,1 adamantane consists of three connected cyclohexane-like 

rings in the “chair” configuration that comprise the highest symmetry group Td. Hence, an 

adamantanoid Pt(II) cage can be prepared via edge-directed assembly from four tetradentate 

angular subunits with an approximately 108° directing angle combined with six difunctional 

Pt(II) linkers with directing angels of 108~120°.57 When 2 was added into a solution of 1 in 

DMSO-d6 in a ratio of 6:4 while the stoichiometry was carefully monitored by 1H and 31P 

NMR, adamantanoid supramolecular coordination cage 3 was obtained in 68% isolated 

yield.

In the 1H and COSY NMR spectra of 3 (Figure 1a and Figure S5), the protons (H’a-d) of the 

coordinated pyridyl arms showed obvious downfield shifts (Δδ = 0.18–0.37 ppm), compared 

with those of ligand 1, consistent with the coordination of the N atoms to the platinum 

centers. More importantly, the protons (H*a-d) of the partial pyridyl arms in 3 only showed 

slight downfield shifts (Δδ = 0.03–0.04 ppm), indicating that these pyridyl groups at the four 

vertexes are uncoordinated. Moreover, the 31P{1H} spectra of 2 and 3 exhibited a sharp 

singlet with concomitant 195Pt satellites at 20.14 ppm for 2 and 14.45 ppm for 3, 

respectively. The significant upfield shift of 5.69 ppm is attributed to the coordination 

between Pt and N atoms, which indicates the formation of a highly-symmetric adamantanoid 

Pt(II) cage. Temperature-dependent 1H NMR spectra also showed that 3 is a stable SCC in 

DMSO-d6 at high temperature (up to 85 °C) (Figure S6). In the 2D diffusion-ordered 

spectroscopy (DOSY) experiment of 3, the observation of a single band confirmed that only 

a single product was formed, and the diffusion coefficient was calculated as (1.176 ± 0.025) 

× 10−10 m2 s−1 (Figure S7). The discrete nature of 3 was further evidenced by ESI-TOF-MS, 

which exhibits seven- and nine-positively charged peaks at m/z = 1,359.74 for [M-7OTf]7+ 

and 1,024.44 for [M-9OTf]9+, moreover the isotopic spacing of these peaks are consistent 

with their theoretical distributions (Figure 1c and Figure S8). Hence, the observed 1H, 31P, 

COSY, and DOSY NMR, and ESITOF-MS spectra are all consistent with the formation of a 

single and highly-symmetric adamantanoid Pt(II) cage.

Self-assembly of diamondoid supramolecular coordination framework 6.

The molecular mechanics force field (MMFF) calculated structure of 3 shows a cavity with 

an inside diameter of about 3.0 nm and an outside diameter of about 5.2 nm, and four 

uncoordinated pyridyl groups as the four vertexes (Figures 1d and S9). Therefore, 3, like 

carbon atoms in diamond, is an ideal SCC node for constructing diamondoid SCF materials. 

As expected, diamondoid supramolecular coordination framework 6 further assembled from 

3 and 4 in DMSO-d6 with 62% isolated yield (Scheme 1).
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The structure and photophysical properties of 6 were unambiguously elucidated by 1H, 31P, 

COSY, and DOSY NMR, infrared (IR), Raman, UV-vis, and fluorescence experiments. 

Firstly, 1H and COSY NMR experiments in DMSO-d6 provided important insight into the 

structure of 6 (Figures 1a and S10). Comparisons of the 1H NMR spectra of 3, 4, and 6, 

revealed that the protons (H*a-d) of the uncoordinated pyridyl arms in 3 shift downfield to 

the same chemical shift of the protons (H”a-d) of the coordinated pyridyl arms in 6, and the 

proton (Hz) of the phenyl ring in 4 became slightly downfield-shifted and broad in 6 (Figure 

1a). Secondly, compared with those of 2 and 4, the 31P{1H} spectrum of 6 exhibited two 

sharp singlets with concomitant 195Pt satellites at 14.49 ppm and 16.81 ppm, corresponding 

to two distinctive sets of phosphorous environments in the adamantanoid cage (upfield shift: 

Δδ = 5.65 ppm) and on the coordinated linear linker (upfield shift: Δδ = 5.37 ppm), 

indicating the formation of a highly-symmetric framework 6 (Figure 1b). The phosphorous 

chemical shifts of subunit 2 in 3 (14.45 ppm) and 6 (14.49 ppm) are nearly the same, 

indicating that the adamantanoid cage remains intact in the framework structure of 6. 

Thirdly, IR and Raman spectroscopies confirmed the presence of the introduced carbon-

carbon triple bond on the linker 4 in the framework structure (Figures S11-S12). Moreover, 

Uv-vis and fluorescence experiments showed that the absorbance maxima at 282 nm for 1 
was red-shifted to 311 nm for 3 and 317 nm for 6, and the fluorescent intensities were 

decreasing during the stepwise formation of adamantanoid cage 3 and diamondoid 

framework 6 from tetrahedral subunit 1 (Figure S13).

Additionally, the diffusion coefficient of 6 in DMSO-d6 was calculated as (4.087 ± 0.250) × 

10−11 m2 s−1, indicating the high uniformity of framework 6 (Figure S14). If we assume that 

3 and 6 are roughly spherical, then the ratio of the measured diffusion coefficients can be 

converted into a ratio of molecular weights by the Stokes−Einstein equation,58 which in turn 

gives a degree of polymerization of about 24. Hence, the construction of framework 6 is 

about a 288-component assembly process, likely stepwise tuned by the angularity and 

directionality between the binding sites of the pyridyl donors with tetrahedral geometry and 

two different difunctional Pt(II) ligands with directing angles of 120° and 180°, respectively. 

The results of dynamic light scattering (DLS) experiments confirmed that the average 

hydrodynamic diameter (DH) of 3 and 6 are 4.9 nm and 91.3 nm, respectively, indicating the 

for mation of large supramolecular coordination frameworks (Figure 2). Despite the large 

size and molecular weight, framework 6 is still soluble (up to ~10 mg/mL) in DMSO, 

presumably due to the extensive solvation of its multiple charged surface. In summary, all of 

the above-mentioned data show that the assembly of adamantanoid platinum(II) cage 3 and 

linear linker 4 leads to the formation of a highly-symmetric supramolecular coordination 

framework 6. This stepwise assembly process was under the precise geometry-control of the 

binding sites of the subunits, making the overall frameworks comparable to a big protein in 

terms of size (~90 nm) and molecular weight (~253,300 Da).

As the smallest structural unit in 6, the MMFF calculated structure of adamantanoid 

fragment 5 showed that the adamantanoid-to-adamantanoid substructure of 6 has two sets of 

pores including the interior cavity (~3.0 nm) of adamantanoid cage and the extended 

adamantanoid space (~10.0 nm) in between the individual cages in the framework (Figure 

S15). As a result, the framework structure of 6 has a two-stage adamantanoid-to-
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adamantanoid substructure: The first-stage adamantanoid is cage 3 based on tetrahedral 

subunit 1 as primary nodes, while the second-stage adamantanoid is fragment 5 based on 

cage 3 as secondary nodes. Additionally, thermogravimetric analysis (TGA) of 6 showed a 

rapid weight loss of trapped solvents (3.1% observed) in the range of 30–70°C, followed by 

a stable platform until 300 °C (Figure S16). Based on its high stability, nitrogen sorption 

measurements of 6 were performed. However, only 2.86 cm3/g N2 was adsorbed at 77 K, 

and the pore size distribution (PSD) curve demonstrated that the average pore size of 6 was 

only about 2.0 nm (Figure S17). The low N2 adsorption and small pore size may be due to 

the fact that a number of OTf− counter ions reside in the framework structure.

Self-assembly of micrometer-sized regular octahedron SCF-1.

We also directly observed the morphology of the self-assembled framework 6 by scanning 

electron microscopy (SEM), atomic force microscopy (AFM) and transmission electron 

microscopy (TEM) experiments. The images obtained from the SEM experiments of 3 
showed only discrete particles with irregular shapes (Figure S18). However, SEM images 

obtained from a solution of 6 in DMSO by evaporation at 50°C showed that nanometer-sized 

SCF 6 self-assembled into a micrometer-sized regular octahedron (SCF-1) with a side length 

of ~2.12 μm and a calculated volume of ~4.49 μm3 (Figure 3a–d). The size of micrometer-

sized octahedron SCF-1 with particle size d defined as the distance between opposing 

vertexes ranges from ~2.65 μm to ~3.55 μm (Figure S19). Furthermore, the thickness of 

SCF-1 as determined by AFM was ~216 nm at the same concentration, indicating the 3D 

feature of SCF-1 (Figure S20). TEM images confirmed that these micrometer-sized regular 

octahedrons are solid (Figure S21). Therefore, we surmised that the nanometer-sized SCF 6 
as the seeds grow can self-assemble or crystallize during the evaporation process under 

heating to SCF-1, which possess an extended diamondoid supramolecular coordination 

framework (Figure 3e). In the growth process, once SCF-1 has grown past a critical size, 

structural fluctuations become energetically costly so that the self-assembly becomes locked 

into a well-defined regular octahedron. In Nature, natural crystals, such as diamond, alum 

and fluorite, are octahedral, due to the framework of their atoms with diamond cubic 

geometry which also possess the tetrahedral-octahedral structure. In the shape-controlled 

synthesis of metal nanoparticles, only one geometry of the nanocrystal can be obtained when 

the population of seeds with specific internal structure is tightly controlled.59 Therefore, 6, 

bearing diamondoid framework units, tended to self-assemble or crystallize into an 

entropically favored and well-ordered arrangement that finally extended to a micrometer-

sized regular octahedron controlled by its internal diamondoid framework structure. For the 

shape-controlled self-assembly of nanoparticles,30,60 it is important to provide an effective 

approach to construct highly-ordered self-assembled 3D framework structures with regular 

geometry for the design and synthesis of a variety of functional materials, including energy 

storage, gas absorption, and catalytic materials.

Conclusion

Supramolecular coordination is a powerful tool for constructing supramolecular 

coordination complexes (SCCs) with a variety of shapes and functionalities, due to its 

strong, highly directional, and dynamic nature. However, compared with targeting infinite 
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arrays of MOFs, SCCs have only been utilized in the past in constructing discrete 

supramolecular assemblies. In this paper, we combined the concepts of discrete SCCs and 

infinite MOFs to offer a new strategy to stepwise construct a novel type of diamondoid 

supramolecular coordination framework (SCF). SCFs, with both the fundamental 

characteristics of MOFs and SCCs, can possess both a predictable and well-designed 

structure, when compared to MOFs, and open space and highly-ordered arrangements, when 

compared to SCCs. Therefore, this work will help draw the field of framework material 

science and supramolecular coordination chemistry closer together by showing the stepwise 

construction of a diamondoid supramolecular coordination framework based on an 

adamantanoid supramolecular coordination cage as the node and a linear difunctional 

platinum(II) ligand as the linker where both hold binding sites with specific angularity and 

geometry. Furthermore, these nanometer-sized SCFs undergo a shape-controllable and 

highly-regulated self-assembly to form micrometer-sized regular octahedrons defined by its 

diamondoid structure. We expect this approach to provide many other new frameworks with 

various geometries and valuable properties (e.g. significant porosity, well-defined structure, 

host-guest recognition, photopsychical and catalytic activity), which are attractive in 

designing and preparing new functional materials for potential applications such as energy 

storage, gas separation, drug delivery, sensing, heterogeneous catalysis, etc.

EXPERIMENTAL SECTION

Synthesis of adamantanoid cage 3.

To a solution of 1 (4.16 mg, 6.62 μmol) in DMSO-d6 (1.5 mL) was added 2 (13.31 mg, 9.93 

μmol), and the reaction mixture was stirred at room temperature for 24 h. Then, the mixture 

was poured into ethyl ether (10 mL) to give a yellow precipitate, which was washed with 

CH2Cl2 (0.2 mL) and centrifuged, and washed again with CH2Cl2/Et2O (0.2 mL/5.0 mL) 

and centrifuged. The precipitate was dried under high vacuum to give yellow powder 3 
(12.01 mg, 1.13 μmol, 68%). 1H NMR (500 MHz, DMSO-d6): 8.84 (s, 24H), 8.66 (s, 8H), 

8.09 (s, 24H), 8.03 (s, 24H), 7.87 (s, 8H), 7.74 (s, 8H), 7.70–7.35 (m, 80H), 1.45–1.25 (m, 

144H), 1.15–0.95 (m, 216H). 31P{1H} NMR (121.4 MHz, DMSO-d6): 14.45 (s, 195Pt 

satellites, 1JPt-P = 2647.7 Hz). ESI-TOF-MS: m/z 1359.74 for [3-7OTf]7+ and 1024.44 for 

[3-9OTf−]9+.

Synthesis of diamondoid framework 6.

To a solution of 3 (10.40 mg, 0.99 μmol) in DMSO-d6 (1.0 mL) was added 4 (6.03 mg, 4.69 

μmol), and the reaction mixture was stirred at room temperature for 8 days. The mixture was 

poured into ethyl ether (5.0 mL) to give a yellow precipitate, which was washed with 

CH2Cl2 (0.2 mL) and centrifuged, and washed again with CH2Cl2/Et2O (0.2 mL/5.0 mL) 

and centrifuged. The precipitate was dried under high vacuum to give yellow powder 6 (9.20 

mg, 62%). 1H NMR (500 MHz, DMSO-d6, n is the number of repeated unit): 8.81 (s, 

32nH), 8.50–7.80 (m, 64nH), 7.80–6.80 (m, 88nH), 1.90–1.65 (m, 48nH), 1.50–1.20 (m, 

144nH), 1.2–0.90 (m, 288nH). 31P{1H} NMR (121.4 MHz, DMSO-d6): 16.81 (s, 195Pt 

satellites, 1JPt-P = 2309.0 Hz), 14.49 (s, 195Pt satellites, 1 JPt-P = 2640.5 Hz).
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Figure 1. 
a) Partial 1H NMR spectra (500 MHz, DMSO-d6, 298 K) recorded for: i) 1, ii) 2, iii) 3, iv) 4 
(CD2Cl2), v) 6; b) 31P{1H} NMR spectra (121.4 MHz, DMSO-d6, 298 K) recorded for: i) 2, 

ii) 3, iii) 4 (CD2Cl2), iv) 6; c) Calculated (i) and experimental (ii) ESI-TOF-MS spectra of 3 
[M – 9OTf]9+; d) MMFF calculated structure of 3, Color: C, grey; N, blue; O, red; P, yellow; 

H, white; Pt, turquoise. Here, primes (‘) and stars (*) denote resonances for the coordinated 

and uncoordinated pyridyl arms of 3, respectively; double primes (“) denote resonances for 

6.
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Figure 2. 
DLS profiles of the solution of 3 (2.5 mg/mL) and 6 (2.5 mg/mL) in DMSO.
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Figure 3. 
SEM (a-d) images of SCF-1 prepared from the solution of 6 (2.5 mg/mL) in DMSO; e) 

Schematic illustration for the possible mechanism of SCF-1 formed from 6.
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Scheme 1. 
Schematic illustration for the stepwise construction process of adamantanoid supramolecular 

coordination cage 3, diamondoid supramolecular coordination framework 6, and 

micrometer-sized octahedron SCF-1.

Cao et al. Page 13

J Am Chem Soc. Author manuscript; available in PMC 2019 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	Design for diamondoid supramolecular coordination framework.
	Self-assembly of adamantanoid Pt(II) cage 3.
	Self-assembly of diamondoid supramolecular coordination framework 6.
	Self-assembly of micrometer-sized regular octahedron SCF-1.
	Conclusion

	EXPERIMENTAL SECTION
	Synthesis of adamantanoid cage 3.
	Synthesis of diamondoid framework 6.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Scheme 1.

