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Beyond Molecules: Mesoporous Supramolecular Frameworks Self-
Assembled from Coordination Cages and Inorganic Anions**
Dong Luo, Xiao-Ping Zhou,* and Dan Li*

Abstract: Biological function arises by the assembly of
individual biomolecular modules into large aggregations or
highly complex architectures. A similar strategy is adopted in
supramolecular chemistry to assemble complex and highly
ordered structures with advanced functions from simple
components. Here we report a series of diamond-like supra-
molecular frameworks featuring mesoporous cavities, which
are assembled from metal-imidazolate coordination cages and
various anions. Small components (metal ions, amines, alde-
hydes, and anions) are assembled into the hierarchical complex
structures through multiple interactions including covalent
bonds, dative bonds, and weak C¢H···X (X = O, F, and p)
hydrogen bonds. The mesoporous cavities are large enough to
trap organic dye molecules, coordination cages, and vita-
min B12. The study is expected to inspire new types of
crystalline supramolecular framework materials based on
coordination motifs and inorganic ions.

Chemists try to mimic and understand biological processes
through designing and synthesizing progressively complex
supramolecules and studying their advanced functions.[1,2]

This mimicry is inspired by the highly complex and hierarch-
ical structures of biological systems which express functions
that are reckoned to arise from the combination of a myriad
of weak interactions. For example, the quaternary structures
of proteins are assembled from individual protein subunits,
and new and advanced biological functions emerge from the
higher-order structures. The individual subunits cannot
exhibit the same biological functions without forming the
higher-order structures. Remarkable success has been made
by chemists through combining small molecules or ions
together by using supramolecular approaches, for example,
molecular machines[2] and huge assembled cages,[3–5] however,
the level of complexity is still poor compared with biological

systems.[6] To reach higher-order supramolecular architec-
tures similar to biological systems, multiple interactions need
to be synchronized to yield a synergistic effect.[7,8] The typical
examples are polypeptides, in which covalent amino acid
chains can fold to afford secondary order (a-chain or b-chain)
and further self-organize into higher-order architectures
through hydrogen bonding and hydrophobic/hydrophic inter-
actions.

Metal coordination cages (or capsules, polyhedrons) have
been widely investigated for their bionic feature, structural
beauty, and potentially advanced applications (e.g. stabiliza-
tion of reactive species,[9, 10] recognition,[11, 12] and cataly-
sis[13,14]). Close attention has focused on how to assemble
a desired cage with a certain geometry and size and to explore
its inner cavities (e.g. host–guest chemistry); however,
approaches for organizing cages into more complex or
architecturally controlled frameworks through supramolec-
ular interactions to achieve new advanced functions are still
unusual.[15,16] In the study of metal–organic frameworks
(MOFs), few chemists employ metal coordination cages as
building blocks to assemble porous materials.[17–19] Here we
describe the solvothermal subcomponent self-assembly of
metal-imidazolate coordination cages, which are further
assembled hierarchically with anions to yield supramolecular
frameworks. Each hierarchical architecture is assembled from
small components (metal ions, amines, aldehydes, and anions;
Figure 1) through multiple interactions including covalent
bonds, dative bonds, and weak C¢H···X (X = O, F, and p)
hydrogen bonds. The supramolecular frameworks with giant
cavities of mesoporous size are capable of taking up large
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Figure 1. Illustration of the hierarchical self-assembly of the supra-
molecular framework. The big yellow ball represents the cavity in the
framework; color codes: Co pink, O red, C gray, N blue; H atoms are
omitted for clarity.
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molecules (an organic dye, metal coordination cages, or the
biomolecule vitamin B12), and thus a procedure has been
developed in which aggregation gives rise to a desired
function.

Solvothermal subcomponent self-assembly is a feasible
approach to synthesize metal coordination cages and infinite
polymeric compounds (e.g. MOFs).[20–22] The reactions of 5-
methyl-4-formylimidazole and m-xylylenediamine with the
cobalt(II) salts Co(ClO4)2·6 H2O, Co(BF4)2·6H2O, and Co-
(BF4)2·6 H2O-KPF6 under solvothermal conditions (see the
Supporting Information for details) resulted in three isomeric
compounds (1, 2, and 3, respectively). Single crystals of 1, 2,
and 3 were obtained directly in high yields. It is noteworthy
that all the reagents are commercially available and the
syntheses are simple, which further demonstrates the power
of solvothermal subcomponent self-assembly.

Single-crystal X-ray diffraction analyses showed that 1, 2,
and 3 feature identical hierarchical supramolecular architec-
tures that crystallize in the same cubic Fd�3 space groups with
giant unit cell volumes (127730(7), 127464(5), and
130 189(5) è3 for 1, 2, and 3, respectively). As an example,
the structure of 1 will be described in detail. As shown in
Figure 1, the cobalt ions were coordinated by the bisimidazole
ligands H2L (H2L = 1,3-bis[(5-methyl-1H-imidazol-4-yl)me-
thyleneaminomethyl]benzene) to form an eight-nucleus cubic
cage, similar to our previously reported cubic Ni-imidazolate
cage.[21] The bisimidazole ligand L was formed in situ by the
condensation of 5-methyl-4-formylimidazole and m-xylylene-
diamine, as was further evident from the IR spectrum (C=N
absorbance band around 1610 cm¢1, see Figure S1 in the
Supporting Information). Two cobalt ions in the cubic cage
adopt octahedral coordination geometry, and each one is
chelated by three ligands L, with Co¢N bond lengths ranging
from 1.907(6) to 1.944(6) è. The shorter Co¢N bonds indicate
that the octahedral Co center has a valence of + 3,[23] and the
CoIII state is probably obtained by the oxidization of CoII by
oxygen during the reaction. Interestingly, the two octahedral
CoIII ions have opposite asymmetric arrangements of the
coordinated ligand (D and L, respectively, see Figure S2 in the
Supporting Information), and as a whole the Co-imidazolate
cage is achiral. The other six Co ions in the cage adopt
distorted square-pyramidal geometries and each Co center is
coordinated by four nitrogen atoms and one oxygen atom
(from water), with Co¢N bond lengths ranging from 2.016(6)
to 2.227(6) è, which are clearly longer than the CoIII¢N
bonds, and thus indicate these Co ions have a valence of + 2.
The Co-imidazolate cubic cage of 1 represents an unusual
example of a coordination cage containing mixed-valence
metal ions in markedly different coordination geometries.
Similar to the cubic Ni-imidazolate cages, the edge lengths in
the Co-imidazolate cubic cage are also around 6.1 è (6.053–
6.181 è, Co···Co distance). A guest water molecule fills the
hole of the cage (see Figure S3 in the Supporting Informa-
tion).

The eight-nucleus Co-imdazolate cage is positive and has
a valence of + 6, which is balanced by six anions (ClO4

¢ ,
BF4

¢ , PF6
¢ for 1, 2, and 3, respectively). However, only

3.5ClO4
¢ , 0.5BF4

¢ , and 3.5 PF6
¢ can be determined crystallo-

graphically for the Co-imdazolate cages in 1, 2, and 3,

respectively. Normally, balance ions exist randomly in a crystal
lattice around the ionic complexes (sometimes partial ions
may not be found by crystallographic study), and are usually
underemphasized. Amazingly, the anions in 1, 2, and 3 play
a critical role in the further assembly of the cages into
a higher-order supramolecular network. As shown in Fig-
ure 2b, the cubic Co-imidazolate cages are assembled

together by ClO4
¢ in 1, and further aggregate together in

a high order. Each ClO4
¢ ion is surrounded by four cages with

a T4 symmetry (see below), and each cage interacts with two
ClO4

¢ ions. Similar cases are found in 2 and 3 for BF4
¢ and

PF6
¢ , respectively.
The unconventional and weak C¢H···X (X = O, N, F, and

p) hydrogen bonds commonly exist in artificial molecular
architectures and biologic systems, and play important roles in
crystal engineering and anion recognition,[24–26] inducing

Figure 2. Illustration of the X-ray crystal structure of 1: a) cubic eight-
nuclear Co-imidazolate cage (the orange ball represents the inner
cavity); b) supramolecular network formed through assembling the
cage with ClO4

¢ (the yellow ball represents the large cavity); c) the
ClO4

¢ ion is surrounded by four cages through C¢H···O interactions
(indicated by red dashed lines); d) C¢H···p interactions between four
cages (indicated by red dashed lines, the yellow ball represents the
cavity, and the triangle represents the ClO4

¢); e) diamond topology
(the cyan rods represent the cage, and the green polyhedra represent
ClO4

¢); f) space-filling structure of a “diamond unit” showing a large
cavity; color codes for elements: Co green, C gray, N blue, O red, Cl
cyan, H pink (highlighted in c).
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(hydro)gelation,[27] and stabilizing protein structures and
quasicrystals.[28,29] As a result of the C¢H···X hydrogen
bonds being weak, they always act as a supportive interaction
rather than as a predominant one to direct the assembly. In 1,
the ClO4

¢ ion in the crystal lattice is located in a hydrophobic
pore surrounded by four Co-imidazolate cages, and forms C¢
H···O hydrogen bonds (H···O distance of about 2.657 è) with
the C¢H proton of methanediyl from the ligands of the cages
(Figure 2c). Although a C¢H···O hydrogen bond is weak,
twelve hydrogen bonds between each ClO4

¢ and the meth-
anediyl C¢H groups should synergistically enhance the
interactions between ClO4

¢ and the cationic cages. In
addition, the electrostatic interactions between the positive
cages and negative ClO4

¢ ion also probably help strengthen
the connections. The C¢H···O hydrogen bonds probably
guide the aggregation of four Co-imidazolate cages to form
the pore, which acts as a supramolecular host for a ClO4

¢ ion
(Figure 2d). Careful examination identified C¢H···p interac-
tions (H···p 2.689 è, or edge-to-face p-p interactions)
between benzyl groups from different cages (Figure 2 d).
There are also twelve C¢H···p interactions to further stabilize
the cage–anion aggregation. Similar phenomena happened in
2 and 3, where BF4

¢ and PF6
¢ ions were located in the center

of the pore of four cages, respectively. Twelve C¢H···F
hydrogen bonds and twelve C¢H···p interactions exist in each
host–guest system of the cages and BF4

¢/PF6
¢ .

The assembly of ClO4
¢ and Co-imidazolate cages leads to

the formation of an extended diamond supramolecular net-
work[30, 31] (Figure 2e) in which the ClO4

¢ ions act as 4-
connected nodes and the cage acts as a linker. As a conse-
quence of the relatively large size of the Co-imidazolate cage
(2.0 nm length circumscribed) and the non-interpenetrated
structure, the framework of 1 is highly porous (Figure 2b,f
and see Figure S4 in the Supporting Information), and the
potential solvent-accessible void volume is 90 082.9 è3 in one
unit cell, with 70.5% checked by PLATON. The cavity is
filled by remaining anions and solvent molecules of N,N-
diethylformamide (DEF) and water. Notably, the distance
between antipodal oxygen atoms (binding H2O) in one
diamond unit of 1 is 37.7 è (see Figure S5 in the Supporting
Information), and the diagonal distance of the pore aperture
is about 23.6 è, which clearly show that the cavity is of
mesoporous scale. A similar large pore size is also observed in
both 2 and 3. The large pore size in 1, 2, and 3 is comparable to
those in mesoporous MOF materials.[32–34] To the best of our
knowledge, 1, 2, and 3 represent uncommon examples of
unconventional hydrogen-bonded networks with mesoporous
cavities of previously unattained sizes.

As a result of the weak C¢H···X interactions and highly
porous properties, crystals of 1, similar to protein crystals, are
unstable in air and lose crystallinity quickly, as shown in the
powder X-ray diffraction patterns (see Figure S6 in the
Supporting Information). The low N2 adsorption capacities
(about 20.0 cm3 g¢1 at P/P0 = 0.9 and 77 K) further suggested
that the mesoporous hydrogen-bonded framework easily
collapsed (see Figure S8 in the Supporting Information).
However, the crystal of 1 is stable in its saturated mother
liquid, water, and ethanol solution. The stability of 1 in water
and ethanol was monitored by single-crystal X-ray diffrac-

tions, and the diffraction quality of the crystals was still good
after 72 h (see Figures S9 and S10 in the Supporting Informa-
tion). Inclusion experiments of large organic and inorganic
molecules (dyes and metal coordination cages), and biomol-
ecules (vitamin B12 and small proteins) inside the pores of
crystals 1 were carried out to assess the possible mesoporous
porosity. Typically, crystals of 1 were immersed in an aqueous
solution containing the particular large molecules to be
included. Our trials demonstrate that some large molecules,
including dyes, metal coordination cages, and vitamin B12, can
be incorporated into 1, whereas protein cannot.

Dye molecules with various charges and shapes were
selected for the inclusion experiments (see Figure S11 in the
Supporting Information): Fluorescein disodium salt (Fl2¢),
Acid Fuchsin (AF2¢), Methyl Orange (MO¢), Neutral Red
(NR0), Sudan 1 (Sd10), and Methylene Blue (MlB+). Fresh
crystals of 1 (15.0 mg) were immersed in an aqueous solution
of dye (10.0 mL and concentration: [Fl2¢] = [AF2¢] =

[MO¢] = [NR0] = 1 × 10¢4m and [MlB+] = 5 × 10¢5m, respec-
tively) over a period of about 30 h. The amount of dye
molecules in the supernatant was measured by UV/Vis
spectrophotometry (characteristic absorbance: Fl2¢ 493 nm,
AF2¢ 547 nm, MO¢ 465 nm, NR0 524 nm, and MlB+ 664 nm).
As shown in Figure 3a (and see Figure S12 in the Supporting
Information), the plots of the dye concentrations with time
clearly show a continuous decrease in the amount of anionic
dye molecules (Fl2¢, AF2¢, and MO¢), and an invariability for
those of neutral NR0 and cationic MlB+. These results
preliminarily show that anionic dye molecules can be
selectively included in the cavities of 1, whereas cationic
molecules cannot (dye NR0 is hydrolyzed and becomes
cationic in water). The charge selectivity was further proved
by immersing crystals of 1 into a solution containing both Fl2¢

and MlB+. The green supernatant of the dye mixture (vial 3 in
the inset of Figure 3b) turned blue (vial 4) and the UV/Vis
spectra clearly show that only anionic Fl2¢ is selectively
included in crystals 1 (Figure 3 b). Sudan 1 (Sd10) was chosen
to test the possibility of the inclusion of neutral dye molecules
into the cavities of 1 in an ethanol solution. The solution color
change and the UV/Vis spectral trace indicated that the
neutral dye cannot be trapped by 1 (see Figure S13 in the
Supporting Information). Therefore, the experiments solidly
demonstrated that mesoporous 1 can selectively upload
anionic dye molecules.

The reversibility of the trap and release has practical
importance such as for use in drug delivery. To test the
reversibility and recyclability, crystals of 1 with included MO¢

were immersed in the same volume of a solution containing
NaClO4. The solution turned from colorless back to orange
(see Figure S14 in the Supporting Information), thus indicat-
ing that ClO4

¢ replaced MO¢ in the mesoporous framework
1 (see also Figure S15 in the Supporting Information for
spectral traces). In the absence of ClO4

¢ , the released dye
content in the MO¢ inclusion solution stayed at almost zero.
As the ClO4

¢ concentrations increase, the amount of released
MO¢ increases (see Figure S16 in the Supporting Informa-
tion). The UV/Vis measurement showed that the release of
MO¢ was about 80 % after two replacement processes
([ClO4

¢] = 0.2m and 51 h). Such an ion-exchange and release
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process was performed for three continuous cycles (see
Figure S17 in the Supporting Information), and the process
is reversible with no apparent drop in the ion-exchange
capacity. Crystals of 1 remain transparent after three recycles,
and look the same as the original samples (see Figure S19 in
the Supporting Information). A single-crystal X-ray diffrac-
tion measurement study showed an identical unit as that of
the original one of 1 (see Figure S20 in the Supporting
Information), which indicates 1 is robust in the reversible dye
trapping and release process in water.

The dye molecules are smaller than 2.0 nm. To assess the
mesoporous properties of 1, larger molecules were required.
A reported tetrahedral Fe coordination cage [NMe4]4Fe4Limine

(Limine = 4,4’-di(pyridin-2-ylmethyleneamino)biphenyl-2,2’-
disulfonate; see Figure S21 in the Supporting Information)
was selected because of its large size (2.2 nm), anionic nature,
and water solubility.[35] The same experiment as with the

anionic dye molecules was carried out by immersing crystals
of 1 in the aqueous solution of the Fe coordination cage. The
UV/Vis spectra and the color change of the solution clearly
showed that Fe cages are also successfully exchanged into
cavities of crystals of 1 (see Figure 3c and see Figure S22 in
the Supporting Information), which probably form a compli-
cate and unique cage in a cage-network clathrate. The
inclusion of Fe coordination cages was further evident by
inductively coupled plasma atomic emission spectrometry
(ICP-AES) measurements showing a Fe/Co molar ratio of
1:4.8. This positive result illustrates the mesoporous cavities
(> 2.0 nm) in 1. After the inclusion process, crystals of 1 turn
a dark red but are still crystalline (see Figure S23 in the
Supporting Information). Single-crystal X-ray diffraction
measurements showed a unit cell which was identical with
that of the original in 1 (see Figure S24 in the Supporting
Information). Unfortunately, the diffraction quality was not

Figure 3. Inclusion studies of selected large molecules in 1: percentage of dye (a), Fe coordination cage (c), and vitamin B12 and proteins (d)
remaining in the solution as determined by the UV/Vis absorbance at a selected wavelength over time. The inset figures illustrate the inclusion
complexes for each study. b) Selective inclusion of anionic dye molecules: UV/Vis spectra of a Fl2¢ and MlB+ mixture in the presence of
1 (monitored over time). The photograph (insets) of vials shows the solution colors: vial 1: Fl2¢, vial 2: MlB+, vial 3: Fl2¢/MlB+ mixture before
inclusion, and vial 4: Fl2¢/MlB+ mixture after inclusion.
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good enough to refine the crystal structure. To further test the
capability of 1 to trap large molecules, the biomolecules
vitamin B12 (cyanocobalamin) and small proteins (myoglobin
and cytochrome c) were used. Similar procedures as above
were used for the inclusion experiments in 1. The fading of the
red color of the supernatant and the decrease in the
absorbance band at 361 nm in the UV/Vis spectra showed
that the large biomolecule vitamin B12 can be trapped by
crystals of 1 (Figure 3d, and see Figure S27 in the Supporting
Information). A positive Cotton effect was observed in the
CD spectrum of crystals of 1 that trapped vitamin B12, and the
peak position is identical with that of vitamin B12 (see
Figure S28 in the Supporting Information), further confirm-
ing the successful uptake of vitamin B12 by 1. In contrast, the
invariable color of the supernatant and UV/Vis spectra
(Figure 3d, and see Figures S33 and S34 in the Supporting
Information) suggest that the small proteins myoglobin and
cytochrome c cannot be included into the cavities of 1,
probably because of their large size and ease of unfolding
(vitamin B12 : 27 è, myoglobin: 21 × 35 × 44 è, cytochrome c:
31 è).

Crystals 1, 2, and 3 are soluble in certain organic solvents
(e.g. N,N-dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO)), which makes it very simple to test the regener-
ation, re-use, and recognition of other anions by the Co-
imidazolate cage. Crystals of 1, 2, and 3 can be easily
regenerated by diffusing ethyl ether slowly into DMF
solutions of the crystals. Treatment of a DMF solution of 2
with an excess of LiNO3 in DMF and slow diffusion of ethyl
ether into the mixture solution lead to the formation of
crystals 4. Compound 4 crystallizes in a hexagonal R�3 space
group, and contains two types of cubic Co-imdazolate cages
(for details of the crystal structure see Figures S35 and S36 in
the Supporting Information). The nitrate anions do not act as
nodes to connect the Co-imdazolate cages through C¢H···O
hydrogen bonds, but act as substitutions to replace the
coordinated water molecules. Trials using tetraethylammo-
nium chloride gave compound 5 in which Cl¢ ions replace the
coordinated water molecules (for details of the crystal
structure see Figures S37 and S38 in the Supporting Informa-
tion), similar to that in 4. Our experiments reveal that a large
spherical shape with a weak coordination ability (such as
ClO4

¢ , BF4
¢ , and PF6

¢) is suitable for interacting with Co-
imidazolate cages to form mesoporous supramolecular frame-
works, whereas simple anions such as NO3

¢ and Cl¢ cannot.
In summary, a series of mesoporous supramolecular

frameworks were successfully prepared in one-pot reactions
from cobalt cations, amines, aldehydes, and anions. The
frameworks were constructed from Co-imidazolate cages and
anions through covalent bonds, dative bonds, and weak C¢
H···X hydrogen bonds, and can efficiently trap large dye
molecules, coordination cages, and the biomolecule vita-
min B12. The unit cells of the mesoporous supramolecular
networks are close to those of diamond-like protein crys-
tals,[36] which demonstrates the strategy of assembling large
coordination cages into a hierarchical architecture. The
results represent an efficient approach for mimicking a natural
process. It is anticipated that a mesoporous supramolecule
constructed from large aggregates of ordered structures will

open up a general avenue for using such similar strategies and
provide a potential platform for obtaining advanced crystal-
line materials.

Keywords: coordination cages · hydrogen bonds · imidazole ·
self-assembly · supramolecular frameworks
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