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Self-assembly of metal–organic polyhedra into
supramolecular polymers with intrinsic
microporosity
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Designed porosity in coordination materials often relies on highly ordered crystalline net-

works, which provide stability upon solvent removal. However, the requirement for crystal-

linity often impedes control of higher degrees of morphological versatility, or materials

processing. Herein, we describe a supramolecular approach to the synthesis of amorphous

polymer materials with controlled microporosity. The strategy entails the use of robust

metal–organic polyhedra (MOPs) as porous monomers in the supramolecular polymerization

reaction. Detailed analysis of the reaction mechanism of the MOPs with imidazole-based

linkers revealed the polymerization to consist of three separate stages: nucleation, elongation,

and cross-linking. By controlling the self-assembly pathways, we successfully tuned the

resulting macroscopic form of the polymers, from spherical colloidal particles to colloidal gels

with hierarchical porosity. The resulting materials display distinct microporous properties

arising from the internal cavity of the MOPs. This synthetic approach could lead to the

fabrication of soft, flexible materials with permanent porosity.

DOI: 10.1038/s41467-018-04834-0 OPEN

1 Institute for Integrated Cell-Material Sciences (WPI-iCeMS), Kyoto University, Yoshida, Sakyo-ku, Kyoto 606-8501, Japan. 2 Department of Synthetic
Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto University, Katsura, Nishikyo-ku, Kyoto 615-8510, Japan. 3 Department of
Macromolecular Science and Engineering, Kyoto Institute of Technology, Matsugasaki, Sakyo-ku, Kyoto 606-8585, Japan. 4Present address: Catalan Institute
of Nanoscience and Nanotechnology (ICN2), CSIC, The Barcelona Institute of Science and Technology, Campus UAB, Bellaterra, 08193 Barcelona, Spain.
Correspondence and requests for materials should be addressed to S.F. (email: shuhei.furukawa@icems.kyoto-u.ac.jp)

NATURE COMMUNICATIONS |  (2018) 9:2506 | DOI: 10.1038/s41467-018-04834-0 | www.nature.com/naturecommunications 1

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-5351-2101
http://orcid.org/0000-0002-5351-2101
http://orcid.org/0000-0002-5351-2101
http://orcid.org/0000-0002-5351-2101
http://orcid.org/0000-0002-5351-2101
http://orcid.org/0000-0002-2420-4214
http://orcid.org/0000-0002-2420-4214
http://orcid.org/0000-0002-2420-4214
http://orcid.org/0000-0002-2420-4214
http://orcid.org/0000-0002-2420-4214
http://orcid.org/0000-0002-2823-6344
http://orcid.org/0000-0002-2823-6344
http://orcid.org/0000-0002-2823-6344
http://orcid.org/0000-0002-2823-6344
http://orcid.org/0000-0002-2823-6344
http://orcid.org/0000-0003-3849-8038
http://orcid.org/0000-0003-3849-8038
http://orcid.org/0000-0003-3849-8038
http://orcid.org/0000-0003-3849-8038
http://orcid.org/0000-0003-3849-8038
mailto:shuhei.furukawa@icems.kyoto-u.ac.jp
www.nature.com/naturecommunications
www.nature.com/naturecommunications


Nature’s well-known aversion to empty spaces in con-
densed phases is explained by the tendency of molecules
to maximize intermolecular interactions by packing

densely1. Thus, the majority of porous materials known to date
consist of long-range ordered extended networks that link their
molecular or atomic building units through strong interactions
(including ionic, covalent, and coordination bonds) to form
structures with cavities2–4. The robust nature of the structural
backbone enables evacuation of the cavities without structural
collapse, leading to empty pores5–7. Meanwhile, a recent trend
has revealed the potential of materials that are ordered on shorter
length scales, where defects and disorder can lead to emergent
properties such as softness and processability8–12. However, there
is no clear strategy for preserving designed porosity in materials
that do not present long-range order.

In contrast, porous organic cages (POCs) and metal–organic
polyhedra (MOPs) are discrete molecules with predesigned por-
osity13–15. van der Waals interactions between the molecules
dominate the packing arrangement, determining the overall sta-
bility in the solid state. The monomeric character of the molecules
suggests that by their deliberate arrangement into soft materials,
the need for order (whether short or long range) to enable the
display of porosity can be overcome. Although approaches using
porous molecules have been successfully applied to the synthesis
of crystalline molecular solids16–19, their applicability to the
synthesis of amorphous materials with intrinsic and controlled
porosity remains a challenge.

Herein, we outline a supramolecular approach to the formation
of amorphous polymers with embedded porosity. Our design

principle is to use a MOP as a porous monomer, and to poly-
merize them by taking advantage of the lability of metal–ligand
coordination bonds. Comparable methodologies have been
applied to obtain metallosupramolecular polymers for smart
materials20–22; however, the predominant approach has consisted
of linking single metal ions into the polymeric backbone, as the
incorporation of large pre-organized molecular entities is more
challenging. We use supramolecular polymerization to drive the
concatenation of MOP monomers to incorporate porosity into
macromolecular assemblies without the need for crystallinity.
Advantageously the solubility of the MOP molecules allows us to
follow the assembly process in solution and to understand the
polymerization mechanism. As a consequence, we can choose the
appropriate reaction pathway to obtain the desired macroscopic
form of the polymers, whether spherical colloidal particles or
colloidal gels, with the resulting porosity correlated to the mac-
roscopic structure.

Results and Discussion
Design and reactivity of the porous monomers. Our design for
porous monomers requires soluble, stable, permanently porous
MOPs (Fig. 1). However, the majority of reported MOPs rely on
the Cu(II)–carboxylate bond, which is very labile and often causes
structural decomposition upon desolvation and/or presents lim-
ited chemical stability15. We recently reported the synthesis of a
highly stable cuboctahedral MOP based on a dirhodium pad-
dlewheel motif, [Rh2(bdc)2]12 (Fig. 2, H2bdc= benzene-1,3-
dicarboxylic acid)23. The Rh–Rh single bond and strong
Rh–carboxylate coordination bond confer high structural stability
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Fig. 1 Supramolecular polymerization of porous monomers. Schematic illustration of the synthesis of MOPs as porous monomers and their subsequent
coordination-driven self-assembly. Ditopic linkers are used to link the MOPs together to form supramolecular polymers with intrinsic porosity arising from
the MOP units
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Fig. 2 The C12RhMOP porous monomer. a Representation of the structure of the porous monomer C12RhMOP based on the crystal structure of the related
MOP [Rh2(bdc)2]12,18 showing that it is formed by the coordination of rhodium ions (green) to the oxygen atoms (red) of the H2bdc-C12 ligand (gray, with
the extended aliphatic chain simplified as a purple sphere). b UV–vis titration experiments of C12RhMOP (0.23mM) with biz and (inset) a photo of the
change in the color of the solution on progression from 0mol. eq. (green) to 12 mol. eq. (purple)
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on [Rh2(bdc)2]12, and protect against collapse of the MOP upon
desolvation and guest removal. In contrast to the equatorial sites
of the dirhodium paddlewheel, the axial sites are highly labile, and
are therefore ideal for polymerization through ligand exchange
reactions with additional linkers. To ensure solubility of the
porous monomer, we used an alkoxylated derivative of H2bdc,
yielding [Rh2(bdc-C12)2]12 (C12RhMOP, H2bdc-C12= 5-dode-
coxybenzene-1,3-dicarboxylic acid)24.

For coordination-driven supramolecular polymerization we
chose linkers with two imidazole functionalities because of the
well-documented reactivity of the axial sites of dirhodium
paddlewheels towards N-donor ligands25–27. Prior to polymeriza-
tion experiments, the reactivity of C12RhMOP towards the
monoimidazole ligand 1-benzylimidazole (biz) was studied. The
Rh–Rh bond has a characteristic absorption band centered at
500–600 nm (band I), which corresponds to the π*→ σ* transition
and is highly sensitive to axial coordination, allowing the ligand
exchange reaction of coordinated DMF for imidazole ligands to be
followed spectroscopically28, 29. Control experiments with rhodium
acetate, [Rh2(OAc)4], showed that coordination of biz initially
induces a shift of band I to λmax= 559 nm as the ligand binds to
one of the available axial sites, while coordination to the second site
drives a further observable shift to 540 nm (Supplementary
Figure 1). In contrast, the coordination of 12 molar equivalents
(mol. eq.) of biz to C12RhMOP induces a more limited incremental
blue shift of the band I absorption maximum from 593 to 560 nm
(Fig. 2b and Supplementary Figure 2). The presence of an isosbestic
point at 574 nm throughout the titration experiments indicates that
two possible coordination species are in equilibrium (one with biz
bound to rhodium center and the other with DMF) and so each
paddlewheel is a distinct chromophore, independent of the others
in the MOP. Addition of more than 12mol. eq. of biz did not
induce any further shift in λmax (Supplementary Figure 3), and
nuclear magnetic resonance (NMR) titration experiments indicated
that the monoimidazole ligand coordinates solely to the exohedral
axial sites of the paddlewheel unit (Supplementary Figure 4).
Dynamic light scattering (DLS) measurements of the solution
obtained after the addition of 12mol. eq. of biz yielded a number-
weighted size distribution of 3.2 ± 1.0 nm, consistent with isolated
(i.e., non-aggregated) C12RhMOP molecules (Supplementary Fig-
ure 5). From these experiments, we concluded that the maximum
coordination number for C12RhMOP is 12, with coordination of the
imidazole ligands to the exterior, axial site of the paddlewheel.

Formation of coordination polymer particles. Following this
calibration of the spectroscopic changes induced in the paddle-
wheel of the MOP by ligand exchange reactions in DMF, we then
used this solvent medium for all subsequent polymerization
reactions. To polymerize the C12RhMOP monomers, we used the
ditopic imidazole linker 1,4-bis(imidazol-1-ylmethyl)benzene
(bix, Fig. 3a). The stepwise addition of bix to a DMF solution of
C12RhMOP was monitored through electronic absorption spec-
troscopy and DLS experiments. Addition of just 6 mol. eq. of bix
to the solution induced a shift of λmax of band I from 593 to 558
nm, caused by coordination of both imidazole moieties of bix to
all of the 12 available paddlewheel sites (Fig. 3b). The DLS
experiments illustrate the assembly process of the C12RhMOP
molecules into polymers as driven by the ligand exchange reac-
tion: upon stepwise addition of bix (0.5 mol. eq. per step), the
particle size grew from 3.2 ± 1.0 nm (isolated C12RhMOP mole-
cules) to a maximum of 78 ± 5 nm after the addition of 6 mol. eq.
(Supplementary Figure 6). Centrifugation of the resulting sus-
pension allowed a purple powder to be isolated, which field-
emission scanning electron microscopy (FESEM) showed to
consist of particles having the characteristic spherical shape of

coordination polymer particles (CPP)30, 31, with an average size
of 70 ± 11 nm (CPP-1, Supplementary Figure 6). Infrared (IR)
spectroscopy confirmed the presence of intact MOP units and
also showed the characteristic bands of bix, while powder X-ray
diffraction (PXRD) showed the particles to be amorphous (Sup-
plementary Figures 7 and 8). The composition of CPP-1 was
determined by 1H-NMR spectroscopy subsequent to acid diges-
tion of the particles, and found to be (C12RhMOP)(bix)6 (MOP:
bix= 1:6, Supplementary Figure 9). All of the bix molecules are
incorporated in CPP-1 and act as bidentate ligands, leading to an
observed λmax of band I at 560 nm in the diffuse reflectance
UV–Vis spectrum (Supplementary Figure 10).

The temperature dependence of the growth of CPP-1 was
investigated by variable-temperature DLS measurements (Fig. 3c).
At 70 °C, the particles consist of isolated MOP molecules. Upon
cooling, the particles remain isolated, until the assembly process
is triggered at lower temperatures and a large increase in the
particle size is observed. This temperature dependence of the
growth is an indication that a nucleation–elongation mechanism
underpins the assembly process, where Te is the temperature at
which abrupt growth begins and is known as the elongation
temperature32. Te was found to depend on the stoichiometric
ratio of bix to a fixed concentration of C12RhMOP (Fig. 3c shows
the experiments for [C12RhMOP]= 0.23 mM), with Te= 22, 34,
and 50 °C for ratios of C12RhMOP/bix of 1:0.5, 1:1, and 1:1.5,
respectively. Increasing the total concentration of the components
was observed to induce a further increase in Te (Supplementary
Figure 11), which is consistent with recently reported nucleation-
elongation-type supramolecular polymerization33, 34. In the
absence of bix, no aggregation of C12RhMOP was observed
(Supplementary Figure 12).

According to the nucleation and elongation model, separation
of the nucleation step from the elongation process is key for
control of the resulting particle size, in an analogous fashion to
crystallization processes35 and living supramolecular
polymerizations36, 37. To investigate the supramolecular poly-
merization process of the C12RhMOP molecules triggered by the
addition of the ditopic ligand, DLS experiments were used to
observe the effect of the size of the steps employed in the stepwise
addition of bix on the resulting size of the CPP-1 particles.
Figure 3d shows the evolution of the size of CPP-1 during the
addition of bix in steps of 0.25, 0.5, 1, or 2 molar equivalents until
reaching a total of 6 added equivalents. Smaller steps led to bigger
colloids: CPP-1 particles were obtained with sizes of 179 ± 11 nm
(steps of 0.25 mol. eq.), 137 ± 6 nm (0.5 mol. eq.), 91 ± 12 nm (1
mol. eq.), and 51 ± 6 nm (2 mol. eq.), with the sizes observed
using DLS consistent with FESEM images (Fig. 3e–g and
Supplementary Figure 13). We propose that upon initial addition
of fewer molar equivalents of bix, fewer nuclei form, resulting in
larger colloids on finalizing the titration.

Assuming that all of the C12RhMOP molecules and 6 molar
equivalents of bix present in the final solution are fully
incorporated into CPPs, it follows that the size of CPP-1 should
increase monotonically during the elongation process as a
function of the volume of the added components. However, the
DLS experiments show this not to be the case, and in fact the size
of CPP-1 saturates when the molar equivalents of added bix
reaches and exceeds 4 (Fig. 3d). UV–vis analyses of the
supernatant solutions suggested that almost all of the MOP
monomers are consumed in the assembly of the particles by this
point (Supplementary Figure 14). Below 4 added mol. eq. of bix,
the composition of the particles was inconsistent with the
stoichiometry of the mixtures: the chemical compositions of CPP-
1 particles after addition of 1 and 2 molar equivalents of bix were
found to be (C12RhMOP)(bix)1.7 and (C12RhMOP)(bix)3, respec-
tively (Supplementary Figures 15 and 16). Meanwhile, the
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compositions were (C12RhMOP)(bix)4 for addition of 4.0 mol.
eq., and finally (C12RhMOP)(bix)6 (6.0 mol. eq.) (Supplementary
Figures 17 and 9). Note that while the size of CPP-1 depends on
the step size employed during addition, the chemical composition
depends only on the total amount of bix added.

These results suggest the following nucleation–elongation–
crosslinking mechanism for supramolecular polymerization of the
MOP molecules: first, nucleation occurs upon initial addition of
bix to the MOP solution, and nuclei of CPPs form; second,
subsequent addition of bix increases the particle size via the
supramolecular polymerization reaction with MOPs at the surface
of the particles; and finally, size evolution stops when all of the
MOP molecules in solution are consumed (here at MOP:bix=
1:4); with the remaining bix molecules diffusing into the colloids
to crosslink between the MOPs, and yield a chemical composition
of (C12RhMOP)(bix)6.

Formation of supramolecular colloidal gels. Recent work in
supramolecular chemistry has shown that the nature of a

final assembly can depend on the degree of kinetic control of the
reaction pathways37–39. One strategy to achieve kinetic control is to
trap a metastable phase, before driving it to a more stable structure
by applying a stimulus to overcome the required activation energy40.
Thus, we envisaged that we would be able to obtain a metastable
phase by forcing the coordinative saturation of discrete
C12RhMOP molecules. To attain this control, an excess of bix
molecules (12 mol. eq.) was added to the MOP solution at 80 °C
followed by rapid cooling to room temperature, to form an iso-
lated MOP molecule with the composition of (C12RhMOP)
(bix)12, in which all of the bix molecules coordinate in a mono-
dentate fashion (Fig. 4a, Supplementary Figure 18). The DLS
analysis showed the presence of a stable isolated MOP with a size
of 5.2 ± 1.2 nm and no sign of aggregation after 24 h at room
temperature (Supplementary Figure 18).

In this situation, the driving force to trigger polymerization of
this kinetically trapped (C12RhMOP)(bix)12 molecule cannot be
enthalpy gain caused by the ligand exchange reaction, because all
of the accessible axial sites of the paddlewheels are occupied by
imidazole rings. The removal of bix from (C12RhMOP)(bix)12 can
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Fig. 3 Stepwise polymerization of C12RhMOP leading to coordination polymer particles. a Schematic illustration of the reaction pathway of C12RhMOP with
bix to yield CPP-1, which entails initial nucleation, followed by elongation upon addition of more bix molecules, and finally cross-linking, where the dark blue
color of bix represents coordination of both imidazole rings. b UV–vis titration experiment showing the shift in band I of the rhodium paddlewheel in
C12RhMOP that occurs during the formation of CPP-1, performed using an initial concentration of C12RhMOP of 0.23mM. c DLS monitoring of the size
evolution of CPP-1 nuclei (0.23 mM) synthesized after adding 0.5 (blue), 1 (green), and 1.5 mol. eq. (black) of bix at 80 °C and cooling to 20 °C. d Size
evolution of the colloids obtained during the titration of C12RhMOP (0.93mM) with bix as determined by DLS measurements. Titrations were performed
by adding bix aliquots of 0.25mol. eq. (red), 0.5 mol. eq. (blue), 1 mol. eq. (green), or 2 mol. eq. (black) at each step. Error bars correspond to the standard
deviation of three repetitions. e–g FESEM images of CPP-1 synthesized by adding different amounts of bix (0.25mol. eq. (e), 1 mol. eq. (f), and 2mol. eq.
(g) up to a molar ratio of bix/C12RhMOP= 6. Scale bars: 1 µm (inset= 500 nm)
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only induce linkage of MOPs as follows:

n C12RhMOPð Þ bixð Þ12! C12RhMOPð Þ bixð Þx
� �

n

þnð12 � xÞbix 6< x < 12ð Þ ð1Þ

where [(C12RhMOP)(bix)x]n represents supramolecular poly-
mers. On the other hand, the release of free bix into the solution
should result in an increase of entropy. Consequently, by heating
the solution to 80 °C, it was possible to trigger the polymerization
of (C12RhMOP)(bix)12 molecules into colloidal particles, measur-
ing 22 ± 7 nm (Fig. 4b). Further incubation of these colloids led to
the formation of a supramolecular colloidal gel (SCG-1, Fig. 4b
inset and Supplementary Figure 19). SCG-1 was amorphous as
evidenced by PXRD measurements (Supplementary Figure 20).
Gel-like behavior was proven by rheological measurements,
which showed the storage Young’s modulus to be frequency
independent (Eʹ ≈ 10 kPa) and one order of magnitude higher
than the loss modulus (Supplementary Figure 21). Kinetic
trapping of the (C12RhMOP)(bix)12 molecule is essential for the
formation of the supramolecular gel: the sequential addition of
bix to MOP up to 12 mol. eq. at 80 °C led to the formation of
colloidal particles (Supplementary Figure 22).

To gain more insight into the gelation mechanism, two
separate gelating mixtures were quenched by centrifugation, one
prior to reaching the growth plateau (see Fig. 4b) at a size of 22 ±
7 nm (95 min) and the other after reaching the plateau (136 min),
and the obtained solids were observed by FESEM. Before the
plateau, the sample is composed of isolated spherical particles
with an average size of 24 ± 6 nm, consistent with the size
estimated by DLS measurements (22 ± 7 nm, Fig. 4c). On the
other hand, at the plateau and just before gelation, fused
nanoparticles were observed (Fig. 4d). Therefore, the plausible
gel formation mechanism proceeds through an initial stage of
colloidal growth, followed by fusion of the colloids, leading to an
extended coordination network that immobilizes solvents
within41.

The MOP unit withstood the gelation process, and the
composition of SCG-1 was found to be (C12RhMOP)(bix)9.7
(MOP/bix= 1:9.7, Supplementary Figures 23 and 24). The excess
of bix is understood by considering that not all of the bix
molecules in SCG-1 act as bidentate linkers, but rather a fraction
of them are anchored to the MOP as monodentate ligands.
Taking into account that all of the dirhodium paddlewheels in
C12RhMOP are coordinated by bix molecules (Supplementary
Figure 25), the crosslinking degree (CLD) can be defined by the
following equation:

CLD %ð Þ ¼
the number of bidentate bixð Þ= the total amount of bixð Þ ´ 100

ð2Þ

For SCG-1, with a composition of (C12RhMOP)(bix)9.7, CLD is
estimated to be 24%, while for CPP-1 with the composition of
(C12RhMOP)(bix)6 CLD= 100%. Hence, the fusion of the
colloidal nanoparticles observed in the formation of the SCG-1
can be attributed to the presence of reactive, monodentate bix
ligands on the surface of the nanoparticles, which induce the
fusing process for gelation.

The kinetic trapping strategy is versatile and was successfully
used with other imidazole-based linkers with different backbone
functionality, such as long flexible dodecyl aliphatic chains, 1,1’-
(1,12-Dodecanediyl)bis[1H-imidazole] (bidod) and rigid biphenyl
moieties, 4,4’-Bis(imidazol-l-ylmethyl)biphenyl (bibPh, Supple-
mentary Figures 26 and 27). In both cases the reaction followed
the pathway explained above, only differing in the size of the
colloids prior to fusion (247 ± 48 nm and 37 ± 4 nm for bidod and
bibPh, respectively). This size difference strongly influences the
final outcome: fused microparticles were obtained in the case of
bidod (Supplementary Figure 28) and a supramolecular gel was
obtained with bibPh (SCG-2, Supplementary Figure 29).
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Porosity of the supramolecular polymers. While many crystal-
line MOFs are sufficiently rigid to avoid structural collapse after
guest removal or activation and have been extensively studied in
terms of porous properties6, the porosity of amorphous coordi-
nation polymers is far less studied, perhaps due to their inability
to withstand desolvation or a lack of structural data associated
with the resulting amorphous phases. Although there are reports
describing the synthesis of soft materials based on MOPs, con-
firmation of permanent porosity by gas adsorption experiments
has never been demonstrated42–45. To prepare the supramole-
cular polymers for gas adsorption measurements, the materials
were treated with supercritical CO2, and finally activated by
heating under vacuum (Supplementary Figure 30). The super-
critical CO2 drying process transformed SCG-1 into the corre-
sponding aerogel SAG-1 (Fig. 5a, b; SAG= supramolecular
aerogel). SAG-1 was found to consist of a hierarchical macro-
porous structure built up from the fused particles of an average
size of 38 ± 11 nm (Fig. 5c).

The backbone of the supramolecular polymer presented here
contains robust RhMOPs, which embed permanent microporos-
ity in the amorphous network. The CO2 adsorption experiments
performed on CPP-1 and SAG-1 at 195 K demonstrate that the
intrinsic porosity of the monomer is preserved through the
supramolecular polymerization, as evidenced by the type 1
isotherm obtained in both cases (Fig. 5d). In addition, the CO2

uptake at P/P0= 0.95 of SAG-1 (68.64 cm3/g and 40.23 mol
(CO2)/mol(C12RhMOP)) clearly outperforms the porous mono-
mer (46.01 cm3/g and 22.20 mol(CO2)/mol(C12RhMOP), Supple-
mentary Figure 31). This significant improvement can be ascribed
to the nanostructure of SAG-1: the small particle size and the
presence of macropores enhances gas diffusion and uptake, while
C12RhMOP is a bulk powder containing aggregates in the

micrometric regime (Supplementary Figure 32). The importance
of the nanoscale structure for gas sorption properties is further
illustrated by comparing the gas uptake for two differently sized
CPP-1 samples. The CO2 uptake of CPP-1 particles of an average
size of 53 ± 10 nm (CPP-1_small) was 38.50 mol(CO2)/mol
(C12RhMOP) (70.4 cm3/g), while the uptake of CPP-1 particles
of an average size of 181 ± 50 nm (CPP-1_big) was 31.46 mol
(CO2)/mol(C12RhMOP) (57.53 cm3/g). As their molecular com-
positions are the same, the difference in CO2 uptake can only be
attributed to the difference in particle size.

The impact of the supramolecular polymer morphology on gas
uptake was further investigated with N2 adsorption experiments
performed at 77 K. At low relative pressures, up to P/P0 ≈ 0.1, the
discrete C12RhMOP displays a negligible adsorption of 0.17 mol
(N2)/mol(C12RhMOP). This performance is clearly improved
upon by the supramolecular polymers: at this pressure, CPP-
1_big, CPP-1_small, and SAG-1 present uptakes of N2 measuring
3.82, 8.70, and 18.61 mol(N2)/mol(C12RhMOP), respectively
(Fig. 5e and Supplementary Figure 33). In addition, both CPP-1
samples show condensation of N2 at high pressure (P/P0 ≈ 0.9),
and so reach maximum uptakes of 128.35 and 227.44 mol(N2)/
mol(C12RhMOP) for CPP-1_big and CPP-1_small, respectively—
this type of condensation is typically observed in agglomerated
nanoparticles due to interparticle voids. Meanwhile, the uptake
displayed by SAG-1 resembles a type II isotherm, indicative of a
wide distribution of pore sizes, consistent with the structure
revealed by FESEM (Supplementary Figure 34).

In summary, we have demonstrated the supramolecular
polymerization of Rh-based MOPs using imidazole linkers to
form amorphous polymers with permanent porosity. By control-
ling the self-assembly pathway, we were able to selectively
fabricate two distinct macroscopic morphologies: size-
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controllable spherical particles, and three-dimensionally inter-
connected colloidal gels. The resulting amorphous materials
showed gas adsorption properties arising from the microporosity
of the MOP’s internal cavity. The macroscopic morphology was
found to strongly influence the adsorption properties of the
assemblies. The strategy presented here is based on controlling
the equilibrium of coordination bonds. Therefore, it can be
conceivably generalized to any metal–organic polyhedron with
appropriate coordination equilibria to linkers. While we have
used a cuboctahedral MOP, we anticipate that porous monomers
with other polyhedral geometries would offer another degree of
control to attain different macroscopic structures. We envisage
that by understanding the relationship between molecular scale
geometries and resulting macroscopic shapes, then a real advance
can be made towards the development of soft matter that is both
permanently porous and amenable to materials processing.

Methods
Materials. All chemicals reagents and solvents were purchased (Wako, Japan) and
used without further purification. The detail protocols for ligand synthesis and the
instrumentation can be found in Supplementary Methods.

Synthesis of C12RhMOP. The synthesis of C12RhMOP was adapted from pre-
viously reported procedures24. In a typical synthesis, rhodium acetate Rh2(A-
cO)4·(MeOH)2 (0.1 g, 0.2 mM) was reacted with 5-dodecoxybenzene-1,3-
dicarboxylic acid (H2BDC-C12) (0.174 g, 0.5 mM) in 10 ml of N,N-dimethylaceta-
mide (DMA) in the presence of Na2CO3 (0.052 g, 0.5 mM) at 100 °C for 48 h in a
pre-heated oven. The resulting green solution was centrifuged and the supernatant
treated with MeOH to precipitate the C12RhMOP. The solid was redissolved in
dichloromethane, filtered, and evaporated. Finally, the residue was redispersed and
washed in ethanol and dried overnight at 120 °C under vacuum. Analysis calculated
for (C12RhMOP)(H2O)6 (FW= 10988.64 g/mol): C, 52.70%; H, 6.26 %. Found: C,
53.27%; H, 6.87 %.

Synthesis of CPP-1. In a typical experiment, a DMF solution of C12RhMOP (0.92
mM) was titrated with a DMF solution of bix (12.5 mol. eq./ml) adding different
molar equivalents until 6 mol. eq. The obtained purple suspension was centrifuged,
washed with DMF, and then washed with acetone. The obtained particles were
dried with supercritical CO2 at 14MPa and 40 °C for 90 min. Prior to sorption
measurements, CPP-1 was activated at 120 °C under vacuum for 12 h. Analysis
calculated for (C12RhMOP)(bix)6 (FW= 12310.38 g/mol): C, 55.25 %; H, 6.17 %;
N, 2.74 %; Found: C, 54.04%; H, 6.14 %; N, 2.73 %.

Synthesis of the kinetically trapped C12RhMOP(bix)12. A hot DMF solution (80
°C) of C12RhMOP was added to stirring DMF solution of 12 mol. eq. of bix to yield
a final concentration of MOP of 0.23–1.93 mM. The purple solution was cooled to
room temperature and used for further experiments.

Synthesis of SCG-1 and SAG-1. In a typical synthesis a solution of C12RhMOP
(bix)12 (1.83 mM) was incubated at 80 °C overnight to induce gelation. The
obtained gel was immersed in acetone for 3 days, replacing the solvent for fresh
acetone each day. The solvent-exchanged gel was dried by supercritical CO2 at 14
MPa and 40 °C for 90 min to obtain the SAG. Prior to sorption measurements,
SAG-1 was activated at 120 °C under vacuum for 12 h. Analysis calculated for
(C12RhMOP)(bix)9.7 (FW= 13192.05 g/mol): C, 56.27 %; H, 6.15 %; N, 4.13 %;
Found: C, 56.85 %; H, 6.33 %; N, 5.03 %.

Data availability. The data that support the findings of this study are available
from the corresponding author upon request.

Received: 13 April 2018 Accepted: 30 May 2018

References
1. Atwood, J. L., Barbour, L. J. & Jerga, A. Storage of methane and freon by

interstitial van der Waals confinement. Science 296, 2367–2369 (2002).
2. Davis, M. E. Ordered porous materials for emerging applications. Nature 417,

813–821 (2002).
3. Côté, A. P. et al. Porous, crystalline, covalent organic frameworks. Science 310,

1166–1170 (2005).

4. Slater, A. G. & Cooper, A. I. Function-led design of new porous materials.
Science 348, aaa8075 (2015).

5. Li, H., Eddaoudi, M., O’Keeffe, M. & Yaghi, O. M. Design and synthesis of an
exceptionally stable and highly porous metal-organic framework. Nature 402,
276–279 (1999).

6. Kitagawa, S., Kitaura, R. & Noro, S.-I. Functional porous coordination
polymers. Angew. Chem. Int. Ed. 43, 2334–2375 (2004).

7. Ferey, G. Hybrid porous solids: past, present, future. Chem. Soc. Rev. 37,
191–214 (2008).

8. Bennett, T. D. et al. Structure and properties of an amorphous metal-organic
framework. Phys. Rev. Lett. 104, 115503 (2010).

9. Cliffe, M. J. et al. Correlated defect nanoregions in a metal–organic
framework. Nat. Commun. 5, 4176 (2014).

10. Giri, N. et al. Liquids with permanent porosity. Nature 527, 216–220 (2015).
11. Chaudhari, A. K. & Tan, J.-C. A mechano-responsive supramolecular metal-

organic framework (supraMOF) gel material rich in ZIF-8 nanoplates. Chem.
Commun. 53, 8502–8505 (2017).

12. Bueken, B. et al. Gel-based morphological design of zirconium metal-organic
frameworks. Chem. Sci. 8, 3939–3948 (2017).

13. Tranchemontagne, D. J., Ni, Z., O’Keeffe, M. & Yaghi, O. M. Reticular
chemistry of metal–organic polyhedra. Angew. Chem. Int. Ed. 47, 5136–5147
(2008).

14. Tozawa, T. et al. Porous organic cages. Nat. Mater. 8, 973–978 (2009).
15. Li, J.-R. & Zhou, H.-C. Bridging-ligand-substitution strategy for the

preparation of metal–organic polyhedra. Nat. Chem. 2, 893–898 (2010).
16. Niu, Z. et al. Coordination-driven polymerization of supramolecular

nanocages. J. Am. Chem. Soc. 137, 14873–14876 (2015).
17. Lee, J., Kwak, J. H. & Choe, W. Evolution of form in metal–organic

frameworks. Nat. Commun. 8, 14070 (2017).
18. Zhang, L. et al. From discrete molecular cages to a network of cages exhibiting

enhanced CO2 adsorption capacity. Angew. Chem. Int. Ed. 56, 7787–7791
(2017).

19. Nam, D. et al. Cross-linking Zr-based metal-organic polyhedra via
postsynthetic polymerization. Chem. Sci. 8, 7765–7771 (2017).

20. Burnworth, M. et al. Optically healable supramolecular polymers. Nature 472,
334–337 (2011).

21. Li, C.-H. et al. A highly stretchable autonomous self-healing elastomer. Nat.
Chem. 8, 618 (2016).

22. Musgrave, R. A. et al. Main-chain metallopolymers at the static–dynamic
boundary based on nickelocene. Nat. Chem. 9, 743–750 (2017).

23. Furukawa, S. et al. Rhodium–organic cuboctahedra as porous solids with
strong binding sites. Inorg. Chem. 55, 10843–10846 (2016).

24. Kawano, R. et al. Metal-organic cuboctahedra for synthetic ion channels with
multiple conductance states. Chem 2, 393–403 (2017).

25. Takamizawa, S., Hiroki, T., Nakata, E.-I., Mochizuki, K. & Mori, W. Crystal
structure and gas adsorption property of rhodium(ii) benzoate pyrazine.
Chem. Lett. 31, 1208–1209 (2002).

26. Warzecha, E., Berto, T. C. & Berry, J. F. Axial ligand coordination to the C–H
amination catalyst Rh2(esp)2: a structural and spectroscopic study. Inorg.
Chem. 54, 8817–8824 (2015).

27. Kataoka, Y. et al. Paddlewheel-type dirhodium tetrapivalate based
coordination polymer: synthesis, characterization, and self-assembly and
disassembly transformation properties. Eur. J. Inorg. Chem. 2016, 2810–2815
(2016).

28. Boyar, E. B. & Robinson, S. D. Rhodium(II) carboxylates. Coord. Chem. Rev.
50, 109–208 (1983).

29. Sanada, K., Ube, H. & Shionoya, M. Rotational control of a dirhodium-
centered supramolecular four-gear system by ligand exchange. J. Am. Chem.
Soc. 138, 2945–2948 (2016).

30. Oh, M. & Mirkin, C. A. Chemically tailorable colloidal particles from infinite
coordination polymers. Nature 438, 651–654 (2005).

31. Imaz, I., Hernando, J., Ruiz-Molina, D. & Maspoch, D. Metal–organic spheres
as functional systems for guest encapsulation. Angew. Chem. Int. Ed. 48,
2325–2329 (2009).

32. Smulders, M. M. J. et al. How to distinguish isodesmic from cooperative
supramolecular polymerisation. Chem. Eur. J. 16, 362–367 (2010).

33. Jonkheijm, P., van der Schoot, P., Schenning, A. P. H. J. & Meijer, E. W.
Probing the solvent-assisted nucleation pathway in chemical self-assembly.
Science 313, 80–83 (2006).

34. Smulders, M. M. J., Schenning, A. P. H. J. & Meijer, E. W. Insight into the
mechanisms of cooperative self-assembly: the “Sergeants-and-Soldiers”
principle of chiral and achiral C3-symmetrical discotic triamides. J. Am.
Chem. Soc. 130, 606–611 (2008).

35. Diring, S., Furukawa, S., Takashima, Y., Tsuruoka, T. & Kitagawa, S.
Controlled multiscale synthesis of porous coordination polymer in nano/
micro regimes. Chem. Mater. 22, 4531–4538 (2010).

36. Kang, J. et al. A rational strategy for the realization of chain-growth
supramolecular polymerization. Science 347, 646–651 (2015).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-04834-0 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:2506 | DOI: 10.1038/s41467-018-04834-0 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


37. Fukui, T. et al. Control over differentiation of a metastable supramolecular
assembly in one and two dimensions. Nat. Chem. 9, 493–499 (2017).

38. Piepenbrock, M.-O. M., Lloyd, G. O., Clarke, N. & Steed, J. W. Metal- and
anion-binding supramolecular gels. Chem. Rev. 110, 1960–2004 (2010).

39. Sutar, P. & Maji, T. K. Coordination polymer gels: soft metal-organic
supramolecular materials and versatile applications. Chem. Commun. 52,
8055–8074 (2016).

40. Sorrenti, A., Leira-Iglesias, J., Markvoort, A. J., de Greef, T. F. A. & Hermans,
T. M. Non-equilibrium supramolecular polymerization. Chem. Soc. Rev. 46,
5476–5490 (2017).

41. Lu, P. J. et al. Gelation of particles with short-range attraction. Nature 453,
499–503 (2008).

42. Foster, J. A. & Steed, J. W. Exploiting cavities in supramolecular gels. Angew.
Chem. Int. Ed. 49, 6718–6724 (2010).

43. Foster, J. A. et al. Differentially addressable cavities within metal–organic
cage-cross-linked polymeric hydrogels. J. Am. Chem. Soc. 137, 9722–9729
(2015).

44. Zhukhovitskiy, A. V. et al. Highly branched and loop-rich gels via formation
of metal–organic cages linked by polymers. Nat. Chem. 8, 33–41 (2016).

45. Hosono, N., Gochomori, M., Matsuda, R., Sato, H. & Kitagawa, S.
Metal–organic polyhedral core as a versatile scaffold for divergent and
convergent star polymer synthesis. J. Am. Chem. Soc. 138, 6525–6531 (2016).

Acknowledgements
A.-C.S., G.A.C., P.L. are grateful to the JSPS Postdoctoral Fellowship Program for Foreign
Researchers. We thank to Mr. Naoto Yamada (Kyoto Institute of Technology) for his
help in performing rheological measurements and Dr. Kazunori Sugiyasu (National
Institute for Materials Science) and Dr. Yasuhiro Ishida (RIKEN) for their fruitful dis-
cussions. This study was supported by JSPS KAKENHI Grant Number 15H03785 (Kiban
B) and 17H05367 (Coordination Asymmetry). iCeMS is supported by the World Premier
International Research Initiative (WPI), MEXT, Japan.

Author contributions
A.-C.S., G.A.C., and S.F. conceived and designed the experiments. A.-C.S., G.A.C., and P.
L. performed all synthetic and characterization experiments. A.-C.S., M.H., and S.K.

performed sorption experiments. A.-C.S., G.A.C., T.H., and K.M. performed UV–Vis
experiments. A.-C.S. and K.U. performed rheological measurements. A.-C.S., G.A.C., T.
H., and S.F. analyzed the data and wrote the manuscript. All authors discussed the results
and commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-04834-0.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-04834-0

8 NATURE COMMUNICATIONS |  (2018) 9:2506 | DOI: 10.1038/s41467-018-04834-0 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-018-04834-0
https://doi.org/10.1038/s41467-018-04834-0
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Self-assembly of metal–nobreakorganic polyhedra into supramolecular polymers with intrinsic microporosity
	Results and Discussion
	Design and reactivity of the porous monomers
	Formation of coordination polymer particles
	Formation of supramolecular colloidal gels
	Porosity of the supramolecular polymers

	Methods
	Materials
	Synthesis of C12RhMOP
	Synthesis of CPP-1
	Synthesis of the kinetically trapped C12RhMOP(bix)12
	Synthesis of SCG-1 and SAG-1
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




