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Self-Assembly of a Semiconductive and Photoactive 

Heterobimetallic Metal-Organic Capsule 

 Xiangquan Hu[a], Meirong Han[b], Li Shao[a], Chen Zhang[a], Le Zhang[c], Steven P. Kelley[a], Chi 

Zhang[d], Jian Lin[d], Scott J. Dalgarno[e], David A. Atwood[f], Sisi Feng*[b] and Jerry L. Atwood*[a] 

Abstract: We report the synthesis of a novel metal-organic capsule 

constructed from six pyrogallol[4]arene macrocycles, which are 

switched together by 16 Fe(III) and 16 Co(II)  ions. This 

supramolecular structure represents the first instance of a spheroidal 

heterometallic nanocage assembled through a one-step metal-ligand 

coordination approach. This new assembly also demonstrates an 

important proof of concept through the formation of multiple 

heterometallic metal-metal interactions within the capsule framework. 

Photophysical and electrochemical studies of self-assembled capsule 

films indicate their potential as semiconductors. These materials 

display unexpected photoelectric conversion properties, thus 

representing an emergent phenomenon in discrete metal-organic 

supramolecular assemblies. 

The rational design and self-assembly of highly ordered, 

multi-component, spheroidal, supramolecular nanocages has 

been of great interest, as such species exhibit significant potential 

for application in areas such as host-guest recognition,[1-3] energy 

storage,[4,5] catalysis[6,7] and drug delivery.[8] However, compared 

to natural self-assembly, these functional entities often lack 

complexity or diversity, a feature that would be highly desirable 

for downstream application (and in some ways mimic biological 

systems).[9] For instance, self-assembled coordination nanocages 

are generally homometallic and are held together by only one type 

of noncovalent interaction. In contrast, large biological assemblies 

are often constructed from a diverse range of building blocks 

through multiple noncovalent interactions.[9b] There are limited 

reports detailing coordination nanocages assembled from more 

than one type of metal cation and interaction, but these resulted 

from dynamic covalent synthesis or stepwise assembly.[10,11] 

Heterometallic nanocages constructed directly from organic 

linkers and metal ions are at an embryonic stage and remain a 

significant synthetic challenge for the supramolecular chemist. 

C-alkylpyrogallol[4]arenes (PgCns, where “n” represents 

alkyl chain lengths) are bowl-shaped macrocyclic molecules and 

have been successfully used in the synthesis of mixed metal-

organic nanocapsules (MONCs) through stepwise assembly.[12] 

These cyclic polyphenols, upon deprotonation, can be assembled 

with Ga3+ ions into a Ga-seamed hexameric cage structure 

comprising 12 metal ions (Ga12L6).[13] Incorporation of a secondary 

metal ion (Cu2+ or Zn2+) into the pre-formed Ga-cages afforded 

capsules that are seamed together by 24 mixed Ga–Cu or Ga-Zn 

centers (M24L6).[14] Here we present the synthesis of a MONC 

assembled from PgC5 subunits (Scheme 1) that is stitched 

together with Fe3+ and Co2+ ions and is of formula 

[Fe16Co16(PgC5)6(Cl)16(H2O)32] (1, Figure 1).  It is important to 

note that the Fe3+/Co2+-seamed capsule is, to our knowledge, the 

only example of a spheroidal heterometallic nanocage assembled 

through a one-step metal-ligand coordination strategy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Molecular structure of C-pentylpyrogallol[4]arene, PgC5. 

 

PgC5 was prepared by using an acid catalyzed 

condensation reaction between pyrogallol and hexanal.[15] 

Compound 1 was synthesized by addition of FeCl3·6H2O and 

CoCl2·6H2O to a DMF solution containing PgC5 and sodium 

methoxide, followed by sonication. Dark blue single crystals that 

were suitable for diffraction analysis (SCRD) formed upon 

standing over three days at room temperature, whilst bulk purity 

was confirmed by powder X-ray diffraction (PXRD, Figure S1). 

SCRD found that capsules of 1 crystallize in an 

orthorhombic space group, with structure solution being carried 

out in the space group Pcba. The framework of 1 was found to 

contain 16 Fe3+ and 16 Co2+ ions, and 6 PgC5 molecules (Figures 

1 and S2), noting that this metal ratio is also supported by ICP-

MS analysis. The metal-ligand arrangement of 1 is similar to that 

of the reported Fe2+/Fe3+-seamed hexameric capsule,[16] although 

the latter originated from a reaction of PgCn subunits with 
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exclusively Fe3+ ions. That particular process is very slow, forming 

capsules over a period of 10 weeks with a yield ~2 % based on 

PgCn. 

 

 
Figure 1. a)  Ball and stick, and b) space‐filling representations of 1[25] showing 

6 pyrogallol[4]arene units seamed together by 16 Fe3+ and 16 Co2+ ions. c) Side 
view of the capsule showing the coordination between metal ions and pyrogallol 
moieties including the [Fe2CoO3] array and bridging Co2+ ions. Fe-Co 
interactions are represented by blue dashed lines. Color codes: carbon (grey), 
oxygen (red), nitrogen (yellow), chloride (green), iron (orange), cobalt (blue), 
Hydrogen atoms and alkyl chains removed for clarity. 

 

Inspection of the structure of 1 reveals that 16 Fe3+ metal 

centers are five-coordinate, have distorted square planar 

geometry, and are positioned out of the planes of the capsule 

walls (Figure S3). All the equatorial positions of these metal 

centers are occupied by upper-rim phenolato oxygens from PgC5 

moieties (64 Fe-O distances in the range of 1.92(3)-2.35(2) Å) and 

each axial position is occupied by a chloride ion (16 Fe-Cl 

distances in the range of 2.21(2)-2.25(2) Å). The 16 Co2+ metal 

centers adopt ideal octahedral geometries; each being 

coordinated to four equatorial phenolato oxygens and two axial 

aquo ligands. As shown in Figure 2c, the capsule framework is 

capped by eight [Fe2CoO3] triangular clusters, with 64 Co-O bond 

distances in the range of 2.00(2)-2.16(4) Å. The remaining 8 Co 

centers bridge neighboring [Fe2CoO3] units (Fe-Co-Fe angles: 

170.48-173.97o), fully stitching the capsule seam together through 

metal-oxygen coordination bonds (32 Co-O distances in the range 

of 1.89(1)-2.10(3) Å). Metal complexes containing heterometallic 

metal-metal interactions are of great interest for the discovery of 

new types of interaction.[17] We found that there are 16 new types 

of heterometallic M-M interactions in the capsules (8 symmetry 

unique interactions). The distances between Fe and bridging Co 

ions ranging from 3.05(1) to 3.12(1) Å, which is close to the sum 

of covalent radii of 3.02 Å and much shorter than the sum of van 

der Waals radii of 3.84 Å.[18] This observation indicates the 

formation of metallophilic interactions.[17b] To the best of our 

knowledge,  this is the first spheroidal coordination nanocage 

comprising heterometallic M-M interactions. In addition, the 

capsule is charge neutral, which is consistent with the 

deprotonation of 64 phenolic groups for charge balance (Figure 

S4). The remaining 8 PgC5 upper-rim hydroxyl groups display 

hydrogen bonding interactions as evidenced by the short 

distances found between oxygen atoms (2.48(1)-2.66(1) Å). As 

expected, the IR spectra indicate that the intensity of the 

characteristic OH stretch of the Pg moieties is much weaker than 

the parent PgC5 subunit (Figure S5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. a) Fe16Co16 pseudo-cube found in 1 (metal-metal distances longer 

than 4 Å were represented by yellow dashed lines) and b) temperature 

dependence of χm, χmT, and χm
-1 (inset) collected in an applied field of 1000 Oe 

for 1. Red solid line represents best fits. 

 

Given that we have formed a new capsule comprising a 

Fe16Co16 pseudo-cube (edge ~1.1 nm, Figures 2a and S6), we 

reasoned that large magnetic coupling between the metal centers 

in the capsule seam may be possible. In addition to two 

crystallographically unique Co···Co distances of 4.90 Å and 4.94 

Å, all metal-metal distances were found to be below 4 Å. This 

would therefore allow intramolecular magnetic exchange, which 

is rare in heterometallic nanocage systems[11a] The DC magnetic 

susceptibility data were recorded in the temperature range 2.0–

300 K in an applied magnetic field of 1000 Oe. The χm, χmT vs. T 

plots for the capsule are shown in Figure 2b, where χm is the molar 

magnetic susceptibility. At 300 K, the χmT value of 60.0 cm3 mol−1 

K is lower than that expected for the sum of the Curie constants 

for sixteen non-interacting Co2+ (s = 3/2) and sixteen Fe3+ (s = 5/2) 

ions, with g = 2.00 (100.0 cm3 mol−1 K). Upon lowering the 

temperature, χmT gradually decreases to a value of 11.5 cm3 

mol−1 K at 2.0 K, indicating the presence of antiferromagnetic (AF) 

exchange interactions. The large nuclearity of the cage and the 

number of unique exchange interactions prohibit any detailed 

quantitative analysis of the data; however, the molar magnetic 

susceptibility in the temperature range 100–300 K obeys the 
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Curie–Weiss law [χm = C/(T−θ)], i.e., C = 89.8 cm3 mol−1 K and θ 

= −153.1 K (Figure 2b inset). The unusually large negative θ value 

confirms the existence of strong AF coupling among the metal 

centers. This may be caused by the effective overlap between the 

Fe and Co magnetic orbitals owing to their short distances 

associated with M-M interactions.[17a,19] Furthermore, the shape of 

the M/H plots is similar to that of an antiferromagnet, in which the 

M value increases rapidly at low fields, with no obvious saturation 

observed up to 70 kOe (Figure S7). 

Due to their ease of fabrication, simple device structure and 

flexible design, molecule-based optic and electronic materials are 

of intense current interest and exhibit great potential in diverse 

applications including photoelectronic science, semiconductors 

and solar energy storage.[20,21] Amongst these functional species, 

metal complexes are very promising molecular building blocks 

due to their excellent photophysical and redox properties, despite 

being relatively scarce  in applied literature.[17,20c] To our 

knowledge, no discrete coordination nanocages have been 

reported that have been shown to possess semiconducting and 

photoelectric conversion properties.  

With this in mind, we fabricated self-assembled films of 1 

using wet coating methods (see Supporting Information), with IR 

spectroscopy being used to confirm the identity of the crystals and 

films (Figure S8). Scanning electron microscopy (SEM) of 

films revealed a morphology with no clear evidence of high 

ordering (Figure S9), whilst PXRD studies show that capsule self-

assembly in cast films lost most of the crystallinity compared to 

both single crystal and powder samples. However, the major 

peaks at low angle still indicate the existence of capsules (Figure 

S10). Unexpectedly, films of 1 generate photocurrents 

immediately and display good reproducibility under visible-light 

irradiation (λ > 420 nm) at a biased potential of 0.3 V vs. SCE 

(Figures 3a and S11). Such a phenomenon was not observed in 

PgC5-based films (Figure S12). The anodic current suggests the 

typical feature of n-type semiconductors. To gain further insight 

into the electroactivity of the capsule films, Mott-Schottky (M-S) 

analysis were performed using electrochemical impedance 

techniques. The M–S plot was obtained at the frequency of 500 

Hz in a 0.1 M sodium sulfate solution (Figure 3b). A flat band 

potential (EFB) estimated from the extrapolation of the M–S plot is 

about −0.41 V vs. SCE (-0.17 vs. NHE). The positive slope further 

confirms the n-type semiconductor property of this material.
[22] 

Since the flat band potential of an n-type semiconductor equals 

its Fermi level and the conduction band edge is more negative by 

about 0.10 V than the EFB.[22b] Therefore, the conduction band 

potential (ECB) of 1 is extrapolated to about −0.27 V vs. NHE. 

Combined with the bandgap energy calculated by the UV-vis 

diffuse reflectance spectra, the valence band potential (EVB) of the 

capsules is calculated to be 2.21 V vs. NHE (Figure S13).  

We propose that this unique charge transport phenomenon 

arise from the redox nature of the metal ions in 1. It is known that 

metal-to-metal electron transfer between cobalt(II) and iron(III) 

centers in molecular systems can be induced by visible-light 

irradiation.[23] Thus, these redox-active metal centers on the capsule 

walls may act as electron carriers and the capsules could be either 

electron donor or acceptor. It appears that through-space charge 

transfer occurs between the neighboring capsules and this process 

may facilitate the separation and transfer of photogenerated electron–

hole pairs.[22,24] This discovery signifies an important breakthrough in 

that it represents the first example of such discrete supramolecular 

nanocages. They have exciting potential applications in 

semiconductor and photoelectric materials, and this may, in turn, 

provide insight into charge transport in more complex biological 

systems such as bacterial photosynthesis. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. a) Photoelectric responses of self-assembled films of 1 under visible-

light irradiation (λ > 420 nm). b) The Mott–Schottky (M–S) plot of the capsule 

films obtained at a frequency of 500 Hz in the dark. 

 

In summary, we present the preparation of a Fe3+Co2+-

seamed hexameric pyrogallol[4]arene nanocapsules comprising 

multiple heterometallic metal-metal interactions. This spheroidal 

cage-like nanoassembly exhibits rare intramolecular magnetic 

exchange within the heterometallic nanocage system, and large 

antiferromagnetic coupling was observed. Remarkably, the self-

assembled capsule films show unexpected semiconducting and 

photoelectric conversion properties, a finding we are further 

exploring for other capsule structures. We expect that this work 

will open up new avenues for the synthesis of a more diverse 

library of coordination nanocages with innovative structures, 

metal ion composition and functionality. Examples of the latter 

may include potential utility in molecular nanomagnetism, 

molecule-based semiconductors and photoelectric devices. 
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A mixed Fe3+/Co2+-seamed capsule comprising multiple heterometallic metal-metal interactions is presented here. This novel capsule 

displays unexpected semiconducting and photoelectric conversion properties. 
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