Cell Rer_mrts )
Physical Science @ CelPress

OPEN ACCESS

Controlled self-assembly of a giant isohedral
triakis tetrahedron

Zhilong Jiang, Jun Wang, Haixin
Zhang, ..., Kun Wang, Mingzhao
Chen, Pingshan Wang

kw2504@msstate.edu (K.W.)
jinyulinzhao@foxmail.com (M.C.)
chemwps@csu.edu.cn (P.W.)

Highlights

A giant tetrahedron is created
through one-pot multi-
component self-assembly

The triakis tetrahedron is
generated from four trigonal-
pyramidal cages

Controllable self-assembly
improves the topological diversity
of polyhedra generated

Realization of polyhedral architectures of comparable complexity to those
achieved in biological assemblies is a long-running goal within materials science.
Here, Jiang et al. demonstrate the formation of a unique molecular triakis
tetrahedron, enriching the topological diversity of supramolecular polyhedra.
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SUMMARY

Polyhedra have long appeared throughout art and design for their
aesthetic topological features and, more recently, have found versa-
tile roles in supramolecular chemistry and organized materials. Non-
regular convex tetrahedra with positive augmentations of a regular
tetrahedron, for example an isohedral triakis tetrahedron, have
rarely been explored in synthetic chemistry. Herein, we report the
synthesis of a giant triakis tetrahedron through multi-component
self-assembly from four umbrella-shaped hexa-armed organic ter-
pyridine ligands and six pre-organized cadmium-containing building
blocks. Hexafunctionalized tribenzotriquinacene cavitands serve as
the scaffold for the formation of the triakis tetrahedron. The convex
vertices derived from rhomboid panels form four trigonal-pyramidal
cages based on regular tetrahedral faces. Characterization with
multiple types of nuclear magnetic resonance spectroscopy, mass
spectrometry, atomic resolution microscopy, and X-ray scattering
provide crucial structural information on the triakis tetrahedron.
The triakis tetrahedron is applied in the photo-driven degradation
of a sulfur mustard mimic. The principles developed herein enhance
the possible topological diversity of supramolecular coordination
polyhedra.

INTRODUCTION

The knowledge of the geometry of polyhedra has accumulated since ancient times.
Polyhedral cage-like architectures, such as Platonic solids, Archimedean solids,
Catalan solids, and Johnson solids, are aesthetically appealing and have received
much attention from synthetic chemists.” Biology also shows us many polyhedral
nanostructures and their assembly mechanisms,” such as poliovirus, which is built
from 60 protein subunits that are progressively assembled into an icosahedral pro-
capsid of the virus.? In the field of protein and DNA assembly, various giant-tile poly-
hedral architectures have been reported,”” including the organization of DNA
strands into larger trimeric, pentameric, or hexameric building units, which is crucial
for creating polyhedral shell-like protein cages.® In analogy with the biological pro-
cesses of rational control of paneling units, chemists have used powerful self-assem-
bly methods to construct many analogous polyhedral cage-like molecular architec-
tures from pre-organized building blocks.”~'? Such structures are of interest not only
because they have intrinsic aesthetic appeal but also because they help improve our
understanding of self-assembly processes in biological systems. Besides, benefiting
from the hollow central cavities, these synthetic structures offer potential applica-
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Triakis tetrahedron N
Triakis octahedron

Figure 1. Schematic representation of 3D triakis geometries
Shown is a triakis tetrahedron, triakis octahedron, and triakis icosahedron.

Remarkable achievements in the synthesis of giant polyhedral cage-like architec-
tures have been made based on hydrogen bonding or coordination chemistry
through ordered fragments.”’ % Discrete, well-defined metallo-supramolecular
cages are assembled by organic ligands and metal ions with bottom-up strategies,
exploiting the reversibility of coordination bonds. Most notably, in Fujita's M, L2,
metallocages, in which M = Pd®*, L = bend angle of dipyridine ligands, and n = 6,
12,24, 30, and even 48, correspond to five types of polyhedra: i.e., cube,®' cuboc-
tahedra,®? rhombicuboctahedra,®® icosidodecahedra,* and tetravalent Goldberg
polyhedra.?® Another class of metal-organic polyhedra (MOP) that has received sig-
nificant attention is carboxylic acid-based microporous cuboctahedron.?® Besides,
many groups have independently contributed to the vast library of polyhedral cages
including Stang,®” Raymond,*® Nitschke,” Kim,*? and others.'®?¢***’ These poly-
hedral cages can show synthetic versatility because of their host systems and unique
cavities with different sizes and shapes.**

Triakis solids are an uncommon family of polyhedral structures that are obtained
from regular polyhedrons by adjoining to each face of the polyhedron a pyramid
(based on that face) of appropriate height (Figure .47 In general, a triakis tetrahe-
dron is a non-regular dodecahedron that can be constructed as a positive augmen-
tation of a regular tetrahedron.®® From a synthetic-chemistry perspective, the chem-
ical synthesis of triakis solids has rarely been realized. Although the mathematical
networks are chemically feasible, obtaining “strained” frameworks with proper
bond lengths and angles is extremely challenging.

Here, we report the successful realization of a giant tetrahedron that arises from four
bowl-shaped hexatopic terpyridyl ligands L* and six complementary clip-shaped
metal-organic ligands L". The use of complementary unit and corner directing units
promotes the formation of 3D hexarhomboid architecture, which outwardly resem-
bles the triakis tetrahedron (Figure 2). The requisite multi-topic bridging ligands
were designed by employing bowl-shaped hexatopic terpyridyl ligand as the vertex
and clip-shaped metal-organic ligand as the bridge. The convex vertexes derived
from three adjacent rhomboid panels form four trigonal-pyramidal cages based
on regular tetrahedral faces (Figure S1). Molecular triakis tetrahedron 52 was formed
in near-quantitative yield by one-pot multi-component self-assembly of L' with L* in
the presence of metal ions. Differing from previously reported work, the use of rigid
hexatopic organic ligand as the corner directing unit and stable metallo-organic
ligand (MOL) as the acceptor promotes the efficient formation of the desired isohe-
dral triakis tetrahedron. The diameter of the obtained triakis tetrahedron reaches
5.3 nm, which is greater than most metal (metalloid) clusters and polyoxometallates.
"H nuclear magnetic resonance (NMR), 2D diffusion-ordered spectroscopy (DOSY),
electrospray ionization mass spectrometry (ESI-MS), and ESl-traveling wave ion
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Figure 2. The synthetic strategy of ligands and their assemblies

(A) Multi-component self-assembly of rhombic supermolecule S'.
(B) Multi-component self-assembly of triakis tetrahedra supramolecule s2.

mobility (TWIM)-MS were employed to support the formation of supramolecular co-
ordination complexes. Furthermore, transmission electron microscope (TEM), scan-
ning tunneling microscope (STM), atomic force microscope (AFM), and small-angle
X-ray scattering (SAXS) measurements were performed to provide crucial structural
information.

RESULTS AND DISCUSSION

Design and synthesis of ligands and their assemblies

In order to obtain stable 3D giant structures through one-step heteroleptic self-as-
sembly without troublesome separation processes, the structure of skeletons in
the vertex ligands with multi-valency and complementary complexation is of utmost
importance.”’ Accordingly, MOL L' with four free terpyridine coordinated sites was
picked to promote the complementary rhombic shape-defining self-assembly; by
the introduction of stable tpy-Ru?*-tpy connectivity, the stability of the final structure
was enhanced to ensure the feasibility of quantitative assembly and eliminate
possible by-products. The detailed synthetic routes and steps for the MOL L'
were presented in ESI. The "H NMR spectrum of MOL L' shows a series of signal
peaks; in the aromatic region, two single peaks at 8.94 and 8.72 ppm with 1:2 inte-
gral proportion attributed to coordinated and uncoordinated Tpy-H*"* protons
were observed, and two singlets at4.16 and 3.77 ppm with a 1:2 ratio were observed
in the non-aromatic region (Figure 3A).
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Figure 3. NMR studies of the triakis tetrahedron

(A) "H NMR spectrum (400 MHz, 298 K) of metallo-organic ligand L' in CD50D.

(B) "H NMR spectrum (400 MHz, 298 K) of triakis tetrahedron $% in CD3CN.

(C) "H NMR spectrum (400 MHz, 298 K) of tribenzotriquinacene-based hexatopic terpyridine ligand
L3 in CDCls.

(D) DOSY NMR spectrum (500 MHz, 298 K) of triakis tetrahedron S2in CD3CN.

For a better understanding of the 3D triakis tetrahedron structural features, the design
and synthesis of 2D rhombic structure S is initially involved (Scheme S1). Ditopic
60°-bent bisterpyridine L% was synthesized from boronic acid 3 and 1,2-dibromo-4,5-di-
methoxybenzene 4. In order to prevent the self-sorting process of L?, the 6,6"-positions
of terpyridines were decorated with 2,6-dimethoxyphenyl substituents as the bulky
groups.® The "H NMR spectrum of ligand L? exhibited only one set of terpyridine char-
acteristic signal peaks, and ESI-MS experiments further confirmed its formation. After
mixing it with ligand L' and Cd(NO3),-4H,0 in a 1:2:4 ratio in a mixed solvent of
MeCN/CHCl3/MeCH (2:2:1, v/v/v), refluxed at 80°C for 12 h, a red precipitate was ob-
tained with the addition of excess LiNTf, (dissolved in CH3;OH). The assembled product
was initially identified by "H NMR and ESI-MS experiments (Figures S2 and S3).

In general, the use of multi-topic tpy ligands with non-planar directionality is vital to-
ward the direct self-assembly of a 3D supramolecular architecture. Since rhombic
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structure S' is planar and rigid, a non-planar core that can provide multi-topic
bridges is necessary for the formation of 3D triakis tetrahedron $2. A ligand based
on bowl-shaped tribenzotriquinacene perfectly meets this requirement. Multi-topic
bridging ligand L® was designed by employing bowl-shaped tribenzotriquinacene
as the corner directing unit vertex. Ligand L® with perfect C3 symmetry contains three
60°-bent non-planar bisterpyridines and shows good dendritic distribution. The "H
NMR spectrum of ligands L3 exhibited one set of tpy-H*>"*" protons, indicating it pos-
sesses a high degree of structural symmetry (Figure 3C).

Characterization of triakis tetrahedron S?

Given the good kinetic reversibility and self-correction of [Cd(tpy)2]2+, Cd?* ions
were chosen for the synthesis of the giant triakis tetrahedron S2. After one-pot
multi-component self-assembly of L' and L* with a 2:3 ratio under the existence of
enough Cd?" ions, a red solid product S? was generated in nearly quantitative yield
(97%). The "H NMR spectrum of S? shows broadened signal peaks (Figure 3B),
suggesting the formation of giant assembly product, and all signal peaks were
successfully assigned with the help of 2D COSY and 2D nuclear overhauser effect
spectroscopy (NOESY) experiments (Figures S9 and S10). Two singlets at .06 and
8.51 ppm in a 1:1 ratio attributed to Tpy-H*"> protons, and one Tpy-H*"*" signal
peak was overlapped with other protons. In the non-aromatic region, the "H NMR
spectrum exhibited three split signal peaks at 4.26-4.22, 4.02-3.98, and 2.85-
2.61 ppm with an integration ratio of 1:2:8 derived from three types of methoxy
units. In addition, the characteristic tpy-H®®" protons of S? from uncoordinated
terpyridines of ligand L* were shifted up field, apparently owing to the electron-
shielding effects, indicating the successful coordination with Cd?* ions. In addition,
S? exhibits compact structural features, which are likely to limit the free rotation of
the juxtaposed arms and lead to a different chemical environment for the synthe-
sized complex. The DOSY spectrum of S? displayed only one narrow band at log
D = —9.86 in CD3CN at 298 K, proving the absence of other by-products in the so-
lution (Figure 3D).

ESI-MS combined with TWIM-MS experiments were performed to further investigate
the composition and purity of assembled product. As shown in Figure 4A, the
ESI-MS spectrum of S? displayed a series of signal peaks with successive charge
states from 37+ to 18+ at m/z: 1,024.76; 1,061.02; 1,099.39; 1,139.83; 1,182.69;
1,228.67; 1,277.54; 1,329.12; 1,384.63; 1,444.35; 1,508.25; 1,576.98; 1,651.22;
1,731.61; 1,818.99; 1,914.59; 2,019.10; 2,133.95; 2,261.06; and 2,401.96, due to
the loss of a different number of NTf,™ anions during the ionization. The experi-
mental m/z values of each charge states corresponded well with the simulate values
of [(Cd2al"4L36) (NTF,7)eo] with @ molecular weight of 48,284 Da. Due to the large
molecular weight of supramolecule S? and limited instrumentation resolution, a
satisfactory isotopic pattern has not been obtained. For each charge state, minor
signals can be observed behind the main peaks from incomplete anion exchange
and ionization of NTf,™ (Figure S55). Furthermore, the TWIM-MS spectrum of 52
displayed narrow drift time distributions for the charge states from 34+ to 20+;
the narrow drift time distribution indicates that no isomers or conformers exist (Fig-
ure 4B). Moreover, no signals belong to oligomers or other isomers were observed,
reflecting the quantitative formation of target triakis tetrahedron S2.

Size characterization

With a basic grasp of the molecular composition of the triakis tetrahedron S?, a series
of characterizations were performed to analyze and visualize the size and shape
of individual triakis tetrahedron S?. A TEM experiment, as a common electron
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Figure 4. Mass spectrometry for characterization of the triakis tetrahedron
(A) ESI-MS spectrum of triakis tetrahedron s2,
(B) ESI-TWIM-MS plots of triakis tetrahedron s2.

microscope to characterize the microstructure, was used to analyze the morphology
of individual triakis tetrahedron S$2. As shown in Figure 5B, the TEM image of S? re-
vealed individual particles with a measured size of 5.4 + 0.2 nm, which matched well
with the dimensions of the theoretical diameter of molecular modeling (Figure 5A).
The sizes were also comparable to the dynamic light scattering (DLS) experiment,
which gave an average hydrodynamic size of the triakis tetrahedron $2 of ~5.2 nm
(Figure 5C).

To gain a more in-depth understanding of the molecular structure, we further carried
out STM and AFM imaging for the supramolecule triakis tetrahedron S2. For STM
measurements, the supramolecule S? solution (~0.1 mM) was drop casted onto
the surface of the freshly cleaved highly ordered pyrolytic graphite (HOPG) surface
for incubation and then dried with nitrogen gas prior to STM imaging. Interestingly,
the supramolecule S? was self-arranged into a long nanowire (Figure 5D). The
zoomed-in view of the hierarchical self-arranged structure, illustrated in Figure 5E,
reveals the detailed intra- and inter-molecular structural details. The less conductive
region (low brightness) at the center of each individual molecule corresponds to the
weaker T-1 conjugation at the center of the molecule. This unique nanostructure
pattern could be attributed to several possible interactions. Firstly, the 7t-7 interac-
tion and van der Waals interaction between the molecule and HOPG substrate facil-
itate the absorption of the molecule to the HOPG surface.”*>* Secondly, inter-mo-
lecular interactions between neighboring molecules, including m-7 stacking of
aromatic rings, hydrogen bond formation (e.g., C-H- - -N), and van der Waals inter-
actions at the interface of two adjacent molecules could assist in the formation of the
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Figure 5. Molecular models and size characterization of the triakis tetrahedron
(A) Representative energy-minimized structures from molecular modeling of triakis tetrahedron S2.

(B) TEM image of triakis tetrahedron s2,

(C) DLS of triakis tetrahedron S2.

(D) Triakis tetrahedron $2 on the HOPG surface showing self-assembled nanowire-like structure. Scale bar is 100 nm.

(E) Zoom-in view of the STM image in the panel that reveals detailed structures of individual molecules. Scale bar is 5 nm.
(F) Height histogram of 98 triakis tetrahedrons $2 on the mica surface from AFM.

(G) AFM image of triakis tetrahedron S2. Scale bar is 50 nm.

(H) 3D AFM image of triakis tetrahedron s2.

(I) SAXS profiles of the triakis tetrahedron S2.

hierarchical self-assembly of the nanowire.”® A schematic illustrating these interac-

tions is provided in Figure S61.

While STM is suitable to visualize the molecular structure in the x-y plane, AFM is
adopted to map the height profile of the 3D supramolecular structure. Therefore,
given the 3D nature of the supramolecule $?, we further performed AFM imaging
of the molecule on the mica surface. As shown in Figure 5G (Figure 5H, the 3D illus-
tration), the height of individual supramolecules is ~5.3 nm. To investigate the
average molecular height, we statistically analyzed the height information of 98
discrete S% molecules. More AFM results are provided in Figure S60. As shown in
Figure 5F, the height histogram exhibited an average molecular height of

Cell Reports Physical Science 4, 101293, March 15, 2023
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5.29 + 0.02 nm, which matches our molecular model, TEM, and STM results. More-
over, comparing the STM and AFM results, we find that the nanowire-like pattern
observed on the HOPG surface was not seen on the mica surface. This could be
due to the fact that the 77 interaction at the molecule-HOPG interface is absent
on the mica surface, which is consistent with previous reports.”*>°” These results
imply that the liquid-solid interface plays a crucial role in the hierarchical on-surface
self-arrangement of large and more complex nanostructures.

Probably due to the giant molecular frameworks, numerous attempts at growing
crystals of triakis tetrahedron S% have been performed but are so far without success.
However, the good solubility of the as-developed 3D molecular cage in polar sol-
vents grants us the possibility to elucidate the fine structure in solution via SAXS
methodology.”" Accordingly, SAXS data were collected and depicted in Figure 5I.
Typical scattering features of sphere-like nanoparticles can be observed from the
experimental SAXS curves of S%. Bearing the precise coordinated structures of the
assembled S? in mind, theoretical scattering plot in solution is able to be accessible
from the Crysol software packages. The experimental SAXS data are found to match
well with the above-mentioned theoretical scattering plot suggesting from the
first local minimum (Q = 0.13 A™") as well as the oscillation peaks (Qmax1 =
0.19 A", Quaxe = 0.33 A~") at the high Q region, which unambiguously demonstrate
the successful preparation of the sophisticated isohedral triakis tetrahedron
suprastructures.

Catalytic performance

To confirm a plausible practical application of the triakis tetrahedron $?, it was tested
as a nanoreactor with catalytic activity. Here, triakis tetrahedron S? was employed for
the oxidative degradation reaction of sulfur mustard (2-chloroethyl ethyl sulfide
[CEES)). Multiple [Ru(tpy)2]2+ moieties and the 3D porous skeleton of triakis tetrahe-
dron S? enabled reasonable 'O, production and oxidative degradation ability of
CEES (Figures S67-569). This result provides a new construct for promising photo-
catalysts, and other catalytic reactions are expected to be explored. Given the
unique architecture of the triakis tetrahedron, there is promise for further work
exploring host-guest catalysis.

In summary, a novel tetrahedral architecture has been successfully built up through
the efficient self-recognition of Ru-based MOL ligand with multi-topic tpy ligands in
near-quantitative yield. A tetrahedral cage is capped by trigonal-pyramidal cages to
generate a triakis tetrahedron. Planar Ru(ll)-linked metal-organic ligands and non-
planar hexafunctionalized tribenzotriquinacene cavitand-shaped ligands serve as
scaffolds for the formation of the 3D triakis tetrahedron. The molecular composition
and size analysis of triakis tetrahedron $? were clearly determined using NMR, ESI-
MS, ESI-TWIM-MS, TEM, STM, AFM, DLS, and SAXS experiments. The non-planar
core that provides multi-topic bridges is crucial for the formation of the 3D triakis tet-
rahedron. This work points to the fact that the self-assembly of elaborate 3D triakis
solids such as a triakis octahedron can be envisioned and achieved through delicate
molecular designs. The heteroleptic and controllable self-assembly in this study en-
hances the topological diversity of known supramolecular coordination polyhedra.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Pingshan Wang (chemwps@csu.edu.cn).
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Materials availability
All unique reagents generated in this study are available from the lead contact
without restriction.

Data and code availability

All of the data supporting the findings of this study are presented within the article
and the supplemental experimental procedures. Any requests for additional data
will be fulfilled by the lead contact upon reasonable request.

Self-assembly of triakis tetrahedron S2

Ligand L' (3.48 mg, 1.36 pmol), ligand L3(3.41 mg, 0.90 umol), and Cd(NO3),-4H,0
(1.66 mg, 5.40 umol) were added in a 50 mL flask, then a solvent mixture of CH3CN/
MeOH (20 mL, V:V, 2:1) was added. The mixture was refluxed for 12 h; after cooling
to ambient temperature, excess LiNTf, in MeOH was added to get a red precipitate,
which was filtered and washed with MeOH to generate a red solid: 10.5 mg, 97%.
The characterization results are as follows: "H NMR (400 MHz, CDsCN, ppm):
38.99 (s, 48H, C-tpy-H>"®); 58.73-8.69 (m, 72H, A-tpy-H*>">, C-tpy-H**"); 58.45
(s, 48H, B-tpy-H*">); 58.35-8.33 (m, 48H, B-tpy-H>""); 58.25-8.23 (m, 72H, A-tpy-
H*3", C-Ph-H9); 58.08-8.01 (m, 120H, B-tpy-H**", B-Ph-H¢, Ph-H®); 57.93-7.84
(m, 72H, C-tpy-H**', A-Ph-H9); §7.73-7.61 (m, 168H, A-tpy-H**", B-tpy-H**",
B-Ph-H", C-Ph-H"); 57.42-7.35 (m, 72H, B-tpy-H>*", C-tpy-H>*"); 57.04-6.96 (m,
48H, A-tpy-H®®", A-Ph-H"); 56.90-6.86 (m, 24H, A-tpy-H>®"); 56.71-6.62 (m, 48H,
Ph-H); 85.77-5.72 (m, 96H, Ph-HY); 34.15 (s, 48H, OMe-H); 33.95-3.93 (m, 96H,
OMe-H?): 52.76-2.64 (m, 288H, OMe-H"). ESI-MS (48,284.86 calculated for
C1964H1380Cd24F360N24oo372RU6S120 with Nszi)Z m/z: 2,40196 [M— '|8NT]C2:|18Jr
(calculated m/z: 2,402.35); 2,261.06 [M— 19NTf,]""* (calculated m/z: 2,261.16);
2,133.95 [M— 20NTf,]?°* (calculated m/z: 2,134.10); 2019.10 [M— 21NTHL]?"* (calcu-
lated m/z: 2,019.13); 1,914.59 [M— 22NTf,]?%* (calculated m/z: 1,914.62); 1,818.99
[M— 23NTf,]?* (calculated m/z: 1,819.20); 1,731.61 [M— 24NTf,*** (calculated m/z:
1,731.42); 1,651.22 [M— 25NTf,*** (calculated m/z 1,651.25); 1,576.98
[M— 26NTf,]%" (calculated m/z: 1,576.96); 1,508.25 [M— 27NTf,]*’* (calculated
m/z: 1,508.18); 1,444.35 [M— 28NTf,]?®* (calculated m/z 1,444.31); 1,384.63
[M— 29NTH,]?°* (calculated m/z 1,384.85); 1,329.12 [M— 30NTf,]°* (calculated
m/z: 1,329.35); 1,277.54[M— 31INTH*"* (calculated m/z: 1,277.43); 1,228.67
[M— 32NTf,]%%* (calculated m/z 1,228.76); 1,182.69 [M— 33NTf,]*3* (calculated
m/z: 1,183.03); 1,139.83 [M— 34NTf,]3** (calculated m/z 1,140.00); 1,099.39
[M— 35NTf,]*>" (calculated m/z: 1,099.42); 1,061.02 [M— 36NTF,]*¢* (calculated
m/z: 1,061.10); 1,024.76 [M— 37NTHL¥* (calculated m/z: 1,024.85). For additional
information on characterization and experimental procedures, please see the
supplemental experimental procedures.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101293.
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