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Metal ion determined self-assembly using
terpyridine building blocks+t
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Due to the dynamic reversibility of the coordination-driven force, the structures of metallocages are sen-
sitive to many stimuli, including ligand geometry, temperature, concentration, anions, pH, light, and so on.
Among these, the strength of the metal-ligand dative bonds is distinctly important; however, it has largely
been ignored. In this contribution, a novel metal—-organic ligand L was synthesized. On coordinating with
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Introduction

Fabricating sophisticated discrete supramolecular structures,
particularly three-dimensional supramolecular cages, from
simple molecular building blocks has attracted extensive
attention.™ It is not only because of their intriguing struc-
tures, but also owing to their diverse applications in molecular
recognition,® sensing,”” and supramolecular catalysis.® Along
with the interest in self-assembly processes, the transition of
two structures has received a significant attention.””® Owing to
the dynamic and reversible nature of the coordination-driven
force, the structure of metal supramolecular self-assembly is
mostly determined by two major elements: (i) the nature of the
building blocks,” such as metal ions® and ligands,"" and (ii)
extrinsic factors such as concentration,'*'* solvents,*
anions,"'® and light,"” among others.'® Ligands and metal
ions are undoubtedly the most important building blocks in
terms of design. Metals usually serve as the polyhedron’s
vertex, with ligands constituting the polyhedral -cage’s
edge.’?° Nitschke reported metal ion and anion determined
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transition metals possessing distinct binding abilities like Zn(u), Co(i), and Cd(u), diverse three-dimensional
metal-organic supramolecular structures could be generated. To sum up, using metal ions with a strong
ligand binding ability (Co, Zn) favors the development of larger structures [MglL4l, whereas metal ions with
a weak ligand binding ability (Cd) lead to smaller structures [MglLs].

supramolecular transformations in 2014.>' However, in such
systems, multiple factors were affected and only a limited
number of metal ions were used. Either due to the shortage of
the metals accessible for ligand coordination or due to the
characterization difficulties, the effect of varied metal-ligand
binding abilities on the self-assembly of metallostructures has
rarely been described. A comprehensive understanding of the
influencing factors is vital to attain precise control over the
self-assembly process and achieve specific practical
applications.

2,2":6',2"-Terpyridines are widely used as tridentate ligands
due to their ability to coordinate with various transition
metals,>** and the binding ability with different metal ions
increases in the order of Mn < Cu < Cd < Zn < Co.”* This
unique characteristic supports the primacy of the terpyridyl
ligand in enhancing the complexity of complexes. Inspired by
this fact, it was aimed to investigate the influence of using
metals with different binding capacities on the structure of
metal-organic supramolecular cages. In-depth research on this
aspect can help us to effectively understand the self-assembly
process, as well as provide a new technique for enhancing the
supramolecular diversity, thus inspiring the construction of
various adaptive or stimuli-responsive materials.

We have previously described the assembly of a series of
two-dimensional clover leaf-shaped supramolecules using a
tetrakis-terpyridine ligand possessing the same angle as
various transition metal ligands.>® Based on this study, a novel
tetratopic metal-organic ligand L was synthesized using
dibromobenzofuran to link with an “X” shaped tetrakis-terpyri-
dine ligand via (tpy-Ru®*"-tpy) connectivity (Scheme S17).
Subsequently, as ligand L was self-assembled with metals pos-
sessing a strong binding ability (Co, Zn), it afforded the tetra-
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Scheme 1 Self-assembly of Zngl4, Cogl,, and Cdgls obtained through
the coordination of L with Zn?*, Co,", and Cd?*.

meric cages [CogL,s] and [ZngL,], whereas a trimeric cage
[CdeL;] was obtained in the case of Cd*" (weak binding ability
with tpy) (Scheme 1). In terms of more labile Mn and Cu,
simple oligomers could be derived. As a result, the generation
of metallocages can be controlled by the binding ability of the
metal-organic dative bonds. Furthermore, the introduction of
different metal ions is expected to facilitate a study on metal-
dependent redox reactions such as the oxygen evolution reac-
tion (OER).

Results and discussion
Synthesis and characterization of ZngL, and CogL,

The key ligand L was obtained by a 4-fold Suzuki coupling
reaction of precursor 7 with 4-(2,2":6',2"-terpyridyl)-phenyl-
boronic acid (Fig. 1a). Subsequently, the ligand L was
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assembled with Zn(NTf,), in an exact stoichiometric ratio of
1:2. After heating the mixture at 60 °C for 8 h, a saturated
solution of LiNTf, in methanol was added, and the resulting
red precipitate was washed multiple times with methanol and
water. The final solid ZngL, was obtained after drying in vacuo
with a yield of 98%. Similarly, self-assembly with other metals
was performed using CoCl,-6H,0.

Firstly, as observed in Fig. 2a, four sets of single peaks
appear at 9.11, 9.02, 8.87, and 8.80 ppm, attributed to the four
different sets of tpy-H>® protons for ligand L, A-D, respect-
ively. The peaks of 6,6” protons in the uncoordinated tpy units
in L (tpy-C, D) exhibit a dramatic upfield shift from 8.78 and
8.76 ppm to 7.48 ppm (Fig. 2a, A5 = 1.33 ppm), owing to the
electron shielding effect. Meanwhile, as compared with the
signals of the free tpy group of L, those of the protons attribu-
ted to C-tpyH>"*" and D-tpyH>"*" shifted downfield, from 8.87
and 8.80 ppm to 9.12 ppm. The whole proton assignments of
ligands and ZngL, were confirmed by 2D COSY and NEOSY
NMR (Fig. S22-5267). Moreover, the narrow bands at logD =
—9.85 in the DOSY spectrum unambiguously reveal the pres-
ence of a single discrete species in CD;CN (Fig. 2b). The
diffusion coefficient D has been calculated to be 1.41 x 10™*°.,
Based on the Stokes-Einstein equation, the diameter of ZngL,
is 4.22 nm, which is consistent with the model data (4.18 nm).
As is well known, Co(u) exhibits stronger paramagnetic pro-
perties, which make it difficult to characterize the Co(u) com-
plexes by '"H NMR; thus, a satisfactory result has not been
obtained.**?”

Furthermore, the ESI-MS experiments supported the for-
mation of supramolecular structures. Fig. 2c depicts a series of
continuous charge peaks from 10+ to 24+, which is attributed
to the continuous loss of the anion. It is observed to be in
perfect agreement with the values obtained from the simu-
lations, and the calculated molecular weight of 22029 Da
corresponds to the molecular mass of the tetramer
[(C00H130N2404)4RusZng(NTE, 7 )3,]. The experimentally deter-

®=Ru(ll)
®=Co(ll) or
Zn(ll)

®=Ru(ll)
®=cd(l)

Fig. 1 (a) Synthesis of ligand L, (b) representative energy-minimized structure of Cogl, (Zngls), and (c) representative energy-minimized structure

of CdsL;.
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Fig. 2 (a) *H NMR of ligand L and ZnglL, (500 MHz, CDsCN, 300 K), (b) 2D DOSY of ZnglL, (500 MHz, CDsCN, 300 K), (c) and (d) ESI-MS of and
TWIM-MS plots of Zngl,, and (e) and (f) ESI-MS of and TWIM-MS plots of Cogl,.

mined isotope patterns for each charge state match well
with the corresponding theoretical distribution (Fig. S77).
Subsequently, traveling wave ion mobility mass (TWIM)>® spec-
trometry experiments were employed to distinguish the pres-
ence of isomers and provide structural information. A narrow
series of drift time spectra from 12+ to 22+ can be observed in
Fig. 2d, and the ESI-MS data indicated no other isomers and
conformers. Moreover, the molecular weights of CogL, are con-
firmed to correspond to their proposed molecular compo-
sitions (Fig. 2e), and the complexes with Co(u) have compar-
able drift times in the same charge states (Fig. 2f), thus indi-
cating similar shapes of the complexes.

Synthesis and characterization of CdgL;

The previous investigations have shown that the different tran-
sition metals exhibit varying binding abilities to terpyridine.
Hence, it is assumed that a distinct structure will be generated
on carrying out the assembly with Cd. As illustrated in Fig. 3a,

This journal is © the Partner Organisations 2022

the NMR spectrum of CdeL; is entirely different from the
former; however, the spectrum of the obtained supramolecular
structure exhibits a broad peak in the aromatic region com-
pared to that of the ligand L. It may be caused by the slow
motion of the large structure on the NMR timescale. The
signals assigned to the 6,6"-tpy protons of the free tpy units
are noted to exhibit a distinct upfield shift from 8.78 and
8.80 ppm to 7.50 ppm (A = 1.28 ppm) after coordination with
Cd(u). Similar to the DOSY spectrum of ZngL,, the formation
of a single component in CD;CN can be confirmed from the
diffusion coefficient log D = —9.70 m” s~* for all relevant peaks
(Fig. 3b). In addition, the ESI-MS analysis reveals a new set of
dominant peaks ranging from 8+ to 18+ ions, thus confirming
the composition of the generated structure consisting of six
Cd*" ions and three ligands L (Fig. 3c). The isotopic pattern of
each charge state is consistent with the corresponding simu-
lated values (Fig. S87). In addition, in the 2D TWIM-MS plot,
all charge states are found in a narrow band, indicating a

Org. Chem. Front., 2022, 9, 2343-2350 | 2345
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Fig. 3 (a) *'H NMR of ligand L and CdeLs (500 MHz, CDsCN, 300 K), (b) 2D DOSY of ZnglL, (500 MHz, CDsCN, 300 K), and (c) and (d) ESI-MS of and

TWIM-MS plots of CdelLs.

single component with high conformational rigidity (Fig. 3d).
Furthermore, as the assembly is performed using Cu and Mn,
only simple oligomeric structures are obtained, most likely
due to the weak binding ability to the tpy units.*®

To further investigate the strength of the binding ability of
the three metals, the stability of the three supramolecular
structures was examined by gradually enhancing the collision
energy using gradient tandem mass spectrometry.’’ No
obvious fragments of 13+ ion for CogL, can be detected below
20 V. As the voltage is increased to 28 V, the fragmentation peak
starts to appear, and the ion peak is completely dissociated by 36
V. Zngl, and CdgL; have also been measured under the same
conditions, with the former completely splitting at 30 V, while
the latter becoming fragmented at 23 V (Fig. S91). These results
further demonstrate that the binding capability of Cd ions is sub-
stantially lower than that of Zn and Co ions, implying that the
stability of the supramolecular structures formed will be
inferior.>® It is concluded that entropy plays a critical role during
the process of molecular change. For metal ions with a weak
binding ability, it is difficult to support the larger structures
when coordinated with ligands, which tends to form small struc-
tures with more molecules in the system for achieving an entropy
increase. In contrast, for metal ions with a strong binding ability,
there exist sufficient binding forces to support the formation of
larger structures.'*?*

2346 | Org. Chem. Front., 2022, 9, 2343-2350

Size characterization by transmission electron microscopy
(TEM) and atomic force microscopy (AFM)

To provide additional structural evidence, TEM and AFM ana-
lyses were performed on ultrathin carbon film-coated Cu grids
or newly cleaved mica flakes by placing drops of dilute solu-
tions of the three supramolecular structures dissolved in
CH;CN at a concentration of 107® M. As shown in Fig. 4e-j, the
TEM images reveal several homogeneous dots with a diameter
of 6.5 nm in the case of ZngL, and CogL, and 4.1 nm for CdgL;
(Fig. S321), which are substantially similar to the sizes simu-
lated using the molecular model (Fig. 4a-d). Similarly, the
AFM images demonstrated a series of dots with an average
height of 4.2 and 4.4 nm (Fig. 40-q), according to the height
statistical histogram of AFM for 100 particles (Fig. 41-n), which
is consistent with the calculated heights of 4.0 and 4.1 nm for
the model structures of ZngL, (CogL,) and Cdg¢L3 structures.
Due to the unavoidable tip broadening effect, the measured
width of the dots in the AFM image displays large values in
the 2D AFM images (Fig. $337).>*

CV and photophysical properties of supramolecular structures

Finally, the electrochemical properties of these fractals were
investigated in a three-electrode electrochemical cell, which is
composed of a 3 mm glassy carbon working electrode (WE), a

This journal is © the Partner Organisations 2022
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Fig. 4 (a) and (b) Representative energy-minimized structure of Cogl, (Zngl,), (c) and (d) representative energy-minimized structure of CdgLs, ()
and (f) TEM images of Cogl,, (g) and (h) TEM images of ZnglL,, (i) and (j) TEM images of CdglLs, ()—(n) AFM height statistical histogram for 100 par-
ticles of Cogls, Zngl4, and Cdels, and (0)—-(q) AFM images of Cogly, Zngl, and Cdels.

platinum wire auxiliary electrode (CE), and an Ag/AgCl refer-
ence electrode (RE) with Bu,NPF, (0.1 M) as the electrolyte. As
can be observed from Fig. 5c, due to the reversible oxidation of
Ru(m)/Ru(n) and Ru(v)/Ru(m), the ligand L exhibits two oxi-
dation peaks near 0.58 and 1.31 V.** As compared to ligand L,
the oxidation peaks of the supramolecular structure demon-
strate a slight positive shift. For [ZngL,] and [CdeLs], the oxi-
dation peaks of Ru can be observed at 0.64 and 1.33 V, exhibit-
ing a slight increment in the positive oxidation potential. Zn(i)
and Cd(u) are difficult to oxidize under these conditions; thus,
only Ru oxidation peaks can be observed for [ZngL,] and
[CdeLs] (Fig. 5¢ and e).*® For [CogLy4], the oxidation peaks of Ru
exhibit a similar slight positive shift (0.66 V, 1.32 V).
Interestingly, the oxidation potential of Co(imn)/Co(u) appears at
0.66 V in [CogL,], while the oxidation peak of the common Co-
terpyridine complex is observed at 0.45 V (Fig. 5d).>**® The
obvious positive shift indicates an effective improvement of
oxidation ability which is anticipated to facilitate the oxygen
evolution reactions.’” The photophysical properties of these
complexes were also investigated using UV-vis and low-temp-
erature fluorescence spectroscopy. The absorption spectra of

This journal is © the Partner Organisations 2022
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Fig. 5 UV-vis (a) (107® M in CHsCN, room temperature) and emission
(b) (107 M in CH3CN, 73 K) of ZngL,, Cogls, and Cdels, CV of L with (c)
Zngl,, (d) Cogls, and (e) CdeLs (in a 0.1 M solution of BusyNPFg in
CHsCN).
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the ligands and all the complexes demonstrate a characteristic
absorption peak near 485 nm (Fig. 5a), which can be attributed
to the metal-ligand charge transfer transition of the tpy-Ru-tpy
unit. The emission of L and supramolecules was examined in
CH;CN below 73 K (Fig. 5b). Compared with the ligand L, all
supramolecules exhibit a slight decrease in the emission
spectra and a minor shift, from 651 nm to 648 nm.>®

Conclusion

Briefly, the tetra-terpyridine metal-organic ligand L with
multi-axial coordination was designed and synthesized using a
self-assembly-directed ~ binding  strategy. = Subsequently,
different three-dimensional metal-organic supramolecular
structures were assembled based on the difference in the tran-
sition metal-binding ability. When L was combined with
strongly binding metals (Zn and Co), tetrameric structures
were formed. However, on combining with the weaker binding
metal Cd, a trimeric structure was obtained. 1D and 2D NMR,
ESI-MS, TWIM-MS, gMS*, TEM, and AFM analyses were per-
formed to characterize the molecular structure, size, and sym-
metry of the target assemblies. In addition, the photovoltaic
properties of the supramolecular structures were also charac-
terized by UV-vis, FL, and CV. The findings reported in this
study are conducive to the comprehensive understanding of
the effect of metal-ligand binding abilities on the supramole-
cular structures. As a result, these findings inspire us to obtain
adaptive or stimuli-responsive materials, with potential appli-
cations in electrocatalytic oxygen precipitation, etc.
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