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ABSTRACT: Asymmetrical and dissymmetrical structures are wide-
spread and play a critical role in nature and life systems. In the field of
metallo-supramolecular assemblies, it is still in its infancy for
constructing artificial architectures using dissymmetrical building
blocks. Herein, we report the self-assembly of supramolecular systems
based on two dissymmetrical double-layered ligands. With the aid of
ultra-high-vacuum, low-temperature scanning tunneling microscopy
(UHV-LT-STM), we were able to investigate four isomeric structures
corresponding to four types of binding modes of ligand LA with two
major conformations complexes A. The distribution of isomers

Four Binding Modes

One Binding Mode

measured by STM and total binding energy of each isomer obtained

by density functional theory (DFT) calculations suggested that the most abundant isomer could be the most stable one with highest
total binding energy. Finally, through shortening the linker between inner and outer layers and the length of arms, the arrangement
of dissymmetrical ligand LB could be controlled within one binding mode corresponding to the single conformation for complexes

B.

B INTRODUCTION

Nature has developed impeccable systems for precise self-
assembly of well-organized bioarchitectures with desirable
functions. Inspired by nature, chemists have endeavored to
design and construct supramolecular structures with various
functions over the past decades.'”? Among them, coordination-
driven self-assembly is a well-documented methodology for
preparing metallo-supramolecules with precisely controlled
shapes and sizes.” Indeed a variety of 2D and 3D metallo-
supramolecules have been achieved."™'® Most of these
structures, which have highly symmetrical shapes and geo-
metries, were obtained by self-assembly of symmetrical ligands,
due to the high predictability and controllability for ultimate
assemblies provided by the symmetrical building blocks.
Meanwhile, symmetrical ligands can effectively avoid the
generation of unexpected structures with similar thermody-
namic stability, especially for the self-assembly of multiple
ligands.

Asymmetrical and dissymmetrical structures are widespread
and play a critical role in nature and life systems. For example,
the dissymmetrical structures of proteins are crucial for many
specific functions of the cell.'” To date, however, very few
metallo-supramolecules were obtained by assembly of dissym-
metrical li§ands but were limited to small sizes and simple
structures.”” Particularly, there exist three major challenges in
metallo-supramolecular systems based on dissymmetrical
ligands. First, the building blocks with low symmetry are usually
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difficult to prepare due to the multistep synthesis and tedious
purification. Moreover, because of the uncertain orientation of
each building block, multiple isomers could be generated during
self-assembly with similar physical properties and, thus,
hindering further isolation. Finally, even if the assembly with a
predominant arrangement is obtained, the characterization of
such complicated structures with dissymmetrical ligands would
remain a formidable challenge.

In the past decades, conventional characterization techniques
like NMR, electrospray ionization—mass spectrometry (ESI—
MS), traveling wave ion mobility—mass spectrometry (TWIM—
MS), and single-crystal X-ray diffraction have been well
established for characterizing supramolecules constructed by
highly symmetrical building blocks with large sizes and complex
structures.'*"*'°°2! However, these techniques become less
effective in investigating supramolecules assembled by dissym-
metrical ligands. For instance, the increased chemical environ-
ments caused by the low symmetry would significantly broaden
the NMR signals and make the spectrum obscure. Furthermore,
if all the isomeric structures with the same charges have similar
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Scheme 1. (A) Self-Assembly of Dissymmetrical Ligand LA for the Construction of Complexes A Corresponding to Four Isomers
Based on Four Binding Modes and Two Major Conformations of LA and (B) Modeling Structures of Four Binding Modes in

Complexes A

Four binding modes

structural collision cross sections, TWIM—MS is unable to
distinguish those isomers. In crystallographic analysis, the
isomers constructed by dissymmetrical ligands usually lead to
uncertain and irregular packing of supramolecules. As such, only
one or few isomers could crystallize out of a mixture of isomers
in the solutions. Therefore, effective characterization techniques
are highly demanded for investigating the supramolecules with
dissymmetrical ligands. In recent years, scanning tunneling
microscopy (STM) has emerged as a powerful tool to
characterize supramolecular assemblies, since it can directly
image each individual structure at submolecular resolution and
reflect the population of each isomer in the complex system.*”

Among coordination-driven self-assembly, 2,2':6’,2"-terpyr-
idine (tpy) has been widely used as a versatile building block for
constructing various symmetrical supramolecular architectur-
es.”9%19%21823 Iy addition, the octahedral structures of the (tpy-
M-tpy) coordination sites with ca. 1 nm height on surface have
higher electron density than the flat organic skeletons; thus, they
can be clearly distinguished in STM and facilitate imaging the
structure and conformation of metallo-supramolecules.”**"
Herein, we reported the design, synthesis, and self-assembly of
two dissymmetrical tetratopic tpy ligands (LA and LB) with
Zn(I1). In our design, by adjusting the distance between inner
and outer layers of the ligands and the length of arms, the
symmetry and isomeric structures of the supramolecules are
expected to be controlled by the steric hindrance generated
during the self-assembly process. STM was utilized to investigate
the isomeric structure and obtain the distribution of each
isomer. The results showed that loose ligand LA generated four
hexameric isomers with the same composition as we expected
based on four types of binding modes during self-assembly
(Scheme 1). In comparison, the compact ligand LB self-
assembled into a mixture of hexamer, heptamer, and octamer
(Scheme 2) with only one coordination mode because of the
steric hindrance between the two layers.

B RESULT AND DISCUSSION

Synthesis and Self-Assembly of Complexes A with
Four Binding Modes Followed by NMR and Mass
Spectrometry Characterization. LA was synthesized via a

Scheme 2. (A) Self-Assembly of Dissymmetrical Ligand LB
for the Construction of Complexes B1—B3 for Hexamer,
Heptamer, and Octamer, Respectively, with One Binding
Mode and (B) Modeling Structure of the Binding Mode in
Complexes B

One binding mode

multifold Sonogashira coupling reaction and purified by column
chromatography (the synthetic route is shown in Scheme S1 in
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the Supporting Information). All of the precursors and ligand
were fully characterized by NMR (*H, 3C, COSY, and
NOESY), ESI-MS, and MALDI-TOF mass spectrometry (see
details in the Supporting Information). The supramolecules A
were successfully prepared by mixing ligand LA and Zn(II) with
an exact stoichiometric ratio of 1:2 in CHCl;/CH;OH solution
at 50 °C for 12 h, followed by the addition of an excessive
amount of NH,PF to obtain a yellow precipitate in high yield. It
is worth noting that, because of the dissymmetrical feature, LA
could have two major conformations, which lead to four types of
binding modes and generate four isomers during self-assembly
(Scheme 1).

The double-layered metallocycles were first characterized by
'"H NMR spectroscopy. Due to the existence of multiple
isomeric components and slow tumbling motion of supra-
molecules on the NMR time scale, broadening signals were
observed in the '"H NMR spectrum (Figure 1B and Figure S97).

9.0 8.5 8.0 7.5 7.0

Chemical Shift (ppm)

4.5 4.0

Figure 1. "H NMR spectra (600 MHz) of (A) ligand LA in CDCl, and
(B) complexes A in CD;CN.

As shown by 2D-COSY and NOESY results (Figures S99 and
S101), four sets of proton signals from four different tpy units in
the aromatic region can be distinguished. Compared with ligand
LA, the signals of tpy»“P-H®" protons showed a significant
upfield shift (AS ~ 0.9 ppm) on account of the electronic
shielding effect,'** indicating the coordination of tpy units with
Zn(II). Meanwhile, all of the tpy-H>"*" protons exhibited a
diagnostic downfield (A ~ 0.3 ppm) shift. The —OCH,—
peaks of three alkyl chains (—OC¢H,;) at 4.75, 4.32, and 4.16
ppm were assigned to alkyl-H”, alkyl-H", and alkyl-H, with an
integration ratio of 1:1:1. Note that although multiple isomers
existed simultaneously, the diffusion ordered spectroscopy
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(DOSY) NMR spectrum of A (Figure S102) only displayed a
narrow band atlog D = —9.72, perhaps owing to the similar sizes
and shapes of the isomers and the limits of instrument
resolution. The experimental diameter of A was calculated as
ca. 6.5 nm using the modified Stokes—Einstein equation,**
which agrees well with the theoretical prediction given by
modeling structures.

ESI-MS and TWIM—MS have emerged as effective methods
for analyzing the compositions and shapes of supramole-
cules.”*”> From the ESI-MS spectrum, one dominant set of
peaks with charge states from 16+ to 24+ was observed (Figure
2A), resulting from successive loss of the counterions (PF4").
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Figure 2. (A) ESI-MS and (B) TWIM—MS plot (m/z vs drift time) of
complexes A. The charge states of intact assemblies are marked.

Further investigation revealed that each isotope pattern of these
peaks matched well with the corresponding simulated isotope
pattern of A with a molecular weight of 15 063.06 Da (Figure 2A
and Figure $104). With four possible isomers in the system, the
TWIM—MS spectrum (Figure 2B), however, exhibited only one
narrow drift time distribution for each charge state, possibly on
account of slight structural differences between four isomers and
the resolution limits of the instrument.

Characterization of Complexes A by STM and
Theoretical Study by DFT Calculations. To further
investigate the structure of each isomer, high-resolution,
ultrahigh-vacuum, low-temperature scanning tunneling micros-
copy (UHV-LT-STM) was utilized to explore the possible
supramolecular isomers. The supramolecules were dissolved in
CH;CN and simply deposited on the surface of Ag(111) by
drop-casting. Due to the octahedral coordination structure and
high electron density, (tpy-Zn(II)-tpy) units give rise to a
relatively strong signal in the form of a bright dot when
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Figure 3. (A, E) STM imaging of complexes A on the Ag (111) surface with a scale bar of 10 nm (green circle, A1; red circle, A2; white circle, A3; blue
circle, A4). (B, F, I, M) Enlarged STM images of complexes A1—A4 on the Ag (111) surface with a scale bar of S nm. (C, G, J, N) STM images of
highlighted circles coordination sites of complexes A1—A4 with a scale bar of 5 nm. (D, H, K, O) Representative energy-minimized structures from
molecular modeling of complexes A1—A4; alkyl chains were replaced by methoxy for clarity. (L) Distribution of four isomers based on the STM image

for complexes A.

compared with the case of intramolecular organic fragmen-
ts.”***° On account of the short distance between the two layers,
the signals of two adjacent (tpy-Zn(II)-tpy) units within
different layers were merged and formed the oval-shaped
lobes. By further investigating the direction, patterns, and
geometries of the bright lobes, as expected, four types of isomers
were observed from STM images (Figure 3 and Figures S154—
S156). As illustrated by the distribution of (tpy-Zn(II)-tpy)
junctions, each type of isomer can be differentiated from others.
In order to confirm the shape and geometry of each isomer,
dotted lines were added for the detailed patterns of supra-
molecules (Figure 3 and Figure S154). The orientations of
adjacent inner and outer metal ions on the same side are shown
as red lines, and the blue lines link the outer margin of metal ions
and depict the shape of coordination site patterns. Thus, by
measuring the angles between the red lines and blue lines, four
isomers can be distinguished objectively (Figures S155—S158).

1227

Regarding the symmetry of isomers’ structures, Al is
centrosymmetric, but A3 is axisymmetric. It is worth noting
that the subtle differences of distribution of (tpy-Zn(1l)-tpy)
junctions from Al and A3 can be distinguished from STM
imaging. STM imaging of supramolecules revealed clear images
of circular structures with diameters at ca. 6.5 nm (Figure
3B,FLM), which is consistent with the energy-minimized
structures from molecular modeling (Figure 3D,H,K,0). In
addition, the statistical data of each isomer (Figure 3L and
Figures S159—S161) indicated that the isomer of Al has the
largest abundance (47%), followed by isomers A4 (30%), A3
(16%), and A2 (7%).

To gain further insights about the distribution of isomers
during the self-assembly of complexes A, total binding
(intermolecular interaction) energy was used to compare the
stabilities of different isomers by DFT simulation. During the
self-assembly of complexes A, four isomers were assembled
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because of the coexistence of two conformers of LA
corresponding to four binding modes (Figure S153A). Given
the large sizes of metallo-supramolecular isomers, we first
calculated the binding energy of each binding mode in order to
simplify the DFT calculation. Then, the total binding energy of
each isomer was estimated as the sum of individual binding
energies of six binding units within one structure. As shown in
Table S1, isomer Al (E,; = —787.253 623 2 Hartree) exhibited
the highest binding energy, followed by A4 (E,, =
—787.247 005 8 Hartree), A3 (E,; = —787.243 697 1 Hartree),
and A2 (E,, = —787.240279 8 Hartree). The order of total
binding energies (Al > A4 > A3 > A2) of four isomers is
consistent with the order of experimental distribution of each
isomer collected by STM imaging (Figure 3L), suggesting that
the most abundant isomer Al could be the most stable one with
the highest binding energy.

Synthesis and Self-Assembly of Complexes B with
One Binding Mode Followed by NMR and Mass
Spectrometry Characterization. During the self-assembly
of complexes A, four types of binding modes corresponding to
two conformations of LA coexisted and resulted in four
hexameric isomers. To further control the self-assembly of the
dissymmetrical building block, another compact ligand LB was
designed by shortening the linker between two layers and the
length of two arms. Through such a design, we aimed to control
the self-assembly of LB with one conformation by introducing
steric hindrance, which could result in one binding mode as
shown in Scheme 2B. Briefly, LB was obtained by the
combination of Sonogashira and Suzuki coupling reactions. It
was purified through a similar procedure as LA. Precursors and
LB were fully characterized by 'H, '*C, 2D COSY, 2D NOESY,
ESI-MS, and MALDI-TOF mass spectrometry.

The supramolecules were successfully prepared via the same
self-assembly procedure as for complexes A. The formation of
supramolecules was first characterized by '"H NMR, 2D COSY,
and NOESY NMR (Figures S143—S145). The 'H NMR
spectrum of assemblies shows four sets of tpy signals (Figure
S148). Similar characteristic upfield shifts of tpy-H*®" (A ~
0.98 ppm) and downfield shifts of tpy-H>*' (A§ ~ 0.4 ppm)
were observed, indicating the coordination with Zn(II). The
—OCH,— of three alkyl chains (—OCgH;;) showed peaks at
4.38, 4.34, and 4.25 ppm, which correspond to alkyl-HY, alkyl-
HY, and alkyl—Hd”, with an integration ratio 1:1:1. DOSY NMR
spectroscopy (Figure S146) showed a broad diffusion coefficient
(log D = —9.69 to —9.74) for all the relevant peaks, suggesting
the existence of a mixture. As such, the supramolecular assembly
of LB could differ from the result of LA, due to the different
assembly behavior.

In ESI-MS and TWIM-MS spectra, three dominant
complexes (hexagon, heptagon, and octagon) were detected in
the system (Scheme 2), indicating that the compact structure of
LB indeed altered the self-assembly process. Briefly, the ESI—
MS spectrum showed three dominant sets of peaks with
continuous charge states from 10+ to 22+ (Figure 4A). The
isotope patterns of these peaks matched well with the
corresponding simulated isotope patterns of hexamer Zn,,LBg
(B1), heptamer Zn,,LB, (B2), and octamer Zn, (LB (B3) with
molecular weights of 14 631.06 Da, 17 069.57, and 19 505.08 Da
(Figures S149—S151), respectively. Due to the apparent size
difference of the hexamer, heptamer, and octamer, different
charge states of the hexagon, heptagon, and octagon with a
narrow time distribution were distinguished by TWIM—MS
(Figure 4B). Given that four isomers were identified during the
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Figure 4. (A) ESI-MS and (B) 2D ESI-TWIM—MS plot (m/z vs drift
time) of complexes B or Zn, LB, (x = 6, 7, 8). The charge states of the
intact assemblies are marked.

assembly between Zn(II) and LA, the characterization of
detailed structures for complexes B using STM turned out to be
necessary.

Characterization of Complexes B by STM. From the
STM images, hexamer, heptamer, and octamer were detected
(Figure S and Figures S162—S164) as observed by ESI-MS. On
account of the closer distance, the signals from two adjacent
(tpy-Zn(11)-tpy) units have further merged into a circular lobe.
The sizes of supramolecules measured by STM agreed well with
the simulated structural sizes (Figure SC,F,I). As shown by the
distribution of three isomers imaged by STM (Figure S165),
heptamer B2 is the foremost product (63.2%), followed by the
octamer (28%) and hexamer (8.8%). The highest population of
the heptamer further indicated the existence of substantial steric
hindrance in the cyclic structures and expanded the angles
between ligand arms to form larger rings. Interestingly, in
comparison with the four binding modes during the self-
assembly of LA with two major conformations, only one type of
conformation corresponding to a single type of binding mode
was found for the self-assembly of LB, which can be validated by
the uniform distribution in the STM image (Figure S). The
average distribution of bright spots in Figure S indicated that the
short and long arms of the inner and outer layers are staggered in
the self-assembly process on account of the bulky size of (tpy-
Zn(II)-tpy) junctions and steric hindrance between them. STM
images also indicated that only spiral structures were generated
in the Zn,, LB, (x = 6, 7, 8) system. Therefore, by shortening the
linkers between two layers and length of arms to introduce steric
hindrance, the self-assembly behavior and conformations of
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Figure S. (A, D, G) STM imaging of the complexes B on the Ag (111)
surface with a scale bar of 2 nm. (B, E, H) STM images of the
highlighted circles showing the coordination site of complexes B1—-B3.
(C, F, I) Representative energy-minimized structures from molecular
modeling of complexes B1—B3; alkyl chains were replaced by methoxy.

dissymmetrical building blocks of supramolecules could be
turther controlled.

Transmission Electron Microscopy (TEM) Character-
ization and Hierarchical Self-Assembly. Transmission
electron microscopy (TEM) experiments were also performed
to reveal the shapes and sizes of complexes A and B by
deposition of dilute CH;CN solutions (~107° M) on the surface
of ultrathin carbon lacey support films on a copper grid. The
reasonably measured dimensions were observed for both
complexes A and B from TEM images (Figure 6A,E). The
zoomed-in TEM images (Figure 6B,F) showed ringlike
structures with hollow centers.

With the different assembled structures in hand, the
hierarchical self-assembly behaviors of supramolecules A and
B with long alkyl chains in different solvents were investigated.
All the samples are obtained by diffusing diethyl ether into the
solution of the complex (4 mg/mL in DMF). In Figure 6C, we
observed that A could further self-assemble in nanotube
structures, which were bound together to form fiberlike
aggregates. The diameter (ca. 6.5 nm) of some nanotubes
(Figure 6D) was consistent with that of individual supra-
molecules A from the energy-minimized structure. The
hierarchical self-assembly result of nanofiber structures was
likely attributed to multiple intermolecular interactions, such as
n—m stacking, and CH—7 hydrophobic/hydrophilic interac-
tions.”” Due to the existence of isomers with similar size, it is
hard to recognize the molecular structures within fibers.
Different with the hierarchical self-assembly behavior of A,
spherical aggregates with diameters of about 50—250 nm were
observed in the B system (Figure 6G,H). The different
hierarchical self-assembly behaviors could be attributed to the
following two aspects: (i) the reduced distance between inner
and outer layers inhibits 7—x stacking owing to the pseudo-
octahedral configuration of tpy with transition metal ions; and
(ii) the interior angles of heptamer and octamer are different
from the designed 120° on the backbone, which may lead to
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Figure 6. (A, E) TEM image of complexes A and B with a scale bar of
100 nm. (B, F) Enlarged TEM image of A and B with a scale bar of 20
nm. (C) TEM images of nanofiber structures formed by A with a scale
bar of 100 nm. (D) Enlarged TEM images of nanofiber structures
formed by A with a scale bar of 20 nm. (G) TEM images of spherical
aggregates of B with a scale bar of 500 nm. (H) TEM images of
spherical aggregates of B with a scale bar of 250 nm.

nonplanar structures and which hampered the hierarchical
packing.

H CONCLUSION

In summary, two novel supramolecular systems were success-
fully assembled through the coordination between dissym-
metrical double-layered tetratopic 2,2":6’,2"-terpyridine ligands
and Zn(II). In addition to the conventional characterization
techniques (including NMR, MS, and TEM), UHV-LT-STM
was utilized to investigate the structures of isomeric systems at
the submolecular level. The STM statistical data and DFT
calculation revealed that four hexameric isomers existed in the
self-assembly of supramolecules A because of the four types of
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binding modes during the self-assembly of ligand LA with two
major conformations. Among all isomers, Al had the highest
total binding energy in the DFT calculation and the highest
abundance in STM imaging statistical results. Different from the
self-assembly of supramolecules A, the hexamer, heptamer, and
octamer were generated in the self-assembly of supramolecules
B with composition Zn,, LB, (x = 6, 7, and 8). STM images
further revealed that only a single conformation corresponding
to one binding mode was found for ligand LB. Among these
spiral structures, the heptamer was the foremost product
followed by the octamer and hexamer. As such, the self-
assembly behavior and structures of supramolecules could be
controlled by adjusting the length of arms and the distance of
two layers. This work offered a promising avenue for the design
and characterization of supramolecular architectures with
dissymmetrical ligands and sheds light on the insight of
coordination-driven self-assembly processes.
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