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ABSTRACT: In an effort to exert more precise control over
structural features of supramolecules, a series of giant concentric
hexagons were assembled as discrete structures using tetratopic
terpyridine (tpy) ligands. In preparation of tetratopic ligand,
pyrylium and pyridinium salts chemistry significantly facilitated
synthesis. The key compounds were obtained by condensation
reactions of pyrylium salts with corresponding primary amine
derivatives in good yields. These discrete metallo-supramolecular
concentric hexagons were fully characterized by NMR, ESI-MS,
TWIM—MS, and TEM, establishing their hexagon-in-hexagon archi-
tectures. The combination of different tetratopic ligands also assembled hybrid concentric hexagons with increasing diversity and
complexity. Furthermore, these concentric hexagon supramolecules with precisely controlled shapes and sizes were utilized as
building blocks to hierarchically self-assemble supramolecular metal—organic nanoribbons (SMON) at solid—liquid interfaces.
Ambient STM imaging showed the formation of long 1D SMON rather than 2D assembly on the basal plane of highly oriented
pyrolytic graphite (HOPG) surface after simple dropcasting of the solution of preassembled concentric hexagons onto a freshly
cleaved surface of HOPG. This wet chemical method based on self-assembly may offer simple, economical, and scalable routes to
deliver complex materials.

B INTRODUCTION template-directed cyclizations reduced entropic and enthalpic
barriers to cyclization, and thus significantly increased the yields

Nature has created a myriad of unique cyclic molecules with 3
and gave macrocycles with larger cavities.” It, however, still

different length scales and complexity, ranging from benzene

and pyrrole to porphyrin family, such as heme, vitamin B12, or requires sophisticated design and multistep synthesis to prepare
chlorophylls, from cyclodextrins family to cyclic protein com- templates.

plexes, such as light-harvesting complex and the family of nucleo- Alternatively, the emergence of supramolecular chemistry
side triphosphate helicases." Cyclic molecules have fascinated acting as a powerful tool to mimic nature’s activities had a pro-
chemists for many years in both fundamental study and applied found effect on the preparation of macrocycles.” Particularly,
research.” Exploring such cyclic structures is often hampered by metal-mediated self-assembly has received considerable attention
their challenging and low yielding synthesis, which gives mixtures

of rings with different sizes as a result of entropically unfavored Received: May 13, 2016

cyclization. Synthesizing preorganized building blocks and applying Published: July S, 2016
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in constructing various supramolecular structures with precise
geometries and sizes due to the hlghly directional and pre-
dictable feature of metal coordination.” Obstacles do exist,
however, in self-assembly of metallo-macrocycles because the
bending of ditopic organic ligands and distortion of coordi-
nation geometry can accommodate significant structural strain
and lead to unexpected macrocycles.””” The question brought

up in the field is how we can improve the design of metallo-
macrocycles to reach discrete structures.

The success of 3D self-assembly using naked metal ions by
Stang,10 Fujita,11 Nitschke,"? Shionoya,13 Clever,"* and others"®
inspired us to rethink the design of 2D macrocycles. In many
cases of 3D self-assembly, each metal ion provides multiple
(>3) interactions with ligands, which act cooperatively and
yield stable supramolecular architectures. A high “density of
coordination sites” (DOCS) resulted from multivalency'®
should play a critical role in designing and guiding the topolo-
gies of final assemblies. Directed by increasing the overall DOCS
of macrocycles, herein we describe the design and self-assembly
of a concentric hexagon system, hexagon-in-hexagon, using a
series of tetratopic ligands based on 2,2':6',2"-terpyridine'” (tpy).
If a tetratopic ligand was synthesized with suitable geometry as
shown in Scheme 1, we may obtain a discrete hexagon-in-hexagon

Scheme 1. (A) Hexagon Assembled by Conventional Ditopic
tpy Ligands; (B) Hexagon-in-Hexagon Structure Assembled
by Tetratoptic tpy Ligands; and (C) A Representative High
Generation of Concentric Hexagon
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with high DOCS based on geometry and topology analysis,
while a high generation of concentric hexagon is also possible if
a hexatopic ligand is employed for self-assembly. Furthermore,
if the first level of assembly is assumed as the spontaneous
formation of metal-ligand bonds to generate discrete cores,

hierarchical self-assembly driven by multiple intermolecular
interactions (e.g.,, 7— stacking, CH—r interactions, and hydro-
gen bonds) and/or molecule—substrate interactions in the
second level should be able to deliver complex materials."® Such
hierarchically formed architectures may exhibit unique proper-
ties and functions that are not displayed by their individual
components. On the basis of this motivation, we attempted
to use preassembled supramolecular concentric hexagons with
precisely controlled shapes and sizes as building blocks to assem-
ble supramolecular metal—organic nanoribbons (SMON) at solid—
liquid interfaces.

B RESULTS AND DISCUSSION

Synthesis and Self-Assembly of Concentric Hexagons
[Zn,,LA¢] and [Zn;,LB¢l. In an effort to exert more accurate
control over structural features of supramolecules, we designed
and evaluated a large pool of tetratopic tpy ligand candidates
with different geometry and linkers for the self-assembly of con-
centric hexagons with all rigid aromatic backbones. According
to molecular modeling, the structures of ligands LA—LD are
the optimal ones to generate concentric hexagons with mini-
mum geometric constraints as shown in Figure 1. As compared
to recently reported sphere-in-sphere''* and ring-in-ring**"
supramolecular architectures with flexible linkers between inner
and outer layers, our design of hexagon-in-hexagon structures
with all aromatic backbone required more precise preorganiza-
tion of the entire structure because of their highly structural
homogeneity. It is also expected that concentric hexagons with
rigid geometry may enhance the interaction with surface, and
thus hierarchically assemble a specific pattern, for example,
metal—organic nanoribbons. Note that the octahedral coordi-
nation geometry of the tpy-metal(Il)-tpy motif could be severely
distorted due to the short distance between the inner and outer
rims. If distortion of octahedral coordination exists, the two
terpyridine units bound to each zinc center may have enhanced
interactions with a specific surface to assist hierarchical assembly.
Such design without flexible linkers, however, posed a great
challenge in the synthesis of tetratopic ligands by introducing a
different tpy moiety into the inner and outer rims of concentric
hexagons. In our synthesis, the condensation reaction of
pyrylium salts with primary amines was employed to dramatically
simplify the preparation of multitopic ligands. Moreover, the
resulted tetratopic tpy ligands based on pyridinium salts also hold

Figure 1. Energy-minimized structures of complexes [Zn,,LA¢], [Zn;,LBq], [Zn;,LC¢], and [Zn,,LD;] (left to right). The alkyl chains are omitted

for clarity in the molecular modeling.
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particular promise for future studies of redox, electro-optical,
and photophysical properties.*’

We initiated this study from the synthesis of tetratopic tpy
ligands LA and LB. The condensation reactions between pyrylium
salt 1 and primary amine 7 or 8 simplified the synthesis process
with a decent yield of pyridinium salt 9 and 10, respectively.”"”*'
LA and LB were then synthesized by Suzuki coupling reaction
of pyridinium salt 9 or 10 with short tpy head 2 and purified
by column chromatography (Scheme 2). For self-assembly,

Scheme 2. Synthesis of Ligands LA and LB and Self-
Assembly of Concentric Hexagons [Zn;,LA¢] and
[Zn,LB,]*
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a stoichiometric ratio (1:2) of LA and Zn(NO;),-6H,0 was
mixed in CHCl;/MeOH at 50 °C for 8 h, followed by the
addition of an excess of NH,PF salt to give a white precipitate
[Zn,LA4] (yield 90%) after a thorough washing with water.
In this process, NO;™ ions were converted to PF4 ~ counterions.

The self-assembly with [Zn;,LA¢] composition was meas-
ured by ESI-MS and traveling-wave ion mobility-mass
spectrometry (TWIM—MS)>>** (Figure SS) with a molecular
weight of 13759.6 Da. The experimental isotopic distribu-
tions were in good agreement with the calculated distributions.
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As yet, the low solubility of this complex obstructed further
characterization by NMR to confirm the so-formed structure.
After introducing a hexyloxy chain (—OC4H,;) into the inner
rim of the concentric hexagon, ligand LB was prepared and
characterized by NMR and MALDI-TOF mass spectrometry
(Figures S11 and S15). The solubility of the corresponding
concentric hexagon [Zn;,LB4] was significantly improved to
facilitate further characterization by NMR.

'H NMR spectra of ligand LB and complex [Zn,,LBy] were
shown in Figure 2. There are two sets of tpy signals found in

[
33

Figure 2. "H NMR spectra (400 MHz) of ligand LB in CDCl; and
complex [Zn;,LB,] in CD;CN. The term “tpy” was used to replace
the terpyridine structure.

"H NMR of LB judged by the characteristic peaks of a3’,5" and
b3',5’. These two groups of 'H signals from tpy were confirmed
by 2D-COSY results (Figures S13 and S14). Other proton
signals of tpy rings are overlapped in the aromatic region.
After complexation, broad 'H NMR signals were observed
for complex [Zn,,LB¢], due to low tumbling motion on the
NMR time scale,'"” suggesting that a very large complex was
assembled. Both the a3’,5'-tpy and the b3’,5'-tpy protons were
significantly shifted to downfield, mainly attributed to the lower
electron density upon coordination with metal ions. On the
contrary, all 5 and 6 positions of pyridine were shifted to upfield,
especially for b6,6” position proton (AS = 1.0 ppm), as a con-
sequence of the electron shielding effect.”* The proton signals of
the alkoxy chain (—OCH,—) showed a single set of peak and the
expected ratio with aromatic protons, suggesting the possibility
of forming a single component after self-assembly instead of
random oligomerized products. Note that the assignment of
proton signals is facilitated by 2D-COSY NMR (Figure S29).
ESI-MS and TWIM—MS provided conclusive evidence for
the clean formation of expected assemblies.”” In ESI-MS
(Figure 3A), one prominent set of peaks with charge states
from 8+ to 20+ was observed due to the loss counterions, and
each peak closely matched the corresponding simulated isotope
pattern of [Zn,LBg¢] (Figure S2) for the expected hexagon-in-
hexagon structure with a molecular weight of 14 360.1 Da.
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Figure 3. (A) ESI-MS and (B) 2D ESI-TWIM-MS plot (m/z vs
drift time) of complex [Zn;,LB¢]. (C) ESI-MS of multiple macro-
cycles assembled by ditopic ligand § with Zn(II).

In further characterization, TWIM—MS was introduced as the
advanced level of MS analysis to separate any superimposed
fragments and detect the possible presence of overlapping
isomers or conformers. TWIM—MS is an effective approach to
determine the analytes’ mass, charge, and shape by analyzing
the drift time of ions through ion-mobility separation combined
with mass spectrometry.””*® Notably, each charge state of
[Zn},LBg] has a narrow drift time distribution, indicating this
complex is a discrete and rigid assembly without other isomers
or structural conformers.

As a comparison, ditotpic ligands 5 and 6 were also mixed
with Zn(NO,),-6H,0 under the same self-assembly procedure.
Indeed, as was already reported,””*® multiple macrocycles

9261

(i, petamer to nonamer) rather than single hexagon were
detected in ESI-MS (see Figures 3C and S41). All of these
results suggest that increasing DOCS within 2D structure will
help to generate single assembly by providing more geometric
constraints and excluding the formation of other macrocyclic
structures.

Synthesis and Self-Assembly of Concentric Hexagons
[Zn;,LCs]l and [Zn;,LDgl. Encouraged by the success of
concentric hexagons [Zn;,LA4] and [Zn,,LB¢], we added one
extra phenyl group into each arm of original tetratopic ligands
to prepare ligand LC with a longer arm, but maintained the single
phenyl spacer between the inner and outer rims (Scheme 3).

Scheme 3. Synthesis of Ligand LC and Self-Assembly of
Concentric Hexagon [Zn,,LC4]”
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It was expected to obtain a larger concentric hexagon. Simi-
larly, the condensation reactions between pyrylium salt 1 and
primary amine 14 were conducted to prepare pyridinium salt
15 for subsequent Suzuki coupling. After the coupling reaction,
LC was purified through the same procedure as LA and LB,
and characterized by 'H NMR and MALDI-TOF mass
spectrometry (Figures S16 and $20). The 'H NMR pattern
of ligand LC clearly showed the peaks of a3’,5" and b3',5,
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J. Am. Chem. Soc. 2016, 138, 9258—9268


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04959/suppl_file/ja6b04959_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04959/suppl_file/ja6b04959_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b04959

Journal of the American Chemical Society

aa,4"
pbaac B, 255 2:4
b5,5 -OCH;-

” l FK:.“I }i'GJ A

B35 26,6"
=3

Figure 4. "H NMR spectra (400 MHz) of ligand LC in CDCl; and
complex [Zn;,LC¢] in CD;CN. The term “tpy” was used to replace
the terpyridine structure.
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Figure S. (A) ESI-MS and (B) 2D ESI-TWIM—MS plot (m/z vs drift
time) of complex [Zn;,LC¢]. The charge states of intact assemblies are
marked.

Scheme 4. Synthesis of Ligand LD and Self-Assembly of
Concentric Hexagon [Zn,LD¢]*
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similar to those of ligand LB, suggesting the existence of two
sets of tpy units.

Self-assembly of hexagon-in-hexagon [Zn,,LC] (yield 91%)
followed the same procedure as complex [Zn,,LB]. The '"H NMR
pattern of complex [Zn;,LC¢] with two sets of tpy signals
(Figure 4) indicated the formation of a highly symmetric
architecture. The 6,6"-tpy protons were shifted to upfield
(A8 = 0.9 ppm) upon complexation. More structural evidence
was provided by 2D-COSY and NOESY (see Figures $34 and
§35). The proton signals of alkoxy chain (—OCH,—) also
showed the expected ratio with aromatic protons as observed in
complex [Zn,LBg].
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Furthermore, ESI-MS and TWIM—MS spectra (Figure S)
of complex [Zn,,L.Cg] identified one discrete species. The corre-
sponding isotope patterns (in Figure S3) were in excellent
agreement with calculated m/z isotopic distribution of concen-
tric hexagon [Zn;,LC¢] with a molecular weight of 17 385.8 Da.
The TWIM—MS spectrum (Figure SB) also confirmed the absence
of superimposed fragments, overlapping isomers, or structural
conformers in this complex. All of these results suggested that
we obtained a larger discrete concentric structure [Zn;,LCg],
indicating that the remarkable directing ability of tetratopic tpy
ligand can be maintained within a longer arm.

Instead of increasing the size of both the inner and the outer
rims, we attempted to elongate the spacer between two rims by
introducing extra phenyl rings in the radial direction. As shown
in Scheme 4, a spacer with three phenyl groups was applied in
the synthesis of ditopic precursor 20 with primary amine for
condensation reaction with pyrylium salt 1. With the Suzuki
coupling reaction, tetratopic ligand LD was obtained for self-
assembly of concentric hexagon [Zn,LD¢] (yield 88%) using
the same assembly procedure (Figure 6). Because of the elongated

R1=0C,H,,
R2 =(:H:'3Hl7

b3’.5”

4:4:2
-OCH-

T I I T I T |

9.0 8.3 5 6.5 3.5

Figure 6. '"H NMR spectra (400 MHz) of ligand LD in CDCl; and

complex [Zn;,LDg] in CD;CN. The term “tpy” was used to replace
the terpyridine structure.

three-phenyl spacer, the length difference between the arms
of the inner and outer rims is two phenyls accordingly. The
'H NMR spectrum of complex [Zn,,LD4] was observed with
two sets of tpy signals, and the alkoxy chain (—OCH,—) also
exhibited the expected ratio 4:4:2, suggesting the formation
of discrete assembly. The structure was also confirmed by
ESI-MS and TWIM—MS spectra with a molecular weight of
19259.8 Da (Figure 7). The success of this series of concentric
hexagons suggested that our design based on multitopic tpy
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Figure 7. (A) ESI-MS and (B) 2D ESI-TWIM-MS plot (m/z vs
drift time) of complex [Zn,LD¢]. The charge states of intact
assemblies are marked.

ligands could become a robust strategy to assemble high gener-
ation of concentric hexagon.

Self-Assembly of Hybrid Concentric Hexagons. After
the self-assembly of concentric hexagons using four tetratopic
tpy ligands, our next question is whether we can assemble
hybrid concentric hexagons to increase the diversity and com-
plexity using the combination of ligands LA—LD. Considering
the solubility and the matching of inner and outer rims of
assembled concentric hexagons, LB and LC were chosen for
the self-assembly of hybrid concentric hexagons. We reasoned
that if LB and LC were mixed in an equimolar ratio accom-
panied by a stoichiometric amount of Zn(II) ions for self-
assembly, we might obtain discrete [Zn;,LB;LC;] hybrid
concentric hexagons by alternating LB and LC as shown in
molecular moldeing (Figure 8C, middle). Following the same
self-assembly procedure, ESI-MS was utilized to address the
combination of equimolar ratio of LB and LC with Zn(II).
In addition to the expected [Zn,LB;LC,], another two hybrid
concentric hexagons, that is, [Zn;,LB,LC,] and [Zn,;,LB,LC,],
were also observed as the major assemblies. The proposed
molecular modeling structures of these two architectures were
shown in Figure 8C. The isotope patterns of each charge states
agreed well with the corresponding molecular composition
(Figure 8B). However, optimization of different self-assembly
prarameters, for example, temperature, sovlents, and counter-
ions, to obtain single hexagon-in-hexagon [Zn;,LB;LC,]
proved to be unsuccessful.

Size Characterization by 2D DOSY NMR, TWIM-MS,
and TEM Imaging. Because of the large sizes and multiple
long alkyl chains, it is challenging to grow a single crystal.

DOI: 10.1021/jacs.6b04959
J. Am. Chem. Soc. 2016, 138, 9258—9268


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04959/suppl_file/ja6b04959_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b04959

Journal of the American Chemical Society

A "
(A) e ISRt
15+ l/ \I/ 13+ > [Zn,LBLC,]
J/ : 14+ 13+ 12+ s zn ey
i 13+ | 12+ 12081 C
) ¢ 12+ qp4 > [Zn,LB,LC,]
1+

10+

10+

(B) 800 1000 1200 1400 m/z

Theoreti cal Theoretical Theeretical
[Zn,LBLC,]* [Zny LB,LC,]"* [Zn,,LB,LC,]"3*

1116.41 11117 4 11078.5 1038.7 | 11039.7

1077.5 |

11164
' 11117.4 1038.7 |

11078.5 11039.7

Experimental

Experimental

Experimental

1116 1117 m/z 1078 ez 103% 1040 mY/Z

Figure 8. (A) ESI-MS of mixture of hybrid concentric hexagons. (B) The theoretical and experimental isotopic patterns of the 13+ signals.
(C) Energy-minimized structures of [Zn;,LB,LC,], [Zn,LB;LC;], and [Zn,LB,LC,]. The alkyl chains are omitted for clarity in the molecular
modeling.

Nevertheless, 2D DOSY NMR was used to measure the trend curve as in a previous report.”*® The average experimental CCSs
of the size change as further evidence. As shown in Figure 9, we are 2021.1 + 173.1, 2641.0 + 198.3, and 2862.1 + 159.8 A* for
observed a single band at log D = —9.55, —9.78, and —9.85 for [Zn,,LBg], [Zn,,LCgl, and [Zn,LD], respectively. As shown

concentric hexagons [Zn;,LBg¢], [Zn;,LC¢], and [Zn,,LDs], in Table 1, the theoretical CCSs calculated by the trajectory
respectively. Accordingly, the experimental hydrodynamic radii method using MOBCAL”’ are in good agreement with the
(ry) of these complexes calculated via the Stokes—Einstein equa- average experimental CCSs.

tion are 2.1, 3.6, and 4.2 nm, respectivelz.23 As another strong On the basis of CCSs, the sizes of these concentric are similar
evidence, collision cross sections (CCSs)** of analytes’ ions were to those of myoglobin. Because of their large sizes, we carried
calculated from TWIM—MS data to correlate with the theoretical out TEM measurements of [Zn,LBg] and [Zn;,LC¢] by drop-
CCSs calculated from 70—100 candidate structures by molecular casting dilute solutions onto Cu grid. TEM images shown in
modeling for these concentric hexagon complexes. The experi- Figures 10, S44, and S45 revealed an individual particle with a

mental CCS deduced from TWIM—MS used the calibration weak contrast embedded in the thin film. The measured sizes

9264 DOI: 10.1021/jacs.6b04959
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Figure 9. 2D DOSY NMR spectra of [Zn;,LBg] (left), [Zn,LC¢]
(middle), and [Zn;,LDg] (right) (500 Hz, CD;CN, 300 K).

Table 1. Experimental and Theoretical Collision Cross
Sections (CCSs)

drift times CCS CCS average CCS (calcd avg)
[ms] [A%] [A%] [A%]
[Zn;,LBg]  6.06 (+9) 18152 2021.1 (173.1)  1907.7 + 29.8
5.07 (+10)  1843.1
430 (+11) 18789
3.75 (+#12) 19342
3.31 (+13) 1995.4
298 (+14)  2068.3
2.76 (+15)  2129.6
2.54 (+16) 22104
232 (+17) 23165
[Zn;,LCs] 617 (+12) 24212 2641.0 (198.3) 25542 + 44.1
529 (+13) 24219
4.63 (+14)  2446.1
4.19 (+15)  2505.3
375 (+16)  2549.0
342 (+#17) 26102
3.09 (+18)  2659.8
2.87 (+19) 27347
2.65(+20) 2801.9
2.54 (+21)  2902.1
243 (+22)  2998.5
[Zn;,LDg]  7.65(+12) 2699.4 28621 (159.8) 30189 + 58.3
6.62 (+13) 27235
5.73 (+14) 27165
5.07 (+15) 27367
4.63 (+16) 27959
4.19 (+17)  2839.6
3.86 (+18)  2902.7
3.64 (+19) 29912
3.42 (+20) 30719
320 (+21) 31448

from TEM were comparable to the theoretical diameter of molec-
ular modeling.

Hierarchical Self-Assembly of Supramolecular Metal—
Organic Nanoribbons (SMON) at Solid/Liquid Interface.
Previous studies reported that both intermolecular and
molecule—substrate interactions could direct hierarchical self-
assembly of preassembled metallo-supramolecules on solid sur-
faces to form 2D materials with promising magnetic, electronic,
and photophysical properties.”® We speculated that this series
of giant 2D concentric hexagons with all rigid aromatic back-
bone should have strong 7— interactions with highly oriented
pyrolytic graphite (HOPG) surfaces according to a previous
study.”” Moreover, many previous studies extensively used alkyl-
ated compounds to obtain highly ordered assemblies of molecules
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Figure 10. TEM images of complexes (A) [Zn;,LB,] and (B)
[Zn;,LCq).

on HOPG surface by taking advantage of their high affinities for
the surface of HOPG.” The high affinity originates from near
commensurate packing of alkyl chains on the HOPG surface.
In our designed concentric hexagons, multiple alkyl chains
attached on the inner and/or outer rims of concentric hexagons
not only increase solubility but also provide high affinities for
HOPG surface. For instance, [Zn,LC¢] has 18 —OCH,; chains,
and [Zn;,LDg] has 24 —OCgH,, and 6 —OC¢H, chains con-
nected to the rigid 2D structures. We herein investigated the
hierarchical self-assembly of these two concentric hexagons on
HOPG surface to deliver complex supramolecular materials.
Surprisingly, ambient STM imaging showed the formation
of long 1D SMON rather than 2D assembly on the basal
plane of HOPG surface after simple dropcasting of the solu-
tion of [Zn,,LC¢] onto a freshly cleaved surface of HOPG
(Figure 11A—D; Figure S42). These single strand metal—
organic nanoribbons were observed with monomer layer height
and three-molecule width. The height of concentric nanorib-
bons is slightly larger than that of the aromatic ring because of
the octahedral coordination geometry of the tpy-Zn(Il)-tpy
motif. Note that all of the black dots in the STM image are defects
by missing concentric hexagon building blocks. In addition to the

DOI: 10.1021/jacs.6b04959
J. Am. Chem. Soc. 2016, 138, 9258—9268


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04959/suppl_file/ja6b04959_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b04959

Journal of the American Chemical Society

Figure 11. STM images of supramolecular metal—organic nanorib-
bons assembled by [Zn,,LC¢] (A—D) and [Zn;,LD;4] (E—G) on the
HOPG surface.

formation of SMON, we also observed an individual concentric
hexagon in STM imaging (Figure S42E—H).

Similarly, [Zn;,LDg] also assembled into SMON at the
liquid/solid interface with monomer layer height and single-
molecule width (Figure 11E—G; Figure S43). One of the recent
studies reported that inorganic nanowires of gold(I) cyanide
could grow directly on pristine graphene, aligning themselves
with the zigzag lattice directions of the graphene.”’ Our SMON
assembled by [Zn,,LC¢] and [Zn,,LD¢] might grow along with
zigzag or armchair lattice directions of graphene or random
direction. If SMON was assembled along with either zigzag or
armchair lattice, this direct alignment can be utilized to control
crystallographic information about nanostructures, thus enabling
us to fabricate SMON with specific directions. However, we were
not able to get a high-resolution image for the lattice of HOPG
using ambient STM in this study.

B CONCLUSIONS

In summary, a series of concentric hexagons was assembled as
discrete structures using tetratopic tpy ligands because of their
high DOCS as compared to conventional self-assembly by
ditopic tpy ligands. In preparation of tetratopic ligand, pyrylium
and pyridinium salts’ chemistry significantly facilitated syn-
thesis. The key compounds were obtained by condensation
reactions of pyrylium salts with corresponding primary amine
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derivatives in good yields. After self-assembly, these discrete
metallo-supramolecular concentric hexagons were fully charac-
terized by NMR, ESI-MS, TWIM—MS, and TEM, establishing
their hexagon-in-hexagon architectures. The combination of
different tetratopic ligands also assembled hybrid concentric
hexagons with increasing diversity and complexity. The synthesis
based on pyrylium and pyridinium salts chemistry together with
the self-assembly strategy by increasing DOCS in this study will
advance the design and self-assembly for more sophisticated 2D
architectures in the future, such as high generation of concentric
hexagon.

The success of these concentric hexagon supramolecules with
precisely controlled shapes and sizes as building blocks paved
an avenue toward complex functional materials through hierar-
chical self-assembly of SMON. It is expected that the high gener-
ation of concentric hexagons will have stronger 7— interaction
with the basal plane of HOPG surface, and thus assemble into
highly ordered and uniform nanowires with less defects. This wet
chemical method based on self-assembly offers simple, econom-
ical, and scalable routes to nanowires as compared to the various
approaches being explored in the growth of semiconductor nano-
wires. Considering that semiconductor nanowires are emerging
as a powerful class of materials for nanoscale photonic and
electronic devices, SMON as an alternative will open substantial
opportunities for electronic, sensing, and photonic applications,
and their potential integration into more complex electronic and
optoelectronic systems.
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