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ABSTRACT: In this study, we overcame a challenge in
conventional self-assembly of macrocycles that uses ditopic
2,2":6",2"-terpyridine (tpy) building blocks with a 120° angle
between two ligating moieties, which generally produces a
mixture of multiple macrocycles instead of a single hexagon.
Two supramolecular hexagon wreaths, [ZnyLA4] and
[Zn,,LB¢], were designed and self-assembled from tritopic
and tetratopic tpy ligands with Zn(II) ions, respectively. These
multitopic ligands, bearing multiple binding sites, increased the
total density of coordination sites and provided high geometric
constraints to induce the formation of discrete structures. Such
hexagon wreaths, which were constructed by simple recursion

of small hexagons around a central hexagon, exhibit fractal geometry features with self-similarity at different levels. The shapes,
sizes, and structures were fully characterized by NMR, ESI-MS, traveling-wave ion mobility mass spectrometry (TWIM-MS), and
transmission electron microscopy. With diameters around 5.5 nm for [ZngLA4] and 5.8 nm for [Zn;,LBg], the remarkable
rigidity of these fractal architectures was supported by TWIM-MS, in contrast to the high flexibility of macrocycles assembled by

ditopic tpy ligands.

B INTRODUCTION

Precise control over the shape and size of supramolecular
architectures through self-assembly has been a major driving
force for chemists over the past few decades."” As supra-
molecular chemistry has become a highly diverse field, metallo-
macrocycles have been marked by the successful construction
of a wide array of two-dimensional (2D) geometries with
increasing complexity since the seminal work of Stang et al.®
and Fujita et al,t including trian$les,5 squares,6 rectangles,7
rhomboids,® pentagons,9 hexagons, © and large ring systems.!
Such well-defined structures with high diversity and complexity
make metallo-macrocycles an ideal platform for scientists
seeking to design novel materials with molecular-level
precision.' ™2 Among the possible applications, metallo-
macrocycles are being investigated as new materials in a variety
of contexts with excellent sensing,'®> magnetic,"* photonics,"
enantiomeric enrichment,16 and catalytic properties.17

In many cases, the success of such assemblies with precise
shapes and sizes mainly relies on the angles of the organic
ligands and the coordination geometry of the metal ions.'>”
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The weak bonding strength of metal—ligand interactions helps
in modulating the coordination kinetics of self-assembly
processes by introducing rigidity and reversibility. However,
unpredicted macrocycles often appear because organic ligands
are much more flexible than expected and metal centers can
allow considerable deviation in their coordination geometry.
Therefore, assemblies with similar components resulting in an
equilibrating mixture of binary or multiple entities instead of
single discrete structures have been reported. Using binary
systems as an example, Stang,18 Fujita,19 Schalley,20 and
others™ reported cases of triangle—square equilibria with
Pd(II)- and Pt(II)-based self-assembly. In a study of multiple
entities, Lin and co-workers used stepwise directed assembly to
obtain a family of macrocycles with kinetically inert Pt—alkynyl
linkages“d’22 from a supramolecular library."'®

Moving to the self-assembly of 2,2':6',2"-terpyridine (tpy),*
which has attracted considerable attention in supramolecular
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polymers,® 2D macrocycles,'®>** three-dimensional (3D)

cages,”® and heteroleptic coordination-based self-assembly,”’
Newkome and co-workers recently succeeded in isolating
unexpected pentameric, heptameric, octameric, nonameric, and
decameric macrocycles composed of rigid ditopic tpy ligands
with 120° orientation of their metal binding sites.” Never-
theless, precise control over the self-assembly of metallo-
macrocycles toward discrete structures is still one of the
ultimate goals and challenges in the field of supramolecules,
recalling that many weak (noncovalent) interactions, acting
cooperatively, can yield stable supramolecular complexes.”® For
example, intramolecular noncovalent interactions are largely
responsible for the stable secondary and tertiary structures of
proteins and therefore the proteins’ functions in the
mechanisms of life.*® Therefore, we reason that a system with
a high density of noncovalent interactions is preferable to form
a discrete architecture. Accordingly, we herein designed two
hexagon wreath structures (Figure 1) assembled by tritopic
(LA, Scheme 1A) and tetratopic tpy ligands (LB, Scheme 2A).
Compared to ditopic ligands used in the self-assembly of
conventional macrocycles, our strategy increased the number of
coordination sites within the hexagon wreath, which was named
the “density of coordination sites” (DOCS), and thus provided
more constraints to form discrete and thermodynamically stable
structures. Remarkably, such hexagon wreaths, which were
constructed by simple recursion of small hexagons around the
center hexagon, exhibit fractal geometry features with self-
similarity at different levels."

B RESULTS AND DISCUSSION

A Sonogashira coupling reaction was used to synthesize ligand
LA (Scheme 1A) in a decent yield, purified by column
chromatography (AL, O;). LA and Zn(NO;),-6H,0 were mixed
in a stoichiometric ratio (2:3) in CHCl;/MeOH at 55 °C for
12 h, followed by addition of an excess of NH,PF salt to give a
white precipitate (complex [ZngLAg], yield 88%) with nine
coordination sites.

The 'H NMR spectrum of complex [ZngLAg] is shown in
Figure 2. There are 24 sets of aromatic protons from three sets
of tpy units and phenyl groups in the aromatic region of
[ZngLA¢]; only two sets of tpy units were found in the 'H
NMR spectrum of LA. Many proton signals of the pyridine
rings are overlapping in the 'H NMR spectrum of complex
[ZngLAg]. According to 2D-COSY results (Figures $23—S25),
there are three groups of 'H signals from tpy, as expected.
Furthermore, the NMR spectrum of [ZngLA¢] shows broad 'H
signals, due to its slow tumbling motion on the NMR time
scale,”” suggesting a very large complex was obtained. We also
performed temperature-dependent NMR studies from 28 to 70
°C for [ZnyLAg].>> NMR signals became slightly sharper with
splitting between 50 and 70 °C rather than showing a
significant improvement (see Figure S27). However, this
complex could not tolerate temperatures higher than 70 °C
and immediately decomplexed into an unassignable mixture of
oligomers because of the labile nature of the Zn(II)—
terpyridine coordination (data not shown). Because electron
density was lower upon coordination with metal ions, both the
3',5"-tpy and a3’,a5’-tpy protons were significantly shifted
downfield. For this complexation with Zn(II), all the 6-position
signals of pyridine shifted upfield (A5 = 0.8 ppm) due to the
electron shielding effect.”" At the same time, almost all other
aromatic proton signals were shifted to downfield. There is only
one set of proton signals for methoxy (—OCH;) and alkyloxy
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Figure 1. Structures of hexagon wreaths [ZnsLAg] and [Zn;,LBg].

chains (—OCH,—), suggesting the possibility of a single
component in the product.

Electrospray ionization mass spectrometry (ESI-MS) and
traveling-wave ion mobility mass spectrometry (TWIM-MS)
have been recognized as effective methods to determine
molecular composition and provide shape and size informa-
tion.”*>** In Figure 3A, only one prominent set of peaks with
different charge states (7+ to 12+) is observed (due to the loss
of a different number of PF,~). Each isotope pattern of these
peaks agrees excellently with the corresponding simulated
isotope pattern of [Zn,LA4] (Figure S1) for the desired
hexagon wreath structure with molecular weight of 9793.4 Da.
This complex was further characterized by TWIM-MS to
separate any superimposed fragments and detect the possible
presence of overlapping isomers or conformers. As a variant of
conventional ion mobility MS,*> TWIM-MS has been used as a
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Scheme 1. (A) Synthetic Route to Ligand LA, (B) Self-Assembly of Discrete Hexagon Wreath [ZnyLA¢], and (C)Self-Assembly

of Multiple Macrocycles (n = 5—9) by Ligand 8
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powerful method to determine the ion’s mass, charge, and
shape via the drift time.”>>*** As the TWIM-MS result shows
in Figure 3B, each charge state is detected with a narrow drift
time distribution, indicating this complex is a single-component
product without other isomers or structural conformers.
Compared to macrocycles assembled by 120° ditopic tpy
ligands, multiple isomers and conformers were observed in
TWIM-MS.**

In sharp contrast with the discrete hexagon wreath, self-
assembly of ditopic tpy compound 8 (Scheme 1) with Zn(II)
under the same conditions was observed as a mixture of
multiple macrocycles by ESI-MS, including pentamer to
nonamer (Figure 4). This is consistent with the previous self-
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assembly study of ditopic tpy ligand with a 120° geometry
between metal binding sites.”® After three small hexagons were
introduced around the core hexagon, the self-assembly gave a
single structure of [ZnoLAg] instead of multiple macrocycles.
Therefore, we postulated that the self-assembly of discrete
hexagon wreath [ZngLA4] was induced by these three small
hexagons around the outer rim. Such small hexagons possessing
a higher density of coordination sites provides the whole
supramolecular fractal with greater rigidity and geometric
constraints, forcing the internal ditopic moieties with 120°
angle into a single hexagon wreath structure.

In order to prove this assumption, we performed another
self-assembly using ligand LA with Zn(II) at a molar ratio of
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Figure 2. "H NMR spectra (400 MHz) of ligand LA in CDCl; and
complex [ZnyLA¢] in CD;CN.
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Figure 3. (A) ESI-MS and (B) 2D ESI-TWIM-MS plot (m/z vs drift
time) of hexagon wreath [ZngLAg]. The charge states of intact
assemblies are marked.

1:1. According to the structure of ligand LA, if the ratio of
ligand and metal is 1:1, we should observe the formation of a
small hexagon-like dimer as a preferable structure with two LA
and two metals under entropy-driven conditions. As shown in
Figure S, one main set of peaks at different charge states (Z =
2+ to 4+) is observed in ESI-MS, corresponding to the dimer
structure. The knowledge gained in this initial study inspired us
to design more-sophisticated structures by applying the small
hexagon-like dimer to induce the formation of discrete
architectures. Here this small dimer was utilized as the basic
subunit in the recursion process toward large fractal geometry.
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Figure 5. ESI-MS and isotope pattern of the hexagon-like dimer
obtained by self-assembly of LA with Zn(II) at a molar ratio of 1:1.

Following this result, a tetratopic ligand LB was designed and
synthesized to build a more-complicated hexagon wreath,
[Zn,LB¢] (Figure 1), which possesses six small hexagons
around acentral hexagon. In this fractal architecture, the self-
similarity was realized by a simple recursion of small hexagons
around a central hexagon. The synthetic route to ligand LB is
shown in Scheme 2A. Long alkyl chains were incorporated
around the outer rim of the hexagon wreath to increase the
solubility of complex [Zn,,LBg].

Furthermore, the highly symmetric structure of LB simplified
the "H NMR spectra and facilitated characterization. Complex
[Zn,,LB,] was successfully obtained in 91% yield by using the
same self-assembly procedure as for [ZngLAg]. Compared to
the three sets of tpy signals in [Zn,LAg], the 'H NMR
spectrum of [Zn;,LB4] shows only two sets of tpy signals,
indicating the formation of a highly symmetric architecture
(Figure 6). Except for the 6-position of pyridine, which was
shifted upfield (AS = 0.75 ppm), all other aromatic proton
peaks (tpy and phenyl) were shifted slightly downfield. Note
that the full assignments of the 'H NMR spectra shown in
Figure 6 were based on 2D-COSY (see Figures $30—532). 2D
NOESY and HSQC NMR are also consistent with this hexagon
wreath as the sole product (see Figures S33 and S$34).
Temperature-dependent NMR analysis of complex [Zn;,LB;]
was also performed, as for [ZngLAg], showing a slight
improvement between 50 and 70 °C (Figure S35).

The ESI result of this complex is depicted in Figure 7A.
Different charge states of the complex (Z = 10+ to 19+) were
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Scheme 2. (A) Synthetic Route to Ligand LB and (B) Self-Assembly of Discrete Hexagon Wreath [Zn;,LB;]
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Figure 6. "H NMR spectra (400 MHz) of ligand LB in CDCl; and

complex [Zn,LB,] in CD;CN.

observed, and the corresponding isotope patterns are shown in
Figure S3. The molecular weight of this giant hexagon wreath
was measured as 13 262.1 Da. With further characterization by
TWIM-MS (Figure 7B), the narrow distribution of each charge
state confirms that no isomer or conformer was generated in
the self-assembly. It suggests the formation of the hexagon
wreath as a single, rigid structure. The self-assembly of such
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Figure 7. (A) ESI-MS and (B) 2D ESI-TWIM-MS plot (m/z vs drift
time) of hexagon wreath [Zn;,LBs]. The charge states of intact
assemblies are marked.

discrete complexes indicates that increasing the density of
coordination sites by applying multitopic ligands is a feasible
approach toward single discrete structures instead of multiple
entities by ditopic build blocks.

To gain more information about the sizes and shapes of these
two complexes, collision cross sections (CCSs), which
correspond to the sizes of analytes, can be employed to
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provide further evidence.**** Experimental CCSs of the ions
were derived from the drift time of TWIM-MS data using
standard curves.3® Theoretical CCSs, which were calculated
from molecular modeling, were correlated with experimental
CCSs deduced for these two hexagon wreath complexes at
various charge states (Table 1). The trajectory (TJ), projection

Table 1. Experimental and Theoretical Collision Cross
Sections (A%)

drift time (ms) CCS average CCS caled avg CCS
[ZnyLA4]
6.62 (7+) 1463.5
529 (8+) 1457.3
441 (9+) 1463.2 14722 + 744°
3.75 (1+0) 1467.3 1478.4(23.6)° 1272.8 + 67.4°
3.31 (114) 1490.4 1542.8 + 7637
2.87 (12+) 1482.4
2.65 (13+) 1524.8
[Zn,,LB]
6.62 (9+) 1880.3
5.62 (10+) 1890.0
474 (11+) 1869.5
419 (12+) 1887.3 1946.7 + 40.7°
3.75 (13+) 1905.9 1898.4(21.1)¢ 1657.1 + 25.1°
331 (14+) 1894.8 20389 + 29.97
2.98 (15+) 1896.8
2.76 (16+) 1924.8
2.54 (17+) 1936.5

“Average of all CCS values. "Trajectory (TJ) value obtained using
MOBCAL. “Projection approximation (PA) value obtained using
MOBCAL. “Exact hard-sphere scattering (EHSS) value obtained using
MOBCAL.

approximation (PA), and exact hard-sphere scattering (EHSS)
method were applied to calculate average theoretical CCSs for
70 candidate structures of [ZngLAg] and [Zn;,LBg] from
annealing using MOBCAL.?” The plots of relative energy and
CCSs are shown in Figures S4—S9. Note that these 70
candidate structures were weighted equally in their contribution
to the average theoretical CCS. As a result, the TJ method
closely matched the average experimental CCS results for
different charge states in these three methods (Table 1),
because the TJ method considers both long-range interactions
and momentum transfer between the ions and the gas in the
ion mobility region.37 As shown in Table 1, the experimental
CCS of [ZngLAg] is 1478.4 + 23.6 A%, in excellent agreement
with the theoretical CCS, ie, 14722 + 74.4 A? by TJ. The
experimental and theoretical CCSs of [ZngLA¢] were also
found to be in good agreement, i.e.,, 1898.4 + 21.1 A?vs 1946.7
+ 40.7 A% The slight difference in the CCSs at each charge
state quantitatively suggests the remarkable rigidity of these
species is due to their high geometric constraints from a high
density of coordination sites; in contrast, the CCSs of
macrocycles assembled from ditopic ligands were vastly
different at different charge states due to their high flexibility.”®

Finally, the sizes and shapes of individual molecules for these
two hexagon wreath structures were characterized by trans-
mission electron microscopy (TEM) on a JEOL 2010
microscope (Figures 8 and $36). The sizes observed by TEM
were consistent with theoretical ones calculated from molecular
simulation using Materials Studio (5.5 nm for [Zn,LA¢] and
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Figure 8. TEM image (left) and energy-minimized structures from
molecular modeling (right) of complex [Zn;,LBg]. The long alkyl
chains are omitted for clarity in the molecular modeling.

5.8 nm for [Zn,;,LB]). Besides the structural characterization,
the ultraviolet absorption and fluorescence spectra of the two
ligands and their complexes were also evaluated, showing
similar results (see Figure S10).

B CONCLUSIONS

Instead of using ditopic building blocks in conventional self-
assembly of macrocycles, we employed multitopic terpyridine
ligands to precisely control the size and shape of 2D self-
assembly. These multitopic ligands provided more noncovalent
interactions and significantly increased the density of
coordination sites within 2D structures, thus inducing the
self-assembly of discrete architectures. In other words, the high
density of coordination generated more geometric constraints
to prevent the formation of multiple entities. Two hexagon
wreath structures with fractal features were designed by
introducing three and six small hexagons around the center
hexagon, respectively. The strategy used in this study will not
only refresh the interest in self-assembly of macrocycles but also
advance the design of more sophisticated 2D architectures.
Recall that fractal geometry is a recursive mathematical
derivation of a form that possesses self-similar structures at
various levels of scale or detail. The success of these two
discrete supramolecular fractals opens a new avenue facilitating
the construction of complicated fractal gemoetry with self-
similarity by a simple recursion process.
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