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ABSTRACT: Metallacyclic cores provide a scaffold upon
which pendant functionalities can be organized to direct
the formation of dimensionally controllable nanostruc-
tures. Because of the modularity of coordination-driven
self-assembly, the properties of a given supramolecular
core can be readily tuned, which has a significant effect on
the resulting nanostructured material. Herein we report
the efficient preparation of two amphiphilic rhomboids
that can subsequently order into 0D micelles, 1D
nanofibers, or 2D nanoribbons. This structural diversity
is enforced by three parameters: the nature of the
hydrophilic moieties decorating the parent rhomboids,
the concentration of precursors during self-assembly, and
the reaction duration. These nanoscopic constructs further
interact to generate metallohydrogels at high concen-
trations, driven by intermolecular hydrophobic and π−π
interactions, demonstrating the utility of coordination-
driven self-assembly as a first-order structural element for
the hierarchical design of functional soft materials.

The motivation for artificial hierarchical design originates
from elegant examples in biology such as polypeptides,

whose covalently tethered amino acid chains fold as a result of
hydrogen bonding to afford secondary order (α-helices, β-sheets,
etc.) and further self-organize into higher-order supramolecular
architectures as a result of hydrophobic/hydrophilic effects (so-
called tertiary structure), ultimately delivering complex macro-
molecules capable of highly specific functionalities.1 Inspired by
such natural processes, chemists have exploited weak molecular
interactions as the impetus for the self-assembly of nanoscale
materials with unprecedented structures and intriguing func-
tions,2 thereby defining the fundamental science behind
supramolecular engineering.3 The interactions among amphi-
philic molecules featuring hydrophilic and hydrophobic seg-
ments particularly lend themselves to the rational design of
diverse aggregation-based supramolecular nanostructures such as
micelles, vesicles, ribbons, nanotubes, etc., that are structurally
complex but synthetically facile via self-assembly.4 In the past

decade, significant research on the self-assembly of surfactants,
phospholipids, amphiphilic block polymers, rigid−flexible block
molecules, and macrocyclic amphiphiles has established a host of
dimension-controlled nanostructures for various applications.4d,5

Zhang and co-workers recently developed the concept of supra-
amphiphiles, wherein parent amphiphiles are functionalized by
either non-covalent interactions or dynamic covalent bonds.6 In
this way, multiple interactions can work in concert to afford
increasingly complex structures.
The spontaneous formation of metal−ligand bonds is the basis

of a well-established methodology for the construction of
supramolecular coordination complexes (SCCs) using a process
called coordination-driven self-assembly.7 From the wide range
of metals and ligands that are compatible with this technique, a
sizable library of discrete 2D and 3D SCCs has emerged over the
years, spanning multiple synthetic methodologies that are unified
under the approach of directional bonding.8 Exemplary structures
comprising phosphine-capped Pt(II) nodes with rigid organic
donors have been used to illustrate how the directionalities of the
precursors dictate specific structural outcomes.8a,9 The matura-
tion of this field has witnessed adaptations of SCCs for host−
guest chemistry,10 catalysis,11 molecular conductance,12 molec-
ular flasks,13 bioengineering,14 and so on.
Since the formation of metal−ligand bonds can occur in

parallel with other intermolecular interactions, it is possible to
design systems that mimic the hierarchical ordering found in
natural systems, as mentioned above. That said, metallacyclic
amphiphiles based on discrete SCC cores are underexplored yet
represent a potentially powerful means to expand supra-
molecular engineering. Herein we report the design and
synthesis of functionalized dicarboxylate ligands amenable to
coordination-driven self-assembly and the subsequent formation
of amphiphilic organoplatinum(II) metallacycles, which form
diverse, well-defined nanostructures (0D micelles, 1D nano-
fibers, and 2D nanoribbons) and metallohydrogels depending on
the conditions involved in their self-assembly processes.
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The Stang group has previously explored carboxylate-based
ligands that assemble with Pt(II) acceptors to afford neutral,
planar organoplatinum(II) metallacycles containing hydro-
phobic cores.15 These designs have inspired the current work,
in which the hydrophobic cores are decorated with poly(ethylene
glycol) (PEG) units to furnish two amphiphilic discrete
metallacycles, 1 and 2 (Scheme 1), that share the same rhombic

core and have similar molecular weights (3787.85 Da for 1 and
3855.89 Da for 2) but different structural hydrophilic segments,
namely, a linear PEG chain in 1 and branched PEG group in 2
(Scheme 1a). When a 1:1 mixture of 120° ligand 4 or 5 and the
60° organoplat inum(II) acceptor 3,6-bis[t rans -Pt-
(PEt3)2(NO3)2]phenanthrene (3) was first dissolved in D2O/
acetone-d6 and then isolated and redissolved in acetone-d6 at 50
°C for 8 h, [2 + 2] self-assembly furnished amphiphilic
rhomboids with hydrophilic segments at the obtuse vertices
(Scheme 1a). 1H and 31P NMR analyses of the reaction mixtures
supported the formation of discrete, highly symmetric species
(Figure 1 and Figure S17 in the Supporting Information). The
31P{1H}NMR spectrum of 1, for example, possesses a lone sharp
singlet at ∼14.10 ppm with concomitant 195Pt satellites (JPt−P =
2909.9 Hz), consistent with a single phosphorus environment
(Figure 1b). This peak is shifted upfield relative to that of
acceptor 3 by∼2.20 ppm. The spectrum of 2 similarly possesses a
single sharp peak with Pt satellites (Figure 1c).
Electrospray ionization time-of-flight mass spectrometry (ESI-

TOF-MS) provided evidence for the stoichiometry of formation
of rhomboids 1 and 2. In the mass spectrum of 1, nine peaks were
found that were consistent with the assignment of a [2 + 2]
assembly (Figure S14). Among these were a peak at m/z 969.89
corresponding to [M + 4Na]4+ (Figure 2a). For rhomboid 2, six
such peaks were found (Figure S17), such as the peak at m/z
1928.77 corresponding to [M + 2H]2+ (Figure 2b). All of the

peaks were isotopically resolved and agreed very well with their
calculated theoretical distributions (Figure 2).
Aqueous solutions of rhomboids 1 and 2 showed clear

evidence of the Tyndall effect (Figure 3 insets), indicating the

existence of nanoaggregates. This scattering phenomenon did
not occur for solutions of the free ligands, which lack the
hydrophobic cores required for formation of amphiphilic
constructs (Figure S24). This aggregation behavior was further
studied using UV−vis spectroscopy. The intensities of the broad
absorption manifolds of 1 and 2 significantly decreased when
1.00 × 10−5 M solutions were prepared in water versus
tetrahydrofuran (THF). This decrease is consistent with the

Scheme 1. Self-Assembly of (a) 3−5 To Give Amphiphilic
Rhomboids 1 and 2 and (b) 1 and 2 To Give 0D Micelles, 1D
Nanofibers, and 2D Nanoribbons

Figure 1. 31P{1H} NMR spectra (acetone-d6, room temperature, 121.4
MHz) of (a) 60° acceptor 3, (b) rhomboid 1, and (c) rhomboid 2.

Figure 2. Experimental (red) and calculated (blue) ESI-TOF-MS
spectra of (a) 1 [M + 4Na]4+ and (b) 2 [M + 2H]2+.

Figure 3. (a, b) UV−vis absorption spectra of (a) 1 and (b) 2 in THF
(red) and water (blue). Insets: Tyndall effect of (left) 1 and (right) 2.
[1] = [2] = 1.00 × 10−5 M. (c, d) Concentration-dependent optical
transmittance of (c) 1 and (d) 2 in water.
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formation of aggregates, reducing the number of absorbing
species in solution.16 Furthermore, plots of optical transmittance
versus concentration at 425 nm revealed two regimes, indicating
critical aggregation concentrations (CACs) of 2.82 × 10−6 M for
1 and 2.49 × 10−6 M for 2 (Figures 3 and S18).
Transmission electron microscopy (TEM) was used to

visualize the aggregates of amphiphilic rhomboids 1 and 2.
Dark-gray spherical micellar structures formed by 1 were
observed at concentrations exceeding the CAC (Figure 4a).

The diameters of these micelles ranged from 50 to 100 nm with
an average of ∼90 nm (Figures 4a and S19a). Dynamic light
scattering (DLS) experiments performed with a 5.00 × 10−6 M
aqueous solution of 1 over a scattering angle of 90° agreed with
these metrics, showing a narrow size distribution (Figure 4c).
The average hydrodynamic diameter (Dh) of 1 was observed to
be 92 nm, in accordance with the TEM results. Rhomboid 2 also
formed micellar aggregates with diameters of 70−150 nm at a
concentration of 5.00 × 10−6 M (Figures 4b and S19b). Similar
DLS experiments showed an average micellar diameter of ∼120
nm (Figure 4d), consistent with the dimensions found by TEM.
Since 1 and 2 contain robust, well-defined cores, the possibility

of higher-order structures resulting from additional intermo-
lecular interactions was explored. When the concentration of the
amphiphiles was increased from 5.00 × 10−6 to 5.00 × 10−5 M in
water, TEM images revealed that the morphology of the resulting
aggregates underwent marked changes. Amphiphilic rhomboid 1
self-assembled into fibrous nanostructures (Figure 5a). The lack
of shape contrast between the peripheral and central parts of the
fibers attests to their solid, uniform disposition (Figure 5b). The
nanofibers had widths of 10−50 nm and lengths of ∼1 μm,
suggesting a 1D propagation process. The formation of 1D fibers
is consistent with bolaamphiphile-type packing, wherein the
hydrophobic cores are further ordered by offset π−π stacking of
the planar rhombic frameworks and the PEG groups extend
radially from the cylindrical framework (Scheme 1b). The
minimum diameter of the thin nanofibers was ∼10 nm.
Molecular modeling of 1 revealed a maximum PEG tip-to-tip
distance of ∼12.8 nm, in good agreement with the observed
diameters of single fibers (Figure S23a). From these dimensions,
it appears that micelle 1 further aggregates to form cylindrical
fibers that subsequently form laterally associated fiber bundles of
one to five strands. Further experiments revealed that these

bundles are a thermodynamic sink, as the micelles of 1 formed in
5.00 × 10−6 M solutions were converted to nanofibers upon
standing over the course of 1 week (Figure S20b).
Analogous studies of rhomboid 2 at a concentrations of 5.00 ×

10−5M in water similarly suggested that the spherical micelles are
a kinetic product. In the case of 2, TEM experiments revealed
that the rhomboids ultimately formed 2D nanoribbons (Figures
5c and S21a). To gain further insight into the nature of these 2D
nanostructures, additional UV−vis spectroscopy experiments
were run. In THF, solutions of 2 showed absorption features
consistent with monomeric rhomboids. Solutions of 2 in water
revealed 4 nm red shifts of the bands at 292, 309, and 323 nm
with concomitant attenuation of the intensity relative to that in
THF (Figure 2b). This is a characteristic of J-type aggregates and
further supports the higher-order assembly of rhomboids into
nanoribbons (Scheme 1b).6b As with 1, the spherical micelles of
2 produced initially at lower concentrations eventually formed to
2D nanoribbons (Figure S21b).
In addition to the interesting self-assembly behaviors of the

amphiphilic rhomboids 1 and 2 in water, it is worth noting that
both can form metallohydrogels (Figure 6a,c). The critical gel
concentrations (the lowest amounts of rhomboid needed to
sustain gel formation) were determined to be 4.56 wt % for 1 and

Figure 4. (a, b) TEM images and (c, d) DLS data at a scattering angle of
90° for the self-assembled micellar structures formed by (c) 1 and (d) 2
in water. [1]0 = [2]0 = 5.00 × 10−6 M.

Figure 5. (a, c) Low- and (b, d) high-magnification TEM images of self-
assembled nanostructures formed in water: (a, b) nanofibers of 1; (c, d)
nanoribbons of 2. [1]0 = [2]0 = 5.00 × 10−5 M.

Figure 6. (a, c) Photographs and (b, d) SEM images of the
metallohydrogels formed by (a, b) 1 and (c, d) 2.
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5.55 wt % for 2. The morphologies of the xerogels 1 and 2, which
were prepared by freeze-drying methodology, were examined by
scanning electron microscopy (SEM), which revealed similar
interconnected porous structures (Figure 6b,d), in which the
fibrous 1D and 2D materials intertwined to furnish 3D networks
responsible for the observed gelations (Figure 6a,c). These
formations stem from the dual hydrophobic and π−π
interactions that both rhomboids can exhibit. Since the use of
metallo-based gelators incorporates organoplatinum(II) nodes
throughout the gel, this design establishes routes to functional
soft materials exploiting the unique properties of Pt(II) centers.17

In summary, by means of a directional-bonding approach, the
two amphiphilic rhomboids 1 and 2 were prepared with high
efficiency. Furthermore, well-defined nanostructures such as 0D
micelles, 1D nanofibers, and 2D nanoribbons were obtained by
selecting the conditions of self-assembly. Such nanostructural
diversity was achieved by elaborately tuning the hydrophilic
segments of the rhombic building blocks while maintaining
control over the solvent, reaction time, and concentration, all of
which can be adjusted easily. Notably, 1 and 2 formed
metallohydrogels at high concentration driven by hydrophobic
and π−π interactions. This design exploits hierarchical assembly
with multiple interactions working in concert to deliver complex
materials. The first level of organization is the spontaneous
formation of metal−ligand bonds to generate discrete cores. The
amphiphilic nature of these SCCs motivates secondary ordering
into micelles, which can further assemble by a third
intermolecular interaction wherein the extended π systems of
the SCC cores can interact to give 1D or 2D ordering into fibers
or ribbons. This three-level self-assembly allows bothmaterials to
form porous 3D networks capable of supporting metallohydrogel
formation. The unification of coordination-driven self-assembly,
amphiphilic self-assembly, and hydrogel formation defines a new
approach to the engineering of soft materials with fine control
over the dimensionality of the resultant nanostructures. Given
the potential applications in biological systems and materials
science, we expect this technique to unlock interesting new
designs incorporating metal centers into complex multidimen-
sional materials.
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