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Abstract: Supramolecular nanotubes constructed from the self-assembly of conjugated metal—
organic macrocycles provide a unique collection of materials properties, including solution
processability, porosity, and electrical conductivity. Here we show how small modifications to the
macrocycle periphery subtly alter the noncovalent interactions governing self-assembly, leading
to large changes in crystal packing, crystal morphology, and materials properties. Specifically, we
synthesized five distinct copper-based macrocycles that differ in either the steric bulk, polarity, or
hydrogen-bonding ability of the peripheral side-chains. We show that increased steric bulk leads
to more disordered m—n stacking and lower electrical conductivity, whereas hydrogen-bonding
groups lead to more ordered intermolecular interactions and a dramatic increase in crystallite size.
Together, these results establish side-chain engineering as a rich toolkit for controlling the packing
structure, particle morphology, and bulk properties of conjugated metal-organic macrocycles.

Introduction.
Large macrocycles that self-assemble into extended nanotubular structures provide a fertile
middle ground in between molecules and materials.’® As molecules, macrocycles offer
processability along with the ability to tune chemical structure with atomic precision. As materials,
they possess multifunctional pore channels that can be used to mimic biological water channels,®
selectively transport molecules,”® conduct ions,®? and host chemical reactions.>!* In addition,
because the supramolecular architectures are :
held together by weak noncovalent
interactions, these self-assembled nanotubes
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motifs that mimic the structures of conjugated
2D metal-organic frameworks (MOFs) and
covalent organic frameworks (COFs) (Fig.
1).” Such macrocycles should couple the
benefits of supramolecular polymers (e.g.,
processability, stimuli-responsiveness, self-
healing properties)®2° with the unique
electronic  properties of semiconducting
framework materials. Indeed, we have shown
that fully conjugated copper-based
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macrocycles preserve the porosity and
electrical conductivity of conjugated 2D MOFs
while offering significant processability
advantages.’

Fig. 1 | Overview of the synthesis and structure of
conjugated 2D metal-organic frameworks (top) and
conjugated metal-organic macrocycles (bottom). The
tunable peripheral side chains (R) are highlighted in
yellow.
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Fig. 2 | Overview of side-chain modifications in the macrocycle CuTOTP-R (1-R). Previous work investigated
linear alkoxy side-chains of varying lengths (C2, C4, C6, and C18). In this work, we explore the effects of
increased steric bulk, hydrophilicity, and hydrogen-bonding on crystal packing, crystal morphology, and materials
properties.

In our previous work, only linear alkoxy side-chains of varying lengths (linear C2, C4, C6, and
C18) were explored. As supramolecular self-assembly is highly sensitive to molecular structure,
we hypothesized that changes to the macrocycle periphery should profoundly impact the
underlying n—= stacking structure and bulk materials properties, as well as the crystallization
process and overall particle morphology.

To explore how the chemical identity of the peripheral side-chain impacts nanotube self-
assembly, we synthesized five distinct copper macrocycles functionalized with either 1) sterically
bulky branched alkoxy substituents, 2) hydrophilic ethylene glycol derivatives, or 3) hydrogen-
bonding amide groups of varying chain lengths (Fig. 2). We show that increased steric bulk leads
to more disordered n—n stacking and lower electrical conductivity, while hydrogen-bonding groups
lead to more ordered intermolecular interactions and a dramatic increase in average particle size.
Together, these results illustrate how side-chain engineering can be a powerful tool to modulate
the underlying structure and bulk properties of conjugated metal-organic macrocycles.

Results and discussion.

Ligand synthesis. Sterically bulky and hydrophilic side-chains could be installed on
substituted 2,3,6,7-tetrahydroxytriphenylene ligands (HsTOTP-R) via minor adjustments to the
original synthesis route (Scheme 1a).1"2! In our previous work, we showed that linear alkoxy
chains of varying lengths (R = OC2, OC4, OC6, and OC18) could be easily attached to the ligand
periphery via nucleophilic substitution. In a similar fashion, sterically bulky and hydrophilic and
side-chains can be installed by reacting the starting 4,5-dibromo-1,2-diol with either neopentyl
tosylate or 2-ethoxyethyl methanesulfonate, respectively. The final ligands HsTOTP-OCH.tBu
and HsTOTP-eMEG (eMEG = ethyl-capped monoethylene glycol) were obtained after Suzuki
coupling, Scholl cyclization, and silyl protecting group removal (Scheme 1la; see Supporting
Information for full experimental details).
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were readily isolated as dark blue-black solids
by combining Cu(OAc).-H20 and the ligand Scheme 1 | Synthetic routes to obtain (a) sterically
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used as the cosolvents for CuTOTP-OCH:tBu (abbreviated 1-OCHztBu) and CuTOTP-eMEG
(abbreviated 1-eMEG), respectively (see SI for more synthetic details).

Powder X-ray diffraction (PXRD) was used to probe how the presence of bulky neopentyl
groups in 1-OCH2tBu influenced macrocycle packing (Fig. 3a). The positions of the first three
peaks in the PXRD are consistent with a hexagonal unit cell (a = b = 38.8 A), indicating that the
macrocycles are still able to form columnar stacking structures. However, in contrast to our
previously reported macrocycles, no distinct n—n stacking feature could be observed in 1-
OCH:tBu. This suggests that the neopentyl groups introduce significant disorder in the m—n
stacking distance and geometry. Furthermore, pressed pellet conductivity measurements show that
these disruptions to the m—x stacking greatly hinder out-of-plane charge transport. Despite being
similar in size to the ethoxy-functionalized macrocycle CuTOTP-OC2 (a = b = 39.6 A), 1-
OCHG:tBu is nearly three orders of magnitude less conductive (2(1) x 103 vs. 6(2) x 10°® S/cm).Y

The addition of hydrophilic oligoethylene glycol side chains has been shown to endow
polythiophene and other traditional semiconducting polymers with greater ionic conductivity.??2
Such mixed ionic-electronic conductors have attracted strong recent interest due to emerging
applications in bioelectronic, optoelectronic, and energy storage devices.?*?® Given this prior
work, we were interested in how the addition of a simple ethylene glycol derivative impacts
macrocycle formation and packing.

R'=CyHs, C4Hg, CgHyg
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Fig. 3 | Synthesis schemes, experimental and predicted powder X-ray diffraction patterns, and structural models
for (a) CUTOTP-OCH,tBu (1-CH2tBu) and (b) CuTOTP-eMEG (1-eMEG).

Excitingly, in contrast to 1-OCH:2tBu, the polar side-chains of 1-eMEG do not appear to
disrupt the m—m stacking (Fig. 3b). A strong m—mn stacking feature at 20 = 28.3° is observed,
corresponding to a distance of ~3.2 A. Consistent with this observation, pressed pellet conductivity
measurements show that these macrocycles maintain a moderate electrical conductivity of 5(1) x
10~ S/cm. Interestingly, the a and b dimensions of 1-eMEG are only 1.3 A larger than our
previously reported CuTOTP-OC2 (39.8 A vs. 38.5 A), despite having a side-chain that is twice
as long.” This may be due to the tendency of glycol side-chains to curl and bend, in contrast to
the linear conformations preferred by n-alkyl chains.?® Together, these results suggest that
hydrophilic side-chains do not interfere with macrocycle packing, encouraging future work
exploring mixed ionic-electronic conductivity in these materials.

Impact of hydrogen-bonding interactions on crystal packing. The addition of hydrogen-
bonding amide groups has been shown to enforce columnar stacking in shape-persistent arylene
ethynylene macrocycles, enabling their self-assembly into long nanotube filaments.*®2 In a similar
way, we hypothesized that hydrogen-bonding amide groups could introduce stronger and more
directional noncovalent interactions between neighboring macrocycles, facilitating the
crystallization of larger particles.

The macrocycles 1-NHCOR' (R’ = linear C2, C4, or C6 alkyl chains) were readily synthesized
by combining the ligand H4sTOTP-NHCOR' with Cu(OAc)2-H>0 in DMSO at room temperature
in air. Unexpectedly, the PXRD patterns of all three macrocycles (R’ = C2, C4, C6) reveal a
complex pattern that could not be indexed to a single unit cell, suggesting a mixture of phases (Fig.
4a). The presence of prominent peaks with the characteristic 1:1/v/3:1/2 d-spacing ratio for a
hexagonal unit cell (e.g., 20 = 2.54, 4.42, and 5.30° for 1-NHCOC4) suggests that these samples
contain a mixture of hexagonal packing and a second, unknown packing structure.

Partial or total conversion to a single hexagonal phase occurs upon solvent removal at room
temperature, implying that the additional crystalline phases are due to alternative macrocyclic
packing motifs rather than structurally distinct linear polymers or partially cyclized oligomers (Fig.
4b). For example, while the initially filtered samples of 1-NHCOC?2 and 1-NHCOC4 both show
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Fig. 4 | (a) Synthesis of CUTOTP-NHCOR’ (1-NHCOR') macrocycles. (b) Powder X-ray diffraction (PXRD) of
as-synthesized and dried 1-NHCOC4 in blue and red, respectively. The as-synthesized sample contains a mixture
of phases, whereas the dried sample is a single hexagonal phase. (¢) PXRD patterns tracking the phase conversion
of the as-synthesized 1-NHCOC4 macrocycle over a period of 48 hours.

a mixture of phases, complete conversion to a single hexagonal phase is observed after air-drying
at room temperature (Fig. 4 and Fig. S7). This process can be reversed through the re-addition of
DMSO (Fig. S1), again implying that these structural changes are due to the reconfiguration of
dynamic noncovalent interactions rather than stronger metal-ligand bonds. We note that only
partial conversion is observed for 1-NHCOCSG (Fig. S7).

As expected, the electrical conductivity of 1-NHCOR' decreases as the length of the insulating
alkyl chain increases. The room temperature pressed pellet conductivity of 1-NHCOC?2 is 2(1) x
102 S/cm, whereas the longer 1-NHCOCA4 is an order of magnitude lower, at 2(1) x 10 S/cm.
Surprisingly, the conductivity of a mixed-phase 1-NHCOC4 sample was within error of the pure
hexagonal phase, at 8(4) x 10~ S/cm. Similarly, the mixed-phase 1-NHCOCG6 was only slightly
lower, at 5(2) x 10~ S/cm. These values suggest that the additional phase(s) likely preserve strong
n-overlap between neighboring macrocycles.

Given the complexity of the initial PXRD patterns, structural elucidation of the non-hexagonal
phase(s) will likely require single crystal diffraction studies. Unfortunately, the crystallites were
too small for single crystal X-ray diffraction, and all attempts at electron diffraction were
unsuccessful due to rapid degradation upon removal from the mother liquor. However, modeling
studies suggest that the additional peaks cannot be explained by either herringbone packing (Fig.
S2) or slipped stacking (Fig. S3), which are two of the most common packing motifs observed in
the solid-state structures of conjugated organic molecules (see SI for more modeling details).?

Impact of hydrogen-bonding interactions on crystal morphology. Excitingly, all three
amide-containing macrocycles formed large, micron-sized particles that could be visualized by
optical microscopy (Fig. 5 and Fig. S4). This is in stark contrast to 1-OCH2tBu, 1-eMEG, and
our previously reported alkoxy-functionalized macrocycles, which precipitate as nanoparticles that
are challenging to visualize by either optical or scanning electron microscopy (SEM). For example,
AFM measurements on CuTOTP-OC4 showed that the columnar stacks have an average length of
only 23(6) nm.Y’
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Fig. 5 | Left: (a) Chemical structure and (b) polarized optical microscopy image of 1-NHCOCA4. Both thin,
aggregated microneedles and thick, irregular octahedra are observed. Zoomed-in (c) polarized optical microscopy
and (d) scanning electron microscopy (SEM) images of the two particle morphologies. Right: (e) Chemical
structure and (f) bright-field optical microscopy image of 1-NHCOCSG6, which adopts a spherulite morphology.
(9) Polarized optical microscopy image showing the Maltese cross pattern characteristic of spherulites.

The macrocycle 1-NHCOC?2 formed aggregated clusters that were challenging to fully resolve
by optical microscopy (Fig. S4). In contrast, 1-NHCOC4 formed large and well-defined particles.
Two distinct crystal morphologies could be clearly visualized in 1-NHCOC4, supporting our
hypothesis that the as-synthesized sample contains two distinct phases (Fig. 5b). Specifically, both
aggregates of thin microneedles (~6(3) pum average length) (Fig. 5¢c and Fig. S12) as well as thick,
irregular octahedra (~27(11) um average length) were observed (Fig. 5d and Fig. S12). The larger
octahedral particles could be removed by gentle centrifugation. Powder X-ray diffraction
measurements on the particles suspended in the supernatant confirmed that the smaller needle-like
crystals are pure hexagonal phase material (Fig. S5). Imaging the samples under polarized light
confirmed that the individual microneedles were single crystalline, whereas the larger distorted
octahedra grew overall microcrystalline. This is consistent with our PXRD studies, which showed
that the non-hexagonal phase is highly sensitive to phase transitions (Fig. 4c) which may prevent
long-range order.

Finally, 1-NHCOCSG crystallizes as spherulites of approximately 2.6(0.5) pum in diameter (Fig.
5f and Fig. S12). Spherulites are densely packed spheres composed of radially oriented fibrillar
crystals, which display a characteristic Maltese cross when viewed between crossed polarizers
(Fig. 50).%° The formation of spherulites, rather than well-defined needles, may be due to the
presence of longer alkyl chains in 1-NHCOCS6 that are poorly soluble in DMSO, our reaction
solvent.

Overall, the crystal morphologies of 1-NHCOR' strongly resemble those of conjugated 2D
MOFs, such as Cuz(HHTP)2. Like our macrocycles, the framework Cus(HHTP). typically
crystallizes as thin rods or needles with the n-stacking direction oriented along the long axis.3
In addition, conditions of rapid nucleation produce spherical clusters of radially oriented
nanorods,3? much like the aggregated microneedles found in 1-NHCOC4 and the spherulites in 1-
NHCOCS6. Importantly, this suggests that understanding how to control the nucleation and growth
of conjugated macrocycles may lead to a greater understanding of the formation of conjugated
metal—organic frameworks, and vice versa.

Conclusion.
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In conclusion, we have synthesized five new conjugated metal-organic macrocycles
containing side-chains that vary in their steric bulk, hydrophilicity, and hydrogen-bonding ability.
Despite the chemically distinct peripheral functionalities, all ligands successfully form
macrocyclic structures, illustrating the versatility and robustness of this synthetic route. While the
conjugated core is reminiscent of 2D metal-organic frameworks, the peripheral side-chains are a
unique feature of macrocycles, and represent an exciting opportunity to tailor materials properties.
We have already shown how the side-chains can be used to alter the m—= stacking structure,
electrical conductivity, crystal morphology, and overall processability of these materials. Going
forward, the peripheral side-chains have the potential to introduce hydrophilicity and ionic
conductivity, as well as modulate the local microenvironment and reactivity of the metal center.

Finally, a key finding from our studies is that the introduction of stronger and more directional
hydrogen-bonding interactions in the n-stacking direction leads to a dramatic increase in particle
size, from the nano- to the micron scale. Given the structural similarities between our macrocycles
and conjugated 2D metal-organic frameworks, this finding may have implications in the
crystallization and growth of 2D MOFs. The new ligand synthesis route reported here readily
accommodates the late-stage installation of diverse hydrogen-bonding groups, encouraging future
work along this vein.

Experimental Methods.

All the ligand syntheses, macrocycle syntheses, and phase conversions are described in detail in
the Supplementary Information. Powder X-ray diffraction patterns were collected on a Bruker D8
Discover diffractometer. Solution phase NMR data were collected on Bruker GG500 or NEO500
instruments. Optical microscopy images were collected on a Leica DMI6000 inverted microscope
using oil immersion objectives, and images were analyzed in LASX (Leica) and ImageJ. SEM
images were collected on a Thermo Fisher Scientific Apreo-S with LoVac scanning electron
microscope with an operating voltage of 2 kV.
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