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Abstract 

Macrocycles that assemble into nanotubes exhibit emergent properties stemming from their low 

dimensionality, structural regularity, and distinct interior environments. Here, we report a versatile 

strategy to synthesize diverse nanotube structures in a single, efficient reaction by using a conserved 

building block bearing a pyridine ring. Imine condensation of a 2,4,6-triphenylpyridine-based diamine 

with various aromatic dialdehydes yields chemically distinct pentagonal [5+5], hexagonal [3+3], and 

diamond-shaped [2+2] macrocycles depending on the substitution pattern of the aromatic dialdehyde 

monomer. Atomic force microscopy and in solvo X-ray diffraction demonstrate that protonation of the 

macrocycles under the mild conditions used for their synthesis drives assembly into high-aspect ratio 

nanotubes. Each of the pyridine-containing nanotube assemblies exhibited measurable proton 

conductivity by electrochemical impedance spectroscopy, with values as high as 10-3 S m-1 (90% R.H., 25 

°C) that we attribute to differences in their internal pore sizes. This synthetic strategy represents a general 

method to access robust nanotube assemblies from a universal pyridine-containing monomer, which will 

enable systematic investigations of their emergent properties. 
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Introduction 

Macrocycles that assemble into extended one-dimensional nanotubes exhibit emergent properties because 

of their low dimensionality, structural regularity, and distinct interior environments.1-6 These features are 

of potential interest for ion transport,7-9 sensing,10-12 catalysis,13-14 and separations.15-16 To access the 

diverse properties associated with these potential uses, macrocycles that form nanotubes must be derived 

from readily accessible building blocks and tolerate structural variation without compromising their 

interaction energies and ability to assemble. General methods to access designed, high-aspect ratio 

nanotubes remain limited. Non-covalent assemblies based on relatively weak supramolecular interactions 

are less likely to tolerate significant structural variation and can exhibit poor mechanical integrity.6, 17-22 

Developing a robust and chemically general macrocycle assembly strategy will enable broad explorations 

into nanotube design, their emergent properties, and stimuli-responsive23-26 or even out-of-equilibrium 

assembly processes.27-30 

We recently found that the protonation of imine-linked macrocycles triggers strong electrostatic and 

solvophobic interactions that drive the formation of high-aspect ratio nanotubes.31-33 However, macrocycle 

assembly that relied exclusively on imine protonation only assembled in the presence of excess acid, 

whereas lower acid concentrations accelerated macrocycle hydrolysis.31-32 We subsequently identified a 

single macrocycle based on pyridine-2,6-dicarboxaldehyde that assembled using sub-stoichiometric 

quantities of acid, giving rise to robust assemblies that formed fibers with mechanical properties 

comparable to covalent linear polymers (Figure 1).32-33 Here, we dramatically expand the modularity of 

this design by including the pyridine heterocycle and hydrophobic solubilizing groups in a single 

monomer, thereby enabling the efficient incorporation of many dialdehydes into macrocycles that 

assemble into high-aspect ratio nanotubes under mild conditions (Figure 1).  Through this approach, ten 

distinct macrocycles and nanotubes with a range of structural features including different shapes, channel 

sizes, and chemical functionalities were realized. Because each of these macrocycles forms nanotubes in 

the presence of less than one equivalent of acid per pyridine moiety, we hypothesized that protons might 

be mobile within the nanotube interiors. Electrochemical impedance spectroscopy of four nanotube 

structures indicated that each system exhibited measurable protonic conductivity, with the highest value 

of 1.598 × 10-3 S m-1 at 90% relative humidity and 25°C. Across the four nanotubes studied, the protonic 

conductivities appear to depend on the size and/or shape of the macrocycle. These findings highlight the 

potential of well-defined supramolecular assemblies with precisely installed functional groups for ion 

transport. Overall, this versatile synthetic platform to target designed nanotubes will enable the broad 
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exploration of synthetic 1D nanostructures, their emergent properties, and their eventual incorporation 

into devices. 

 

Figure 1. Accessing high-aspect ratio nanotubes via acid-mediated macrocycle assembly. (Top) Previous 

work in which assembly under mild conditions was dictated by a pyridine-2,6-dicarboxaldehyde monomer 

residue, resulting in a system that assembles under mild conditions but is not easily generalized. (Bottom) 

A modular approach to imine-linked macrocycle formation and assembly relying on a pyridine junction 

embedded within the diamine monomer, allowing access to chemically and structurally diverse nanotubes 

in a single step. 

Results and Discussion 

We prepared ten structurally diverse imine-linked macrocycles in high isolated yields (>90%) by 

condensing various aromatic dialdehydes with a 2,4,6-triphenylpyridine-based diamine (DAPP) under 

mildly acidic conditions (Figure 2A). meta-Substituted dialdehydes yielded hexagonal macrocycles 

containing three diamine monomer residues and three dialdehyde monomer residues (i.e., [3+3] systems). 

Using this approach, macrocycles based on isophthalaldehyde (IDA) and pyridine-2,6-dicarboxaldehyde 

(DFP) were synthesized, similar to those in previous reports.33 This modular approach allowed access to 

macrocycles with externally facing functionality, 5-bromoisophthalaldehyde (5-Br-IDA) and 5-

ethynylisophthalaldehyde (5-E-IDA), and internal functionality, 2-bromoisophthalaldehyde (2-Br-IDA, 

Schemes S14-18). These groups each offer a convenient chemical handle for post-synthetic 

transformations, further contributing to the structural diversity available to these systems.34-38 Unlike 

previous reports, in which linear dialdehydes yielded [6+6] macrocycles when condensed with a 1,3,5-
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triphenylbenzene-based diamine,31, 39 the condensation of linear dialdehydes with DAPP yielded 

pentagonal [5+5] systems. We attribute this change in macrocycle structure to the shorter C–N bonds that 

make up the pyridine core of DAPP, relative to the C–C bonds within the benzene ring of the previously 

studied system.40 The shorter C–N bonds result in a decreased bite angle between the two reactive amines 

from 120° to 108°, leading to the realization of a pentagonal structure. This approach yielded structurally 

and electronically diverse macrocycles using terephthalaldehyde (PDA), 2,3,5,6-

tetrafluoroterephthalaldehyde (F4-PDA),41-42 2,5-dimethoxyterephthalaldheyde (DiOMe-PDA),43-44 and 

9,10-anthracenedicarboxaldehyde (9,10-ADA) monomers (Schemes S19-22).45-46  Lastly, we prepared a 

diamond shaped [2+2] macrocycle from DAPP and 4,4′-(1,10-phenanthroline-2,9-diyl)dibenzaldehyde 

(PhenDA) which can chelate metals within the phenanthroline binding pocket (Scheme S23)47-48 The 

ability to target macrocycles of different sizes, chemical functionalities, and intrinsic properties highlights 

the modularity of this approach, and its overall utility in constructing precisely functionalized 

nanostructures.  

Characterization of the monomeric macrocycles by gel permeation chromatography (GPC), matrix-

assisted laser desorption ionization mass spectrometry (MALDI-MS), and 1H NMR spectroscopy 

confirms their structures as the proposed [5+5], [3+3], and [2+2] systems.  All of these macrocycles 

yielded a single, narrow elution band (Đ < 1.05) in their GPC traces, consistent with the formation of a 

single macrocyclic product (Figure 2B). MALDI-MS of each macrocycle showed a single set of peaks 

corresponding to the expected [5+5], [3+3], or [2+2] macrocycle, with the [M+H]+ adduct being within 

0.04% of the theoretical molecular weight (Figure 2C and Table S1). Each macrocycle was soluble in 

common organic solvents and exhibited 1H NMR spectra consisting of well-defined resonances with 

integrations commensurate with the proposed structures (see Supporting Information), along with no 

resonances corresponding to either free aldehydes or free amines. The 1H NMR, MALDI-MS, and GPC 

of each macrocycle, as well as their high isolated yields (>90%), indicate a highly efficient and general 

macrocyclization process.  
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Figure 2. Modular synthesis of imine-linked macrocycles from a pyridine-containing diamine monomer. 

(A) Scheme of macrocycle synthesis where the shape and size of the macrocycle is dictated by the 

dialdehyde substitution pattern  (B) GPC traces using a 254 nm ultraviolet (UV) detector. The color of the 

chromatogram correlates to the color of the dialdehyde monomer. (C) MALDI-MS spectra of the 

synthesized macrocycles. The color of the spectrum correlates to the color of the dialdehyde monomer.   

The use of a pyridine-containing diamine yielded universal access to crystalline nanotubes in a single step, 

as evaluated by in solvo synchrotron X-ray diffraction (XRD). After allowing the macrocyclization 

reaction to run for 24 h, the resultant gel was placed in a capillary tube and subjected to XRD 

measurements. Unassembled macrocycles do not produce observable diffraction.32 However, when 

macrocycles assemble into nanotubes, the emergence of a strong diffraction signal, with a characteristic 

peak at low values of q related to the macrocycle size (between 0.1 and 0.2 Å-1)31-33 is observed.  

Macrocycle assembly was observed following condensation of DAPP with all dialdehydes studied, 
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thereby demonstrating that pyridine-based assembly under mildly acidic conditions is general (Figure 3B). 

The <100> diffraction features of the [3+3] systems, corresponding to the size of the hexagonal pore, were 

observed at 0.15 to 0.17 Å-1, which is consistent with our previous report on similar hexagonal systems.33 

Due to the increased size of the [5+5] macrocycles, their <100> diffraction feature shifted to lower values 

of q (0.12 to 0.13 Å-1). Despite having a pentagonal shape, which is classically not able to pack into a 

periodic array, a diffraction pattern similar to that of the hexagonal systems was observed, which we 

attribute to the ability of the flexible alkyloxy side chains to fill free volume. Lastly, the primary diffraction 

feature for the [2+2] PhenDA macrocycle assembly was observed at 0.16 Å-1. Despite being comprised 

of fewer monomers, the shape of PhenDA results in an assembly with an irregularly shaped pore that is 

similar in size to the hexagonal [3+3] systems. In all cases, the experimentally obtained XRD patterns are 

in good agreement with a Pawley refined pattern corresponding to macrocycle assembly (see Supporting 

Information). Overall, the emergence of diffraction signals during the macrocycle synthesis confirms our 

hypothesis that condensing a pyridine-based diamine with various aromatic dialdehydes enables 

chemically general tandem macrocyclization and 1D assembly events.  

Atomic force microscopy (AFM) and scanning electron microscopy (SEM) confirmed that macrocycles 

prepared from DAPP and various aromatic dialdehydes assembled into high-aspect ratio nanotubes during 

their synthesis. While the emergence of XRD signals demonstrated macrocycle assembly, these 

microscopy techniques show that nanotubes are formed as mesoscale assemblies. Aliquots of all 

macrocyclizations were drop cast onto silicon wafers and imaged first by AFM, then by SEM (see 

Supporting Information). In all cases, high-aspect ratio nanotube formation was observed (Figure 3C).32-

33 From our previous reports, we have shown that the absence of a central pyridine ring prevents long-

range assembly under analogous conditions, which suggests that protonation to pyridinium ions drives 

organization through charge-mediated assembly.33, 39 These data highlight the modularity of this approach, 

in that nanotubes with high-aspect ratios were prepared in a single-step despite the constituent macrocycles 

having different sizes, shapes, and chemical functionalities.  
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Figure 3. Assembly of imine-linked macrocycles into nanotubes during macrocycle synthesis (0.5 equiv 

CF3CO2H per DAPP). (A) Schematic of nanostructures resulting from the assembly of pentagonal [5+5], 

hexagonal [3+3], and diamond shaped [2+2] macrocycles. (B) XRD patterns of the synthesized nanotubes 

accompanied by the structure of the aldehyde monomer. In all cases, the dashed line represents the location 

of the imine linkage. (C) AFM images of nanotubes with varying dimensions and functionalities. The 

color of the border correlates to the color of the aldehyde monomer. Scale bars: 7 µm. 

Accessing nanotubes of different sizes and chemical functionalities under sub-stoichiometric acid loadings 

motivated studies of their proton conductivity. Nanotubes assembled from pyridine-containing imine-

linked macrocycles under mildly acidic conditions demonstrated pore size-dependent proton conductivity, 

with nanotubes assembled from DAPP-IDA exhibiting a conductivity two orders of magnitude greater 

than nanotubes assembled from DAPP-PDA or DAPP-PhenDA. We performed two-terminal 

electrochemical impedance spectroscopy (EIS) on various nanotubes at 90% relative humidity (R.H.) and 
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25°C, and fit the EIS data to a standard equivalent circuit (Figures 4A and B). Despite variation in 

nanotube shape and number of pyridine moieties, nanotubes assembled from DAPP-PDA, DAPP-IDA, 

and DAPP-PhenDA all yield a semi-circle Nyquist plot in the high-frequency region, and an inclined spur 

in the low frequency region (Figures 4C-F). These observations are fingerprints of proton conductivity, 

which is further validated by observing a sharp decrease in conductivity due to isotope effects when the 

same measurements are carried out in the presence of D2O (Figure S134).49-51 All samples demonstrate 

the hallmarks of proton conductivity and our observations suggest that the conductivity values of various 

nanotubes have a pore size dependence. Larger [5+5] nanotubes (Ø = 3 nm) derived from PDA exhibited 

low conductivity (1.407 ± 0.030 × 10-5 S m-1, 90% R.H., 25°C).  However, the smaller, but irregularly 

shaped nanotubes (Ø = 2.5 and 1.3 nm) derived from PhenDA only show a moderate conductivity increase 

(6.279 ± 0.200 × 10-5 S m-1, 90% R.H., 25°C). The smallest hexagonal nanotubes (Ø = 1.75 nm) derived 

from IDA produced a conductivity two orders of magnitude greater than nanotubes with larger channels 

(1.598 ± 0.003 × 10-3 S m-1, 90% R.H., 25°C), suggesting that the size of the hexagonal pore and the 

spacing of pyridine moieties in nanotubes derived from IDA provide an optimal path for proton 

conduction. Pore size-dependent proton conductivity within 1D nanochannels has been previously 

attributed to water molecules adopting a well-organized 1D proton wire configuration in smaller systems, 

thereby realizing larger conductivity values.52-53 Despite the apparent dependence of proton conductivity 

on nanotube diameter, further studies will be needed to definitively elucidate the origin of enhanced 

conductivity within various nanotubes.  

Comparison of the conductivity trends in nanotubes derived from DAPP with two additional control 

systems confirmed that proton transport occurs along the cationic 1D nanochannel. Two additional 

macrocycles were prepared based on a 1,3,5-triphenylbenzene-based diamine (DAPB) and either DFP or 

IDA.32-33 The former is a structural isomer of DAPP-IDA with an identical assembly profile, while the 

latter lacks pyridine moieties and substantial 1D order, allowing us to further probe the effects of assembly 

and nanotube size on proton conductivity. Nanotubes assembled from DAPB-DFP macrocycles exhibit 

substantial proton conductivities (1.488 ± 0.070 × 10-3 S m-1, 90% R.H., 25°C), similar to DAPP-IDA 

systems. Furthermore, macrocycles which do not contain any pyridine moieties, and therefore lack 

substantial 1D order (DAPB-IDA), demonstrate conductivity values at least three order of magnitude 

lower than DAPP-IDA or DAPB-DFP nanotubes (Figure S135). The comparison of these three hexagonal 

structures suggests that (1) proton conductivity is partially dependent on the pore architecture and (2) 

substantial 1D order is required for reliable proton transport. Taken together, the results of the conductivity 

values obtained for various DAPP-based nanotubes highlight that in order to reliably target optimized 
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performance in a 1D nanochannel, the chemical functionality and nanotube topology must be 

independently modifiable. Presumably, using this design strategy to prepare optimally sized nanotubes 

with higher densities of basic moieties will improve the proton conductivity of these assemblies, thereby 

enabling explorations into the use of these materials in fuel cell and bioelectronic applications.54 More 

broadly, this work demonstrates that structurally well-defined supramolecular assemblies with precisely 

installed chemical functionalities are promising scaffolds for the development of materials suitable for ion 

transport. 

 

Figure 4. Pore size-dependent proton conductivity of nanotubes prepared via acid-mediated macrocycle 

assembly. (A) Illustration of the two-terminal device used for EIS measurements. (B) Diagram of the 

equivalent circuit model used to analyze the impedance data. The circuit consists of a Constant Phase 

Element (CPEint) in series with both a resistor (Rb) and a capacitor (Cb), which correspond to the 

film/electrode interface capacitance, the film bulk resistance, and the film bulk capacitance, respectively.  

(C-F) Nyquist plots showing the impedance of nanotubes derived from DAPP-PDA, DAPP-PhenDA, 

DAPP-IDA, and DAPB-DFP macrocycles at 25°C with 90% R.H. The conductivities calculated from 
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these plots were 1.407 × 10-5 S m-1, 6.279 × 10-5 S m-1, 1.598 × 10-3 S m-1, and 1.488 × 10-3 S m-1, 

respectively. (G) Comparison of observed conductivity values highlighting pore size dependence of proton 

conductivity.  

 

Conclusions 

Generalizing the acid-mediated assembly of macrocycles into robust nanotubes will enable a broad range 

of structures to be accessed and their emergent properties to be explored. Here we have shown that a 

2,4,6-triphenylpyridine-based diamine (DAPP) enables efficient formation of pentagonal [5+5], 

hexagonal [3+3], and diamond shaped [2+2] macrocycles depending on the substitution pattern of the 

aromatic dialdehyde monomer. Protonation of the central pyridine moiety of DAPP under the mild 

conditions typical for macrocycle synthesis drives macrocycle assembly into high-aspect ratio nanotubes, 

as demonstrated by in solvo XRD measurements and AFM imaging. These structurally well-defined 

supramolecular polymers with cationic 1D nanochannels demonstrated pore size-dependent proton 

conductivity, with nanotubes derived from IDA exhibiting a conductivity two orders of magnitude greater 

than nanotubes derived from PDA or PhenDA. These findings, along with the versatility of this synthetic 

approach, will guide future designs to further improve proton conductivity and further leverage the 

stimuli-responsive nature of the assemblies. Overall, this platform will unlock the potential of functional 

nanotubes assembled from macrocyclic precursors to provide systems whose emergent properties and 

functions can be rationally tuned through molecular design. 
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