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Abstract

Supramolecular polymers are compelling platforms for the design of stimuli-responsive materials with
emergent functions. Here, we report the assembly of an amphiphilic nanotube for Li-ion conduction that
exhibits high ionic conductivity, mechanical integrity, electrochemical stability, and solution
processability. Imine condensation of a pyridine-containing diamine with a triethylene glycol
functionalized isophthalaldehyde yields pore-functionalized macrocycles. Atomic force microscopy,
scanning electron microscopy, and in solvo X-ray diffraction reveal that macrocycle protonation under
their mild synthetic conditions drives assembly into high-aspect ratio (>10°) nanotubes with three interior
triethylene glycol groups. Electrochemical impedance spectroscopy demonstrates that lithiated nanotubes
are efficient Li" conductors, with an activation energy of 0.42 eV and a peak room temperature
conductivity of 3.91 x 10° S cm™. Li NMR and Raman spectroscopy demonstrate that lithiation occurs
exclusively within the nanotube interior and implicates the glycol groups in facilitating efficient Li*
transduction. Linear sweep voltammetry and galvanostatic lithium plating-stripping tests reveal that this
nanotube-based electrolyte is stable over a wide potential range and supports long-term cyclability. These
findings demonstrate how coupling synthetic design and supramolecular structural control can yield high-
performance ionic transporters that are amenable to device relevant fabrication. More broadly, these
results demonstrate the technological potential of chemically designed self-assembled nanotubes.
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Introduction

Supramolecular polymers offer stimuli-responsive optical,'” mechanical,®” or out-of-equilibrium
behaviors that emerge from molecular organization.!®!® The ability to leverage these properties will
benefit from developing tunable systems whose assemblies are mechanically and chemically robust, yet
remain reversible and responsive. Recently, we found that imine-linked macrocycles (ca. 3 nm diameter)
form strong, high-aspect ratio nanotubes upon the protonation of basic groups within their structure.
Protonation establishes electrostatic and solvophobic interactions that endow the assemblies with
mechanical strengths that rival linear covalent polymers, while still being fully reversible upon
deprotonation.!#!® This approach was recently generalized and elaborated through the development of a
one-pot macrocyclization and 1D assembly strategy that relied on a conserved pyridine-containing
diamine monomer.!” Condensation with many functional aromatic dialdehydes yielded chemically and
structurally diverse macrocycles in high yield, driven by assembly into the corresponding nanotube. This
synthetically general approach allows us to systematically tune the properties of the nanotube interior by
introducing chemical functionality. Given the charged nature of the nanotube interior, and the opportunity
to incorporate groups to facilitate ion transport, we hypothesized that appropriately designed nanotubes

might serve as effective ion conductors.

)18-20 and fuel

In devices that necessitate efficient ion transport, such as lithium (Li)-ion batteries (LIBs
cells,?!'?* designed polymers show promise as safer replacements for liquid-based electrolytes. In LIBs,
poly(ethylene oxide) (PEO) is widely used due to its simplistic fabrication and highly competitive ionic
conductivity. In an effort to expand the available materials pool beyond PEO, novel covalently-linked
polymer systems, such as covalent organic frameworks (COFs), have been explored as ionic conductors.?*
26 Despite the promising results of these polymer-based electrolytes, balancing the need for high-
conductivities and mechanical robustness in a processable platform remains challenging in covalently
linked systems.?”*° In particular, two-dimensional COFs are often prepared as unprocessable, nonuniform
particles, such that Li" ion transport in the electrolyte layer and the materials mechanical properties may
not be consistent over different cells.?*3! Given the solution processability and mechanical robustness of
our assembled nanotubes, they are ideally suited for exploration as solid-state Li-ion electrolytes.
Synthetic nanotubes offer chemically distinct microenvironments as a handle to tune ionic conductivity
within the interior, while also being amenable to exterior chemical modifications that can confer stability.
Moreover, because these robust nanotubes undergo acid-responsive assembly, it is conceivable that ionic

transport could be manipulated by tuning the extent of macrocycle ordering. Taken together, these



synthetic nanotubes combine the solution processability and stability of covalent polymers with the well-
defined channels of ordered materials. Collectively, these features provide the opportunity to

systematically explore optimized ion transduction through coupled molecular and supramolecular design.

Here, we design an amphiphilic system with three triethylene glycol moieties within the nanotube interior

(Figure 1). Given the long-range order of the nanotubes, and the propensity of glycols to coordinate Li*,**-

38 we hypothesized that these supramolecular assemblies would be suitable for solid-state Li-ion
conduction. Upon lithiating the nanotubes with 1.5 equiv of Li" per macrocycle, a room temperature
conductivity of 3.91 x 10° S cm™ was realized. By comparing the Li" conduction performance of
functionalized nanotubes with a series of control samples, we unambiguously demonstrate that both long-
range order and chemical functionality play a critical role in achieving Li" transduction. The well-defined
Li-ion transport was beneficially adopted in an emerging post-LIB system, Li-metal batteries, by offering
reversible Li plating and stripping over 500 hours of continuous operation. These findings demonstrate
that chemically functionalized, solution processable nanotube assemblies can serve as promising solid-
state electrolytes. More broadly, these findings reveal that supramolecular assemblies can provide the
advantages inherent to synthetically tunable polymeric systems in a solution processable platform.
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Figure 1. The preparation of nanotubes bearing three interior triethylene glycol groups for emergent Li-
ion conduction.

Results and Discussion

Amphiphilic macrocycles (STEG-MCs) were synthesized by condensing a 2,4,6-triphenylpyridine-based
diamine (DAPP) and 2-(4',7',10'-trioxyundecylsulfanyl)isophthalaldehyde (STEG-IDA) in the presence
of CF3CO:2H (0.5 equiv per DAPP) in 1,4-dioxane (Figure 2A and Scheme S9). After neutralization,
isolation by centrifugation, and washing with Et2O and 1,4-dioxane, STEG-MCs were obtained in an
isolated yield of 88%. Gel permeation chromatography (GPC) of the macrocycles showed a single narrow

elution band (P = 1.04), consistent with the formation of a single macrocyclic product (Figure 2B and
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S9). Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) provided the expected
[M+H]", [M+Na]", and [M+K]" adducts at m/z = 2309.80, 2331.75, and 2347.65 respectively (Figure 2C
and S10). The macrocycle exhibited a '"H NMR spectrum consisting of well-defined resonances with
integrations that are consistent with a symmetric, macrocyclic structure. Resonances corresponding to free
aldehyde or amines are not observed (Figures 2D and S11-S13), indicating near complete conversion of
the starting materials to the desired macrocycle. Similarly, the *C NMR spectrum consists of 32 distinct
resonances, consistent with the structure of STEG-MC (Figure S14). The high-isolated yield and high
purity of the isolated macrocycles highlights the efficient macrocyclization process, which we have
previously demonstrated to be driven by an out-of-equilibrium crystallization process that drastically

reduces the reactivity of the imines,'®*° and enables these materials to be considered for further study and

device integration.
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Figure 2. Synthesis and characterization of amphiphilic macrocycles (STEG-MC). (A) Scheme of
STEG-MC synthesis. (B) Gel permeation chromatograms of the amphiphilic macrocycles using UV (254
nm, purple) and refractive index (maroon) detectors. (C) Partial MALDI-MS spectrum of STEG-MCs. A
full spectrum is available in the supporting information (Figure S10). (D) Partial 'H NMR spectrum
highlighting the well-defined resonances within the aromatic region of STEG-MC. A full spectrum and
complete assignments are available in the supporting information (Figures S11-S13).



Protonation of the pyridine moieties within STEG-MC during its synthesis drives assembly into
crystalline, high-aspect ratio nanotubes (STEG-NTSs), as evaluated by in solvo synchrotron X-ray
diffraction (XRD), atomic force microscopy (AFM), and scanning electron microscopy (SEM). After
allowing the macrocyclization reaction to run for 18 h, the reaction mixture was placed into a capillary
tube and subjected to synchrotron XRD measurements. The assembly of DAPP-based macrocycles is
characterized by the emergence of a strong diffraction signal related to the macrocycle size between 0.1
and 0.2 A'.'7 For STEG-NTs, nanotube formation is confirmed by observing this diffraction peak at 0.17
A-! (Figure 3B). A second more prominent diffraction feature is observed at 0.2 A-!, which we attribute to
increased electron density from the triethylene glycol groups within the nanotube interior, relative to
nanotubes that lack such functionality. The experimentally obtained XRD pattern is in good agreement
with a Pawley refined pattern corresponding to macrocycle assembly into packed nanotubes with three
glycol chains per macrocycle in their interiors (Figures 3B and 3C). AFM and SEM further validated that
these nanotubes are formed with significant long-range order. A diluted aliquot of the macrocyclization
reaction was drop cast onto a silicon wafer and imaged by AFM. Subsequently, the substrates were sputter
coated with 1 nm of osmium and imaged by SEM. In both cases, high-aspect ratio (>10%) nanotubes were
observed with lengths exceeding 10 um (Figure 3D-F). Taken together, in solvo XRD and direct imaging
observations highlight that high-aspect ratio, pore-functionalized nanotubes are efficiently prepared in a

single-step from synthetically designed starting materials.
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Figure 3. Characterization of STEG-NTs formed during the acid-catalyzed macrocycle synthesis. (A)
Schematic of the structure of STEG-NT. (Inset) Chemical structure depicting the protonation of the
central pyridine groups that are responsible for macrocycle assembly. (B) Comparison of experimentally
obtained XRD patterns of STEG-NTs (top) with the pattern obtained from Pawley refinement (bottom).
(C) Structure of the assembly arising from Pawley refinement, validating that the use of 2-functionalized
isophthalaldehyde derivatives (STEG-IDA) yield pore functionalized nanotubes. (D and E) AFM images
of STEG-NTs. (F) SEM image of STEG-NTs.

The ability to immobilize triethylene glycol residues within the nanotube interior motivated studies into
their potential as Li-ion conductors under electrical biasing. STEG-NTs were loaded with varying
equivalents of LiC1O4and a limited amount of propylene carbonate as a plasticizer (PC, 10 uL g!), pressed

into a pellet, and subjected to electrochemical impedance spectroscopy (EIS, Figure 4A and S41). The
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lithium content of the pellets was measured by inductively coupled plasma optical emission spectroscopy
(ICP-OES). In all cases, the experimentally obtained Li* content was in good agreement with the Li" feed
ratio (Table S1). STEG-NTs were lithiated with 0.5-3.0 equiv Li" per macrocycle, and a maximum
conductivity (3.91 x 10 S em™ @ 30 °C) was observed upon loading STEG-NTs with 1.5 equiv Li" per
macrocycle. Compared to bulk poly(ethylene oxide) (PEO), which has a room temperature conductivity
on the order of 10 S cm™,*’ the high conductivity realized within STEG-NTs highlights the benefit of
immobilizing glycol residues within the well-defined, layered nanotube scaffold. Additionally, the
observed Li-ion conductivity within STEG-IDA NTs surpasses the room temperature conductivity of
many polymers and framework materials designed for Li* conductivity, further demonstrating the promise
of assembled macrocycles for this application (Table S2). Deviation of the optimal lithium loading to
lower values resulted in decreased conductivity by up to a two orders of magnitude (0.5 equiv, 3.00 x 10
7S em! @ 30 °C). Higher lithium loadings also showed a deleterious effect on conductivity (3 equiv, 6.09
x 10° S cm™ @ 30 °C, Figures 4B and 4C). We speculate that appropriately balanced vacant and occupied
Li" coordinating sites are realized in samples lithiated with 1.5 equiv of Li" per macrocycle, leading to the
observed peak in conductivity.?* *1*? This is consistent with previous reports that demonstrate optimal
ionic conductivity upon establishing a [O]:[Li*] ratio of 6 in triethylene glycol-based electrolytes.*>***
Variable temperature EIS on lithiated STEG-NTs (1.5 equiv) demonstrated Arrhenius behavior with an
activation energy (Ea) of 0.42 eV (Figures 4D and 4E), which is significantly lower than that of a
framework material with similar functionality (0.87 €V).** We speculate that the lower activation energy
realized within STEG-NTs is due to enhanced 1D order as a function of acid-mediated assembly and to
the smaller pore size which results in a higher density of layered glycol groups. Taken together, the
substantial Li-ion conductivity and low activation energy highlight an efficient conduction process along

the channels of STEG-NTs.
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Figure 4. Li-ion conductivity performance of STEG-NTs. (A) Abbreviated schematic of nanotube
lithiation and pelletization. A complete workflow diagram for the preparation of the samples for EIS can
be found in the supporting information (Figure S41). (B) Nyquist plots obtained from STEG-NTs loaded
with varying equivalents of Li". These spectra were taken at 30°C. (C) Ionic conductivity as a function of
Li" loading, highlighting a peak conductivity at 1.5 equiv Li". (D) Nyquist plots obtained from variable
temperature EIS on STEG-NT pellets. (E) Arrhenius plot of STEG-NT loaded with 1.5 equiv of Li".

STEG-NTs exhibited chemical and structural stability during the pelletization and measurement process

as evident by XRD and 'H NMR spectroscopy obtained after the conductivity measurements were
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performed. After EIS, powder XRD of the pellets revealed a strong diffraction feature at all lithium
loadings, indicating that the nanotube structure survived both the pelletization process and the
conductivity measurements (Figure S34). Intact, pure STEG-MCs were recovered by dispersing a ground
pellet in triethylamine. The insoluble macrocycles were recovered by centrifugation, and their identity and
purity was confirmed by '"H NMR spectroscopy (Figure S37). These data highlight the molecular and
supramolecular stability of STEG-NTs throughout the cell fabrication and measurement process.
Moreover, these findings validate that the molecular scale design and subsequent nanoscale assembly are

manifested in these measured devices.

To further investigate if the glycol groups within STEG-NTs play a crucial role in facilitating Li-ion
transduction, the effects of nanotube lithiation were investigated through ’Li NMR and Raman
spectroscopy. 'Li NMR spectroscopy demonstrated the ability of the triethylene glycol groups within
STEG-NTs to coordinate Li-ions as evident by the nanotubes inducing an upfield shift of the Li*
resonance (-0.03 ppm) relative to a reference sample of LiCl (0.50 ppm). As the equivalents of LiCl were
increased, the Li* resonance shifted downfield, consistent with the saturation of the coordinating glycol
groups (Figure 5A). When compared to lithiated STEG-MCs, lithiated STEG-NTs exhibited a more
upfield Li" resonance (0.38 and -0.03 ppm, respectively), indicating more robust Li" coordination as a
result of layering the glycol groups within the well-defined nanotube scaffold (Figures S31 and S32).323
45 Raman spectroscopy on pellets of STEG-NTs that had been lithiated with 1.5 equiv of LiClO4 further
validated that all Li-ions are coordinated by the glycol groups within the nanotube interior. Raman
spectroscopy focused on the CI-O-Cl symmetric stretching frequency of the ClO4™ anion between 920-965
cm’! provided insight into the solvation state of Li*. The aggregated ions (AGG), contact ion pair (CIP),
and free anion have distinct stretching frequencies at 958, 947, and 934 cm’!, respectively (Figures 5B and
5C).%% Using standard solutions of LiClO4 in PC it was demonstrated that the free anion is present at
low Li* concentrations (1 mol kg™!), demonstrating full solvation of the Li* cation by PC. However, as the
concentration of LiClO4 was increased, the dominant peak shifted towards the CIP stretching frequency
due to the inability of the PC to fully coordinate the Li" cations at higher concentrations (Figure 5B).
When STEG-NTs were lithiated with 1.5 equiv of LiClOs, an intense feature corresponding to the free
anion was observed at 933 cm’!, indicating predominant coordination of Li* within the nanotube interior.
A small secondary feature corresponding to the CIP was also observed at 947 cm™!, which we attribute to
a small amount of ClO4 intercalating into the nanotube interior. The shape of the Raman profile with
regards to relative intensities of the free anion and CIP peaks was maintained after adding PC (10 pL g™),

indicating the Li" ions remained stably coordinated by the glycol residues within STEG-NTs without



leaking (Figure 5B). Moreover, this demonstrates that the glycol functionalized interiors of the nanotubes
function as genuine Li-ion conductors by providing channels for exclusive Li" transduction. The position
of the free anion peak within STEG-NTs lithiated with 1.5 equiv of LiClO4 is consistent with an [O]:[Li"]
ratio of 6, as determined by a series of standard solutions of LiClO4 in PC, consistent with the
stoichiometric value obtained from ICP-OES (Figure 5D and Table S1). Taken together, 'Li NMR and
Raman spectroscopy analyses on lithiated STEG-NTs validate that Li-ions are exclusively coordinated

by the glycol groups within the nanotube interior.
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Figure 5. ’Li NMR and Raman investigations into the ion solvation structures within STEG-NTs. (A) "Li
NMR spectra of STEG-NTs treated with varying amounts of LiCl and a LiCl reference solution taken in
the absence of coordinating groups. (B) Raman spectra of STEG-NTs lithiated with 1.5 equiv of LiClO4
before and after adding the PC plasticizer, along with LiClO4 standard solutions of varying concentration
in PC. (C) Schematic of potential ion solvation structures within STEG-NTs. (D) Linear regression of the
CI-O symmetric stretching peak position in the Raman spectra of LiClOs standard solutions in PC. The
peak shift of STEG-NTs that had been lithiated with 1.5 equiv of LiClO4 was also marked to interpolate
the [O]/[Li"] ratio in the nanotube interior.

10



Comparison of the conductivity of STEG-NTs with an unfunctionalized nanotube implicates the confined
glycol chains as the source of efficient Li-ion conduction. DAPP was condensed with isophthalaldehyde
to yield a macrocycle and nanotube lacking interior glycol functionality (IDA-NT, Figure 6A). IDA-NTs
were lithiated with 1.5 equiv of Li" per macrocycle, pelletized, and subjected to EIS measurements.
Compared to the glycol functionalized system, IDA-NTSs exhibited an order of magnitude decrease in
their conductivity (3.10 x 10 S cm™ @ 30 °C) (Figures 6B, 6C, and S46). Similarly, variable temperature
EIS yielded an increase in Ea (0.59 eV) when compared to STEG-NTs (Figures 6B and S46). The increase
in activation energy and decrease in conductivity when compared to STEG-NTs suggests that the
presence of glycol moieties within the nanotube pore facilitate efficient Li-ion conduction. Furthermore,
this comparison validates that structural regularity alone is insufficient to promote ion conduction, thereby
validating the importance of nanotube pore functionalization methods for tuning emergent ionic

conductivity.

In the absence of acid STEG-MCs show inferior ionic conductivity and undesired solubility when
compared to STEG-NTs. Lithiating neutral STEG-MCs with 1.5 equiv of Li" per macrocycle resulted in
a material with a room temperature conductivity lower than that of STEG-NTs (2.43 x 10 S cm™!, Figure
S45). Variable temperature EIS measurements demonstrate that pellets of neutral STEG-MCs conduct
Li" to some degree (Ea = 0.38 eV, Figures 6B, 6C, and S45). We attribute the higher-than-expected
conductivity of STEG-MCs to a degree of assembly occurring in the solid state driven by the
amphiphilicity of the macrocycle (Figure S29). Despite forming a crystalline material in the solid state,
molecularly dissolved STEG-MC showed no observable diffraction features (Figure S29). Due to a lack
of order in solution, STEG-MCs are not amenable to many solution processing techniques, as casting
films of STEG-MC would result in disordered, poorly conductive materials. These observations highlight
an immediate advantage of STEG-NTs, in that the acid-mediated assembly occurs in solution, thereby
enabling the solution casting of highly conductive films into device relevant morphologies. In addition to
solubility plaguing their practical relevance, neutral STEG-MCs exhibit poor conductivity at elevated
temperatures (Figure S49). Taken together, these observations underscore the need for robust non-
covalent interactions, which are present in the high-aspect ratio STEG-NTs, as weaker non-covalent

interactions result in poorly processable materials that lack thermomechanical stability.
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Figure 6. Li-ion conductivity performance of STEG-NTs compared to two control systems which either
lack glycol functionalities or substantial 1D order. (A) Schematic of nanostructures analyzed. (B)
Arrhenius plots of STEG-NTs, STEG-MC aggregates, and IDA-NTs loaded with 1.5 equiv of Li*. (C)
Comparison of the conductivity of the three systems at 30 °C (solid) and 50 °C (dashed), showing the poor
performance of STEG-MC aggregates at elevated temperatures.

The suitability of STEG-NTSs in a battery cell was investigated by performing linear sweep voltammetry
(LSV) and Li plating/stripping experiments. LSV was used to assess the electrochemical stability of
STEG-NTs within the traditional Li-ion battery operating window (-1 to 6V vs Li/Li"). A STEG-NT
pellet was sandwiched between Li-metal and stainless-steel foil and scanned at a rate of 1 mV s at 50
°C. STEG-NTs exhibit higher oxidative stability when compared to traditional PEO-based polymer

electrolytes (Figure 7A),30-

which is attributed to the confinement of the glycol moieties within the
nanotube interior, thereby shielding them from undesired oxidation. The oxidative stability was preserved

when tested in the presence of a carbon conductive agent, proving that the low electronic conductivity of
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the polymer electrolyte is not responsible for the observed oxidative stability (Figure S51). STEG-NTs
are amenable to reversible Li deposition (-1 V vs Li/Li*) and stripping (0.6 V vs Li/Li"), implying their
structural and electrochemical stability in the potential LIB anode range (Figure 7B). The electrochemical
feature at 0.7 V (vs Li/Li") is due to the formation of a solid electrolyte interphase (SEI layer). Cycling Li
plating-stripping experiments were carried out to assess the long-term stability of STEG-NTs towards
standard lithium-ion battery conditions. A Li/Li symmetric cell was prepared by pelletizing STEG-NT's
between two Li-metal electrodes. Galvanostatic Li plating-stripping on the Li-metal electrodes was
repeatedly conducted at a current density of 0.01 mA cm for 2 h per cycle. Over the course of 500 h,
STEG-NTs demonstrated reversible stripping and plating processes without fingerprints of material
degradation (Figures 7C and 7D). STEG-NTs also exhibited the ability to reversibly plate and strip Li at
varying current densities (Figure S53). Cross-sectional SEM images of the Li-metal electrode
demonstrated that Li plating and stripping occurred uniformly at the interface between the electrodes and
the nanotube electrolyte layer (Figures S54-55). The smooth interface of the Li-metal electrode after
cycling indicates that STEG-NTSs promote uniform Li-ion flux to and from the metal electrode. The bright
band uniformly formed at the interface indicates the formation of a stable SEI layer. Together, these results
emphasize the potential of STEG-NTSs towards practical Li-ion battery cells, and more broadly show the

promise of these macrocycle assemblies under application relevant conditions.

13



& 03 & 0.3
% 1 mV s, 50°C t 1 mV s, 50°C
o 0.2 - o 0.
< ° < 0.2 Li Stripping
£ o1 £ o1
E\ 0 — =t ‘? 0
e e
8 01 8 0.1 - /4
" - SEI Layer
5 021 g 02 1 \
= = Li Deposition
3 -0.3 T T T 3 -0.3 + T T
2 3 4 5 6 -1 0 1 2
Potential (vs Li/Li*) Potential (vs Li/Li*)

@

0.01 mA cm2, 4 hicycle, 50°C
0.3

Voltage (V)

-0.3 S /E == Li-Metal
«—
STEG-NTs
-0.6 T T T T
0 100 200 300 400 500

Time (h)

O

0.01 mA cm, 4 h/cycle, 50°C

250 260 270 280 290 300
Time (h)
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Conclusions

We have designed a mechanically robust and solution processable nanotube with three interior triethylene
glycol moieties for emergent Li" ion conduction. Condensation of DAPP with STEG-IDA yields an
amphiphilic macrocycle in high isolated yield. Protonation of the pyridine moieties within DAPP under
the mild macrocycle synthesis conditions drives the formation of high-aspect ratio nanotubes with three
interior triethylene glycol moieties (STEG-NTSs). In Solvo XRD measurements demonstrated both
nanotube formation and pore-functionalization as evident by diffraction features at 0.17 and 0.2 A,

respectively. AFM and SEM imaging confirmed that mesoscale nanotube assemblies are formed with
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lengths exceeding 10 um. Upon lithiating STEG-NTs with 1.5 equiv of Li" per macrocycle, a system with
substantial Li-ion conductivity of 3.91 x 10 S cm™! at room temperature and a low activation energy (0.42
eV) was realized. 'Li NMR and Raman spectroscopy demonstrated that lithiation exclusively took place
within the nanotube interior, and that the glycol groups are directly involved in Li" transduction.
Comparing the conductivities of the amphiphilic nanotubes with IDA-NTs and weakly supported STEG-
MC aggregates, it was demonstrated that both glycol moieties and robust non-covalent interactions are
required to realize a highly conductive material. LSV and Li plating-stripping tests demonstrated that
STEG-NTs are stable under device relevant conditions for over 500 hours of operation, highlighting the
potential of this materials platform in the construction of practical ion-conduction materials. Overall, these
findings highlight the potential of precisely functionalized synthetic nanotubes in ion conduction
applications and will inspire future studies into optimizing performance through coupled molecular and

supramolecular design.
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