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Introduction

Self-assembly of water-filled molecular saddles to
generate diverse morphologies and high proton
conductivityt

Nyaya Prakash Pradhan, 22 Sweety Gupta,* Swapnendu Narayan Ghosh, 2 £°
Amit Paul, &2 *® Santanu Talukder 2 *° and Aasheesh Srivastava () *@

The design of single-component organic compounds acting as efficient solid-state proton conduction
(SSPC) materials has been gaining significant traction in recent times. Molecular design and controlled
self-assembly are critical components in achieving highly efficient SSPC. In this work, we report the
design, synthesis, and self-assembly of an organic macrocyclic aza-crown-type compound, P2Mac,
which complements synthetic ease with efficient SSPC. P2Mac is derived from the pyridine-2,6-dicarbox-
amide (PDC) framework and contains polar amide and amine residues in its inner region, while aromatic
residues occupy the periphery of the macrocycle. The crystal structure analysis revealed that P2Mac
adopts a saddle-shaped geometry. Each P2Mac molecule interacts with one water molecule that is
present in its central polar cavity, stabilized by a network of five hydrogen bonds. We could self-assemble
P2Mac in a variety of unique, aesthetically pleasing morphologies such as micron-sized octahedra, hexa-
pods, as well as hollow nanoparticles, and microrods. The water-filled polar channels formed through the
stacking of P2Mac allow attaining a high proton conductivity value of 21.1 mS cm™ at 27 °C under a rela-
tive humidity (RH) of 95% in the single crystals of P2Mac, while the as-prepared P2Mac pellet sample
exhibited about three-orders of magnitude lower conduction under these conditions. The low activation
energy of 0.39 eV, calculated from the Arrhenius plot, indicates the presence of the Grotthus proton
hopping mechanism in the transport process. This report highlights the pivotal role of molecular design
and self-assembly in creating high-performance SSPC organic materials.

clean and renewable energy technologies and overcoming
certain challenges related to conventional proton-conducting

The development of organic solid-state proton conduction
(SSPC) materials holds great significance across a wide range
of technical domains ranging from energy storage and conver-
sion devices such as Proton Exchange Membrane (PEM) fuel
cells, hydrogen separation and batteries to sensors and bio-
medical devices." SSPC refers to the ability of materials to
facilitate the transport of protons through them, allowing for
the conversion of chemical energy into electrical energy.®
Designing efficient SSPC materials is crucial for advancing
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systems.”® The current SSPC materials based on metal-
organic frameworks (MOFs),”* carbon-organic frameworks
(COFs)," " polymer electrolytes,"”*° perovskite oxide,”*>* etc.
offer limited solution processability and the use of metal ions
can lead to adverse environmental consequences and loss of
activity upon leaching of metal ions. In this context, there is a
need for developing highly efficient single-component mole-
cular SSPC materials that can offer advantageous features such
as light weight, improved processability, and diversification
through molecular design.>

The single-component hydrogen-bonded organic frame-
work (HOF) has also gained prominence as a potential SSPC
material since the first report by Miillen et al., who prepared a
phosphonic acid-based HOF with a self-assembled columnar
structure, displaying a consistently high proton conductivity of
3.2 mS em™" in the temperature range of 120 to 180 °C under
1 bar H,O atmosphere.”® The conductivity was ascribed to the
intramolecular H-bonded network formed by phosphonic acid
groups within the framework. Later, in 2016, Chen et al. intro-
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duced a metal-free porphyrin-based single-component HOF,
exhibiting a moderately high proton conductivity of 3.4 x 10~°
mS ecm™' at room temperature and 97% RH.*” In a recent
study, Zhang and co-workers showcased the achievement of
superprotonic conductivity (¢ = 22.1 mS cm™') in a HOF
material by inserting DMSO as guest molecules under anhy-
drous conditions at 100 °C.*® Such organic SSPC materials can
benefit from exploiting supramolecular interactions such as
hydrogen bonding, n-n stacking, and CH-rn interactions, as
well as charge transfer (CT) interactions to direct molecular
self-assembly in order to create proton conducting conduits
that ease the flow of H" through them.?**! These interactions
play a crucial role in stabilizing the functional supramolecular
self-assemblies.’** Thus, understanding the principles
underlying the self-assembly process and its impact on the
resulting structural arrangement is essential for enhancing the
proton conducting ability. It is evident from the literature
reports that both molecular design and spatial organization of
molecules play critical roles in creating efficient SSPC organic
motifs. Previously, Wang et al demonstrated that highly
ordered nanostructures obtained through self-assembly
through H-bonding and other interactions facilitate superior
SSPC.*® In this study, melamine and trimesic acid were uti-
lized to create crystalline nanowires, where the trimesic acid
acts as a proton source in the system. However, the design of
single-component SSPC organic molecular materials is rather
rare and holds great relevance in the realm of designing pure
organic electronics.

Our group has been designing pyridine-2,6-dicarboxamide
(PDC) based molecular scaffolds demonstrating diverse capa-
bilities such as anion sensing,*® host-guest extraction,®”
charge-transfer interactions (CTI),*® and photoisomerization.>
Recently, we have reported a PDC-based amphiphilic mole-
cular clip that can efficiently co-transport both H" and CI~
ions across synthetic lipid vesicles.’® Furthermore, we have
developed a helical scaffold based on the PDC framework that
can exist in two distinct forms (yellow and orange) in polar
and nonpolar solvents and also shows high SSPC (up to 1.2 x
107" mS em ™" at 95 °C and 95% RH).*" Taking these explora-
tions further, we aimed to create a novel compact macrocyclic
system for efficient SSPC. The macrocycle named P2Mac
(Fig. 1) is strategically designed to facilitate a more ordered
and symmetrical arrangement of molecules. It contains a
hydrophilic inner core comprising amide and amine -NH resi-
dues, forming a polar aza-crown-like structure that can estab-
lish a strong H-bonding network during self-assembly.
Meanwhile, the outer region incorporates nonpolar aromatic
residues for efficient stacking of the macrocycles to create an
extended proton-transporting channel.

Results and discussion
Synthesis and crystallographic studies

The macrocycle P2Mac was readily synthesized in 35% yield by
clipping the previously reported PDC-based precursor P2*°
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Fig. 1 Molecular design and synthetic scheme for preparing the aza-
crown-like macrocycle P2Mac and exploring its solid-state proton
conductivity.

with 2,6-bis(bromomethyl)pyridine (Fig. 1). The macrocycle
was well characterized through various techniques such as
mass, NMR, and single-crystal X-ray diffraction (ESIT section).
In order to get structural insights into the macrocycle, single
crystals of P2Mac were obtained by slow infusion of ethyl
acetate vapors into its THF solution over the course of two to
three days at 4 °C. The SC-XRD data revealed that the molecule
crystallizes in the centrosymmetric monoclinic space group
P24/n, with four P2Mac molecules per unit cell along with four
water molecules. It is likely that these water molecules are
either present in the solvent or are taken up by P2Mac mole-
cules from the atmosphere. From the crystal structure, it was
observed that the molecule adopts a saddle-shaped geometry
in order to minimize the steric repulsion between the rings
(Fig. 2A). The two phenyl rings present in the molecule are
oriented on one side, while the two pyridine rings are
oriented on the other side with a dihedral angle of 128.6°
and 115.3°, respectively (Fig. S2A and S2Bf). Additionally, a
water molecule resides within the central cavity of each
molecule, stabilized by a strong H-bonded network. We
found that the presence of water molecules is crucial for
stacking the macrocycles and establishing an organized and
symmetrical arrangement within the crystal structure. Each
water molecule formed five H-bonds with the macrocycle
(03---H1, 2.240 A; 03--H2, 2.168 A; 03.-H3, 2.114 A;
N3..-H5, 2.198 A and N4.--H5, 2.381 A) and one with the
amine -NH residue of the adjacent macrocycle (H6---N5,
2.008 A), forming a strong H-bonded stacked water channel
(Fig. 2 and S3A, S3Bf). Additionally, the PDC nitrogen is
engaged in  intramolecular  Dbifurcated H-bonding
(H1---N1---H2) with the neighboring amide -NH groups at a
distance of 2.341 A and 2.367 A, respectively. As a result of
these interactions, the P2Mac molecules are stacked in a
head-to-tail fashion, where PDC residues are oriented oppo-
sitely in adjacent molecules along the b-axis, albeit with a

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 SC-XRD analysis of P2Mac D H,0O. (A) ORTEP diagram at 50% probability showing intermolecular H-bonding interactions of P2Mac with
H,O. (B) Crystal packing along the b-axis: a top-view perspective highlighting intermolecular short-contact interactions. (C) Crystal packing along

the a-axis illustrating the formation of linear stacks of water molecules in
omitted for clarity).

slight slip-stacked configuration, rather than being precisely
aligned on top of each other (Fig. S3Bt). In addition, short
contacts between the amide —-CO and the adjacent phenyl
and pyridyl -CH were also observed, ranging from 2.4 to
2.6 A (Fig. 2B and S3Ct). These short intermolecular inter-
actions play a crucial role in forming a more symmetrical
arrangement of the molecules in all three directions.
Furthermore, the addition of 2% water to the THF solution
of P2Mac led to the formation of elongated rod-shaped crys-
tals (Fig. S4t), which were subsequently investigated for
their proton conductivity properties. A time-dependent
crystal growth experiment in this solvent medium demon-
strated the slow growth of the rod-shaped crystals to form
elongated rods of millimeter length (Fig. S5t). The water
molecules present during the crystal formation play a crucial
role in the directional stacking of P2Mac molecules through
interlinking adjacent P2Mac molecules via hydrogen bonds,
thus setting them up for crystallization through oriented
assembly. Thus, the addition of water aids in stacking the
P2Mac molecules and promotes the directional growth of
the crystals to form such elongated rods. Nonetheless, the
crystals obtained in the presence of water had crystal para-
meters and arrangement of molecules similar to those
observed for crystals obtained without any added water in
the medium.

This journal is © The Royal Society of Chemistry 2024

the crystals to form water channels for proton conduction (H atoms are

DFT calculations and EPR studies

To gain further insights into the molecular packing, DFT
calculations were performed using Gaussian 09 software,
utilizing the coordinates obtained from the crystal struc-
ture. We performed the energy optimization of P2Mac
using the B3LYP/6-311G++(d,p) basis set to simulate the
spatial distribution of frontier molecular orbitals (FMOs) in
the molecule. The HOMO is localized on one of the phenyl
residues of the molecule, whereas the LUMO lies on the
PDC backbone (Fig. 3A), with a HOMO-LUMO gap of ~3.67
eV. As a result, while packing along the b-axis, rather than
stacking directly on top of one another, P2Mac molecules
are slip-stacked in a head-to-tail fashion with opposite
orientations in order to attain spatial proximity for the
HOMO and LUMO in the stacks (Fig. 3B). We performed an
electron paramagnetic resonance (EPR) experiment at low
temperature to verify the HOMO/LUMO charge-transfer
interactions (CTI) in the molecular packing of the macro-
cycle.*” The solid-state EPR experiment revealed a strong
peak in the spectrum with a g-factor of 2.007 at 140 K
(Fig. S61). The intensity of the EPR signal was further
enhanced when P2Mac was exposed to UV light, suggesting
the formation of active radicals during the charge transfer
process.
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Fig. 3 (A) DFT optimized frontier molecular orbital distribution of
P2Mac using the Gaussian 09, B3LYP/6-311G++(d,p) basis set. (B)
Molecular stacking of P2Mac along the b-axis showing HOMO/LUMO
interactions.

Self-assembling P2Mac into diverse morphologies

We wished to investigate how H-bonding solvent can alter the
morphology of P2Mac self-assemblies. We varied the water/
THF ratio as well as the rate of addition of THF solution of
P2Mac (0.1 mg mL™") in the water-THF mixture to control the
nucleation and growth kinetics of the self-assemblies. Here,
THF would act as a good solvent for P2Mac while water would
act as a poor solvent. By maintaining a final water/THF ratio of
50% v/v and adding the THF solution of P2Mac at an addition
rate of 100 pL per 60 s, followed by keeping the solution undis-
turbed for 1 hour, we obtained uniform hollow nanoparticles
with an average diameter of approximately 400 + 25 nm
(Fig. 4A and B). The hollowness of the nanoparticles is clearly

Slow Addltlon
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evident in the SEM and TEM images (Fig. 4B and S77).
Conversely, a rapid addition at 100 uL s~ of the P2Mac THF
solution results in the formation of microrods at a final water/
THF ratio of 30% v/v (Fig. 4C and D). However, at an inter-
mediate addition rate of 100 pL per 30 s, we managed to gene-
rate two distinct micron-sized morphologies, namely octa-
hedron (at a final water/THF ratio of 30% v/v) and hexapod (at
a 90% v/v water/THF ratio). The schematic representation of
the formation of various morphologies under different water/
THEF ratios and addition rates is shown in Fig. 5, and a detailed
procedure for creating these morphologies is provided in the
ESL.T An intricate interplay of solvent-solute interaction gener-

90

70

50

% Water/THF

30

Slow Fast
o - mp

Fig. 5 Schematic illustration of the formation of diverse morphologies
of P2Mac under different conditions.

Addition Rate

Controlled Addition

Fig. 4 SEM images of diverse morphologies at 0.1 mg mL™* concentration of P2Mac. (A) Uniform hollow nanoparticles obtained through slow
addition of P2Mac THF solution to produce a 50% v/v water/THF ratio. (B) Enlarged view revealing the hollowness of the nanoparticles. (C)
Microrods obtained through fast addition at 30% v/v water/THF mixture. (D) Enlarged view revealing the detailed morphology of microrods. (E)
Octahedra and (F) hexapods obtained through controlled addition at 30% and 90% v/v water/THF mixture, respectively.
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ated these diverse morphologies through the controlled self-
assembly of P2Mac molecules. A detailed investigation into the
generation of these faceted morphologies, such as the octa-
hedron and the hexapod, is pending and will be the subject of
future studies.

Conductivity studies of P2Mac

The formation of water channels in the stacks of P2Mac seen
in the crystal structure encouraged us to explore its solid-state
proton conduction (SSPC) ability in both pellet and crystal
forms. The AC proton conductivity of P2Mac was investigated
through electrochemical impedance spectroscopy (EIS) using
compressed pellets. These pellets were initially exposed to HCI1
vapors for 4 hours and subsequently placed inside a tempera-
ture and humidity-controlled chamber. The conductivity
experiment was conducted in the frequency range of 5 MHz to
1 Hz. The semicircle obtained from the Nyquist plot was fitted
according to the equivalent circuit shown in Fig. S8,f where
the first semicircle that appears in the high-frequency region
shows the proton conductivity value of the sample. The experi-
ments were conducted at varying temperatures, ranging from
27 °C to 65 °C, under a relative humidity (RH) of 95%. The
proton conductivity of P2Mac pellets, measured at 27 °C and
95% RH, was 2.17 x 107> mS ecm ', exhibiting a notable
increase to 1.79 x 107* mS em™ at 65 °C as illustrated in
Fig. 6A. These values are remarkably high for single-com-
ponent SSPC materials, which is attributed to the existence of

View Article Online
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polar self-assembled water-filled channels in P2Mac stacks
that facilitate the migration of H' through them. However,
since P2Mac lacks a source of protons to transmit, we kept the
P2Mac pellets as well as the rod-shaped crystals in an environ-
ment of aqueous HCI (ca. 5.5 M) for 4 h to enhance the con-
ductivity of the material. Nevertheless, no changes in the
crystal structure or molecular arrangement were observed in
the crystals upon such exposure, except for a color change in
the pellet from light to dark yellow (Fig. S91). To gain further
insight into the mechanism of the proton transfer pathway in
the pelletized P2Mac sample, activation energy (E,) was calcu-
lated from the Arrhenius plot (Fig. 6B and Table S27). The cal-
culated E, was found to be 0.39 eV, indicating that the proton
transfer proceeds through the Grotthus mechanism.*?
Furthermore, a time-dependent stability experiment was also
performed for P2Mac pellets at 50 °C and 95% RH, which
showed that they were stable for 9 hours (Fig. 6C and
Table S3f). The NMR spectra before and after conductivity
measurement also demonstrated the stability of P2Mac
(Fig. S10%).

The rod-shaped crystals of P2Mac, with sub-mm length,
inspired us to investigate both the AC and DC conductivity of
the material in its crystalline state as well (Fig. S11}). For that
purpose, we fabricated a single crystal device of P2Mac
(Fig. 6D), and the detailed fabrication procedure is outlined in
section 6.4.1 of the ESI.f The AC proton conductivity of the
crystal sample was measured using the EIS technique in the
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Fig. 6 Conductivity data for P2Mac. (A) Temperature-dependent Nyquist plots of P2Mac pellets at 95% RH. (B) Arrhenius plot for the calculation of
activation energy (E,). (C) Time-dependent proton conductivity plot at 50 °C and 95% RH for the pellets. (D) Optical image of a P2Mac crystal (L =
210 pm, W = 95.7 um, H = 16.5 pm) connected to two electrodes for conductivity studies. (E) Nyquist plot and (F) DC /-V characteristics for single

crystal conductivity measurement of P2Mac at 27 °C and 95% RH.

This journal is © The Royal Society of Chemistry 2024
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frequency range of 1 MHz to 1 kHz. At 27 °C and 95% RH, the
conductivity was calculated to be 21.1 mS em™" from the first
semicircle obtained from the Nyquist plot, as depicted in
Fig. 6E. Compared to the pelletized sample, the crystal of
P2Mac exhibited a remarkable three-order enhancement in
proton conductivity under similar conditions. The DC current-
voltage (I-V) characteristics of the P2Mac crystal showed a
moderate conductivity value of 9.1 x 10™* mS em™ at 27 °C
and 50% RH. However, under high humidity conditions (95%
RH), the same crystal showed a three-order increase in conduc-
tivity up to 9.7 x 107 mS cm™" (Fig. 6F). Both the AC and DC
conductivity values of the P2Mac crystal are comparable to
those of some of the current high-performance single-com-
ponent organic SSPC materials (Table S4t). The exceptionally
high AC and DC conductivities observed in the crystal sample
can be attributed to the highly ordered crystal packing, which
reduces grain boundaries and eliminates extrinsic proton
transfer across particle gaps commonly present in powder
samples.

Conclusions

In conclusion, this study presents a suitably designed organic
macrocycle P2Mac that acts as a competent single-component
organic material with enhanced solid-state proton conduction
(SSPC) ability. We also demonstrate how the self-assembly of
P2Mac can be modulated in a controlled manner to produce
diverse morphologies, including hollow nanoparticles, micro-
rods, and micron-sized octahedra as well as hexapods through
the use of different water/THF ratios and addition rates. By
leveraging the molecular self-assembly of P2Mac in the single
crystal and the spontaneous formation of a water channel in it,
high SSPC values up to 21.1 mS em™" were achievable at 27 °C
and 95% relative humidity. This exploration presents a useful
amalgamation of molecular design and self-assembly to
augment the prospects of designing efficient single-com-
ponent organic proton conductors.
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