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We previously reported supramolecular polymers formed by n—n
stacking between disc-shaped hexamers (rosettes) of barbituric
acid-functionalized m-conjugated molecules. Herein, we investi-
gated the impact of amide-mediated hydrogen bonding along two
types of polymer backbones formed by distinct stacking of
rosettes. The stabilization of the hydrogen bonds strongly depends
on the intrinsic stacking arrangement of rosettes, which competes
with the amide hydrogen-bonding.

Supramolecular polymers are stimuli-responsive polymeric
materials obtained by linking small molecules through robust
non-covalent interactions.”* Initially, supramolecular polymer
research was predominantly focused on flexible supramolecu-
lar polymers comprising multiple hydrogen bonding sites®™®
or host-guest pairs’”'® connected by flexible side chains.
However, recent efforts have increasingly explored designs
involving the stacking of disc-shaped aromatic molecules via
multiple peripheral hydrogen bonds."*** A distinctive feature
of these systems is the cooperative nature of the supramolecu-
lar polymerisation process: an initial aggregation of a critical
number of monomers (nucleation phase) locks their molecular
conformations, thereby facilitating the subsequent addition of
further monomers (elongation phase).””"” This cooperative
assembly has advanced our understanding of metastable
states, pathway complexity,"®° precision supramolecular
polymerisation,*'”>* supramolecular polymorphism,**?* and
hierarchical assembly,>**>® thereby promoting broader
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Competition and cooperation between steric
hindrance and hydrogen bonding of
supramolecular discs}

C

research related to molecular self-assembly into solid-state
materials.

For disc-shaped molecules predominantly employing
extended m-conjugated systems, n-stacking further enhances
cooperativity.>® Such extended n-conjugated systems can be
synthesized directly or achieved through pseudo-extension
mediated by multiple hydrogen bonds.>*>* Notably, in the
latter scenario, hydrogen bonding occurs orthogonally rather
than along the polymer growth axis. Our research has long
focused on m-conjugated molecules functionalized with a bar-
bituric acid group and an alkyl tail. These molecules form
cyclic hexameric assemblies (rosettes, Fig. 1a) via hydrogen
bonding between barbituric acid moieties, subsequently stack-
ing to yield supramolecular polymers.*"*> A particularly intri-
guing aspect is the profound influence that rosette geometry
and the dipole moments of barbituric acid-functionalized
n-conjugated units exert on the stacking modes of these
rosettes.>>*%?7

Clear examples are provided by compounds 1 and 2, based
on 1,4- and 2,6-disubstituted naphthalene, respectively
(Fig. 1b).*® Rosettes derived from compound 1 feature protrud-
ing naphthalene units, necessitating rotational offsets during
stacking to mitigate steric hindrance. Consequently, naphtha-
lene units stack in a helical, face-to-face (H-type) arrangement,
resulting in cylindrical supramolecular polymers that extend
up to micrometre lengths even at sub-millimolar concen-
trations (Fig. 1c). In contrast, rosettes of compound 2, devoid
of significant steric hindrance from naphthalene units, con-
sistently stack with combined rotational and translational
offsets determined by their dipole moments. This stacking
arrangement inherently induces curvature in the main
polymer chain, generating uniform ring structures (Fig. 1c).
Thus, the extent of interlocking and steric constraints inherent
to these non-planar rosettes fundamentally drives their stack-
ing patterns.

In this study, we aimed to strategically enhance the stacking
interactions of rosettes formed by 1 and 2 by introducing
additional hydrogen bonds along the polymer backbone

This journal is © The Royal Society of Chemistry 2025
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(a) Hydrogen-bonded rosette composed of barbituric acid moieties. (b) Molecular structures of 1 and 2. (c) Schematic representations of

geometrical features of rosettes composed of 1 and 2 and supramolecular polymerisations these rosettes. (d) Schematic representations of hydro-
gen-bonded network of amide groups along the rosette stacking. (e) Molecular structures of 1,mige aNd 2miqe- (f) SChematic representations of geo-
metrical features of rosettes composed of 1,mide aNd 2,mige and supramolecular polymerisations of these rosettes.

(Fig. 1d). To achieve this, we synthesized compounds 1,mige
and 2,mige, incorporating an amide group through a —(CH,);-
spacer (Fig. 1e). The introduction of the spacer was based on a
previous report suggesting that when the hydrogen-bonding
site is too close to the aromatic moiety, it tends to form hydro-
gen bonds with the barbituric acid unit, thereby promoting
dimerization and the formation of sheet-like structures
instead of rosette assemblies.?® Interestingly, the introduction
of an amide group to the 1,4-naphthalene derivative (1amide),
which originally formed elongated supramolecular polymers
through rotational offsets, resulted in the formation of rela-
tively shorter supramolecular polymers (Fig. 1f). Conversely,
for the 2,6-naphthalene derivative (2;mige), Which originally
formed ring structures due to translational offsets, the intro-

This journal is © The Royal Society of Chemistry 2025

duced amide functionality facilitated elongation into extended
supramolecular polymers (Fig. 1f). These contrasting results
clearly suggest that the introduction of amide hydrogen
bonding sites does not universally promote supramolecular
polymer elongation; rather, compatibility between supramole-
cular monomers and the introduced interactive sites plays a
critical role.

The assembly processes of 1,mige and 2;mige Were investi-
gated by dissolving each compound in methylcyclohexane
(MCH) at 50 pM, heating to 100 °C, and then cooling to 20 °C
at 1 °C min~". Upon cooling, the broad major absorption band
Of 1amide (Amax = 425 and 438 nm) shifted to a sharp band (Amax
= 421 nm). This change was accompanied by the appearance
of a new weak absorption at 500 nm (Fig. 2a). Conversely,

Org. Biomol. Chem., 2025, 23, 6516-6520 | 6517
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Fig. 2 (a and b) Temperature-dependent changes in the UV-Vis spectra
of (a) 1amide and (b) 24mige (€ = 50 pM) in MCH during cooling from
100 °C (red) to 20 °C (blue) at a rate of 1 °C min~t at 5 °C intervals. (c
and d) AFM images of nanofibers formed by (c) 1amide and (d) 2amide-
Insets show photographs of a solution of 1,miqe and a gel of 2,mige iN
MCH (c = 1 mM).

2.mide €xhibited a new absorption band emerging between 450
and 500 nm (Fig. 2b). These spectral changes closely resemble
those observed in 1 and 2 without amide groups, suggesting
face-to-face (H-type) and offset (J-type) stacking of naphthalene
moieties, respectively.*®

To comparatively evaluate the contribution of amide-amide
hydrogen bonding during supramolecular polymerisation of
Lamide aNd 2,mide, thermodynamic parameters were assessed
using temperature-dependent absorption measurements.
Solutions of each compound in MCH were prepared at various
concentrations and cooled at a rate of 1 °C min~" (Fig. S17).
Plotting absorption changes versus temperature revealed non-
sigmoidal temperature dependence, indicative of a cooperative
assembly mechanism involving distinct nucleation and elonga-
tion processes (Fig. S2 and S37t). In the case of 2,mige, @ Weak
secondary transition was observed at lower temperatures,
indicative of a secondary assembly process (Fig. S371). Since
heating curves displayed similar temperature dependence
(Fig. S1t), the cooling processes could be considered thermo-
dynamically controlled. Therefore, the cooling curves were
global-fitted using a cooperative supramolecular polymeris-
ation model’® and melting curve analysis,® and standard
enthalpy and entropy changes were estimated directly as
shared parameters (Table 1 and Fig. S2, S3f). Standard

Table 1 Thermodynamic parameters of supramolecular polymerisation
of 1amides 2amider 1 40 and 2 “

AH® (k] mol™) AS° (mol ™' K1)

Lamide —96 -180
Zamide -117 —238
1 -81 -173
2 -72 -139
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enthalpy changes (AH®) were determined to be —96 k] mol™*
for 1umige and —117 kJ mol™ for 2,mige, indicating that the
latter with 2,6-disubstituted naphthalene forms stronger inter-
molecular interactions. Correspondingly, 2.miqe €xhibited a
greater standard entropy loss (AS® = —238 J mol™* K') com-
pared to lumige (AS° = —180 J mol™* K™'), signifying more
ordered conformations to form optimum intermolecular inter-
actions. Remarkably, these thermodynamic parameters con-
trast with the results observed for parent naphthalene deriva-
tives 1 and 2, highlighting that the introduction of amide
groups inhibits stacking for the 1,4-naphthalene rosette but
substantially promotes stacking for the 2,6-naphthalene
rosette.

Consistent with these results, atomic force microscopy
(AFM) observations revealed notable differences in the aggre-
gate morphologies of 1amide aNd 2amide- When a cooled solu-
tion of 1,migqe Was spin-coated onto highly oriented pyrolytic
graphite (HOPG) substrate, AFM revealed bundled fibres
approximately 6.6 nm in diameter and 100-600 nm in length,
which are relatively short compared to supramolecular poly-
mers of parent compound 1 under comparable conditions
(Fig. 2c and S4at). In stark contrast, 2,mige at 70 °C exhibited
single linear fibres (Fig. S5a and b¥), which showed progressive
twisting and bundling upon cooling to 50 °C (Fig. S5¢ and df).
The higher-order transitions are likely associated with the sec-
ondary transition observed in the lower temperature regime. At
20 °C, helically twisted fibres exceeding 4 pm in length were
predominantly observed, with the thinnest fibres measuring
approximately 5 nm in width (Fig. 2d and S4bt). Reflecting
these mesoscopic structural differences, high-concentration
(1 mM) MCH solutions remained fluid for 1,miqe, Whereas
gelation was observed for 2,mige (insets in Fig. 2c and d).
Comparing these supramolecular polymer structures with
those of parent compounds 1 and 2, which form elongated
fibres and closed rings, respectively,*® reveals that the observed
differences clearly correlate with thermodynamic parameters.
Thus, the mismatch of hydrogen bonding due to rotational
offset likely weakened supramolecular polymerisation of the
rosette of 1,mide, Whereas the absence of geometric constraints
allowed robust, well-aligned hydrogen bonding of the rosette
of 2amide, promoting substantial elongation.

To verify the hypothesis regarding hydrogen-bond matching
and rosette core alignment, FT-IR spectroscopy was employed
to compare the strength of hydrogen bonds between amide
groups within the supramolecular polymers. FT-IR spectra of
monomeric solutions of 1,mige and 2amige i CHCI; exhibited
characteristic amide N-H stretching vibrations around
3450 cm™' and carbonyl C=O stretching vibrations at
1675 cm™', which were supported by DFT calculations cor-
rected by a linear correlation (Fig. $61).**> In contrast, FT-IR
spectra in MCH solutions showed a shift of these stretching
vibrations to lower wavenumbers. Notably, the shift of N-H
stretching vibrations observed for 1,miqe Wwas smaller and the
band was broader than for 2,m;qe, indicating less uniform and
weaker hydrogen bonding in 1,mige- These results strongly
support the hypothesis that differences in rosette core align-

This journal is © The Royal Society of Chemistry 2025
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ment critically influence the efficiency and uniformity of
hydrogen bonding interactions within these supramolecular
polymers.

Conclusions

In conclusion, although numerous disc-based supramolecular
polymers have been developed using amide functionalization
of disc-shaped aromatic molecules, our results clearly demon-
strate that introducing amide groups into these building
blocks does not necessarily promote supramolecular poly-
merisation. The formation of thermodynamically stable hydro-
gen bonds critically depends on the alignment of the amide
groups of disc-shaped (supra)molecules, which may conflict
with their inherently stable stacking arrangement. When these
two intermolecular interactions compete, amide introduction
may even deteriorate the intrinsic stacking ability of disc-
shaped molecules. Our findings highlight a design strategy for
stabilizing barbiturate-directed supramolecular polymers via
orthogonal hydrogen bonding, which may facilitate the devel-
opment of novel mesoscopic materials with curved supramole-
cular chains characteristic of barbituric acid derivatives.””
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