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ABSTRACT: Molecular self-assembly in water leads to nanostruc-
ture geometries that can be tuned owing to the highly dynamic
nature of amphiphiles. There is growing interest in strongly
interacting amphiphiles with suppressed dynamics, as they exhibit
ultrastability in extreme environments. However, such amphiphiles
tend to assume a limited range of geometries upon self-assembly
due to the specific spatial packing induced by their strong
intermolecular interactions. To overcome this limitation while
maintaining structural robustness, we incorporate rotational
freedom into the aramid amphiphile molecular design by
introducing a diacetylene moiety between two aramid units,
resulting in diacetylene aramid amphiphiles (D-AAs). This design
strategy enables rotations along the carbon—carbon sp hybridized
bonds of an otherwise fixed aramid domain. We show that varying concentrations and equilibration temperatures of D-AA in water
lead to self-assembly into four different nanoribbon geometries: short, extended, helical, and twisted nanoribbons, all while
maintaining robust structure with thermodynamic stability. We use advanced microscopy, X-ray scattering, spectroscopic techniques,
and two-dimensional (2D) NMR to understand the relationship between conformational freedom within strongly interacting
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amphiphiles and their self-assembly pathways.

Bl INTRODUCTION

Molecular self-assembly plays a critical role in forming diverse
supramolecular architectures and functional macromolecules in
biological systems, such as cell membranes and protein
structures.'~ These assemblies are dominated by noncovalent
interactions, and their dynamic nature often results in
nanostructures with diverse and tunable morphologies. This
diversity is key to complex cellular processes.” Synthetic
amphiphiles self-assemble in a similar manner and offer a
bottom-up approach to constructing nanostructures with
programable functionalities and pristine arrangements.”””
Examples of self-assembling synthetic amphiphiles include
peptide amphiphiles,”” chromophore amphiphiles,'”"" and
lipids."”"* These assemblies have high surface areas and are
dynamic within the nanostructures,'”"® making them promis-
ing for applications that mediate reactions and require
responsiveness.'®"'® The ability to control nanostructure
morphology through molecular design and environmental
conditions is important for achieving the desired functions for
targeted applications. For example, peptide amphiphile nano-
fibers serve as tissue scaffolds for cell repair and regeneration,"”
lipid-based liposomes and self-assembled nanoparticles facili-
tate drug delivery,”” and nanotubes self-assembled from rigid-
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flexible block amphiphiles function as supramolecular channel
reactors.”’

Strongly interacting amphiphiles, which exhibit robust
intermolecular interactions upon self-assembly, have emerged
as a unique class of self-assembling molecular building blocks.
These supramolecular nanostructures possess high mechanical
stabilities due to their strong intermolecular forces'***
have been reported for applications in electrica
However, these

amphiphiles are generally fixed into specific conformations

and
23,2
1, 3,24

L 125-27 e 28
optical, and water remediation.

during assembly since strong intermolecular interactions are
directional.”” This constraint often limits the range of
morphologies achievable by nanostructures composed of
strongly interacting amphiphiles. Therefore, we hypothesize
that building rotational freedom into the molecular design of
strongly interacting amphiphiles will allow us to harness both
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Figure 1. AAs with rotational domain exhibit polymorphism in self-assembled nanostructures. (a) AAs contain a hydrophilic headgroup (purple),
an aramid structural domain (cyan), and an aliphatic tail domain (black). AAs with the cationic headgroup and diacetylene domain (blue) are
synthesized in this study (D-AAs), and previously reported CatAAs without the diacetylene domain are used as a control.”> (b) D-AAs exhibit four
different self-assembled nanostructures in water by varying thermal equilibration temperature (high or low temp.) and initial concentrations (high
or low conc.), which are helical, twisted, short planar, and extended planar nanoribbons.

structural robustness and will facilitate a diversity of supra-
molecular geometries.

Aramid amphiphiles (AAs) are a class of strongly interacting
amphiphiles that self-assemble to form high aspect ratio
nanoribbons with robust mechanical properties and suppressed
dynamic motion."* AAs contain a hydrophilic headgroup and
an aliphatic tail, similar to phospholipids, but also incorporate a
“structural domain” consisting of usually three aromatic amides
(aramids) (Figure 1a). The structural domain provides strong
intermolecular cohesion via collective hydrogen bonding and
m—n stacking interactions. AAs, similar to other strongly
interacting amphiphiles, are limited in their range of achievable
morphologies.”””" Therefore, AAs provide a platform for
investigating the role of rotational freedom within each
molecule.

In this study, we incorporate a diacetylene domain into the
molecular design of an AA molecule (D-AA) for two reasons:
(1) to promote rotational freedom only along the carbon—
carbon sp hybridized bond within the aramid structural
domain, and (2) because the diacetylene domain within a
nanostructure serves as a fluorescent probe (Figure la).
Introducing conformational flexibility into the backbone of
self-assembling amphiphiles typically results in a variety of
packing motifs and leads to multiple simultaneous nanostruc-
ture geometries after self-assembly.”’ Such a diversity of
nanostructures makes it challenging to identify relationships
between amphiphile features and nanostructure geometry.” In
this study, we designed D-AAs with a single-axis rotational
freedom in order to permit only rotation freedom in one
direction of the molecule. This constrained motion allows us to
probe how the molecular conformation impacts the self-
assembly pathways. Additionally, the fluorescent nature of the
D-AA nanostructures will allow us to investigate conforma-
tional changes and intermolecular interactions with domain-
specificity of different supramolecular morphologies.*
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B RESULTS AND DISCUSSION

We synthesized D-AAs by incorporating the diacetylene
domain into the previously reported molecular design of a
cationic AA, CatAA (Figure la).'* Synthesis details and
characterization of the D-AAs and their intermediates are
provided in the Supporting Information (Figures S1—S12).
The self-assembly of CatAAs consistently forms high aspect
ratio planar nanoribbons, independent of the wide range of
initial concentrations and thermal equilibration temper-
atures.'* However, changes in pH conditions can influence
this due to the positively charged surface chemistry.”" In this
study, we maintain the same hydrophilic headgroup of two
AAs in order to eliminate any morphological changes that may
be related to the headgroup chemistry. Unlike the assembly of
CatAAs, the assembly of D-AAs in water shows explicit
dependence on the concentration and temperature by
conventional transmission electron microscopy (TEM) and
cryogenic TEM (cryo-TEM) (Figure 1b). More specifically, we
discover that D-AAs self-assemble into helical nanoribbons at a
low concentration and room temperature in water (Figure 2a
and S13), and a morphological transition occurs from helical to
twisted nanoribbons after equilibrating the assemblies at
elevated temperatures for 24 h (Figure 2b). The population
of twisted nanoribbons increases with increasing annealing
temperature from 40 °C (Figure S14) to 60 °C (Figure S15),
and by 75 °C, the D-AA nanostructures completely transition
into twisted nanoribbons (Figure $16). Meanwhile, we confirm
the D-AA molecules maintain their original molecular weight
after annealing, indicating the diacetylene domain of D-AA is
thermally stable in water at these elevated temperatures
(Figure S12). Based on cryo-TEM, the widths of helical
nanoribbons and the thickness of twisted nanoribbons are 4.6
and 5.2 nm, respectively. We further find that the radius and
pitch length of helical nanoribbons are variable in both the
TEM and cryo-TEM images, indicating no intermolecular
forces to stabilize the helical nanostructure between the
surfaces. In contrast, the nanoribbon length, width, and pitch
length of twisted nanoribbons increase with increasing
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Figure 2. Representative cryo-TEM images of four different D-AA
nanostructures self-assembled in water at various initial concen-
trations and thermal equilibration temperatures. White arrows
indicate ribbon dimensions. (a) Helical nanoribbons with a 4.6 nm
ribbon width formed at 20 °C with 1 mg/mL concentration (low
temp./low conc.), (b) twisted nanoribbons with a 5.2 nm ribbon
thickness formed at 75 °C with 1 mg/mL concentration (high temp./
low conc.), (c) short planar nanoribbons with a 5.2 nm ribbon
thickness formed at 20 °C with 10 mg/mL concentration (low temp./
high conc.), and (d) extended planar nanoribbons with a 5.2 nm
ribbon thickness formed at 75 °C with 10 mg/mL concentration
(high temp./high conc.). (Scale bar, SO nm; inset scale bar, 10 nm).

annealing temperatures (Figures S19 and $20). These
morphological features are preserved at room temperature
for an extended period and are unaffected by dilution. This
stability suggests that each D-AA twisted nanoribbon
represents a thermodynamically metastable state and becomes
deeply kinetically trapped upon self-assembly. A sublinear
scaling relationship of width and pitch length indicates that the
deformation energy is not simply proportional to the average
curvature of the entire nanostructure (Figure 820).34 Notably,
such chiral nanostructures are first observed in these D-AA
assemblies among the collections of self-assembling AA
nanostructures. At higher initial concentrations, D-AAs self-
assemble into short planar nanoribbons at room temperature
in water (Figure 2c and S17), and the average length of the
planar nanoribbons is extended after equilibrating the
assemblies at elevated temperatures for 24 h (Figure 2d and
S18). Both planar nanoribbons have a thickness of 5.2 nm and
variable widths, calculated from cryo-TEM images.
Small-angle X-ray scattering (SAXS) was carried out to
evaluate the nanostructure morphologies quantitatively. SAXS
profiles of the four D-AA nanostructures present a slope of —2
in the low-q regime, suggesting that all D-AA assemblies
behave as one-dimensional nanostructures in the solution
(Figure 3a).”> For extended planar, short planar, and twisted
nanoribbons, the SAXS profiles best fit a lamellar bilayer model
with a thickness of 5.0, 4.8, and 5.0 nm, respectively (Figures
$21—523).%® These fits corroborate the thicknesses measured
by cryo-TEM and previously reported fits for CatAA
nanoribbons.”® Wide-angle X-ray scattering (WAXS) provides
insights into long-range ordering and molecular organization.

WAXS profiles of extended and short planar nanoribbons show
a characteristic peak of uniform intermolecular distances (d =
4.93 A), whereas the profiles of helical and twisted nanorib-
bons do not contain information about long-range molecular
packing (Figure 3b). These uniform intermolecular distances
represent an extended hydrogen bonding network along the
nanoribbons, which has been confirmed in other self-
assembling AA nanostructures.”” Based on the X-ray scattering
results, we speculate that the hydrogen bonding network
among aramid domains of D-AAs is activated only at high
concentrations. When the concentration is low, the D-AAs are
packed in a distinct way. This new packing preference likely
leads to the formation of chiral structures, such as helical and
twisted nanoribbons, in D-AA assemblies. Absorption spec-
troscopy is commonly used in supramolecular chemistry to
identify changes in conformation and secondary bonding for
chromophores.*”*® Compared to the UV—visible absorption
spectrum of CatAA nanoribbon suspensions, which only shows
a single peak at 298 nm,”” the absorption spectra of the D-AA
nanostructure suspension exhibit three local maxima due to the
addition of the diacetylene moiety (Figure 3c). The D-AA
helical and twisted nanoribbons share virtually identical local
maxima at 322, 342, and 370 nm. The peaks for twisted
nanoribbons possibly have more defined shapes, likely because
of the optimization of molecular arrangement at the elevated
temperature. This molecular rearrangement is also probed by
site-directed spin-labeling and electron paramagnetic reso-
nance (SDSL-EPR) spectroscopy, a technique used to
investigate conformational dynamics within specific domains.*”
The SDSL-EPR spectra suggest that the ejection of spin-
labeled AAs occurs during the morphological transition of D-
AA helical into twisted nanoribbons (Figure S24).

At high concentrations and without thermal equilibration,
we observe a subtle bathochromic (red) shift between helical
and short planar nanoribbons. In contrast, moving from short
to extended planar nanoribbons, a larger and systematic
bathochromic shift (A4 = 17 nm) occurs for all three local
maxima after equilibration at the elevated temperature. In
addition to the systematic bathochromic shift from thermally
equilibrated samples, we also notice that the peak at the low
wavelength becomes relatively weaker and the peaks at high
wavelengths become relatively stronger with increasing the
concentration of D-AAs gradually (Figure S25). Previously, we
confirmed that a bathochromic shift indicates a reduced
intermolecular interaction for self-assembled AA nanostruc-
tures.>"*° However, we also confirmed from solution WAXS
that the hydrogen bonding network among D-AAs is activated
when bathochromic shifts occur at high concentrations (Figure
3b). Hence, we consider that the different packing preference
at low and high concentrations is caused by the conformational
changes of D-AA, which lead to the shifts and changes in the
UV—vis spectra’s peak ratios. The conformational difference
between morphologies is further supported by Fourier-
transform infrared (FT-IR) spectroscopy. At low concen-
trations, we observe a shift in the carbonyl (C=0) amide I
stretch peaks as the annealing time extends (Figure 3d).
Conversely, at high concentrations, the C=0 amide I stretch
peaks at 1656 and 1642 cm™' become more pronounced as the
annealing time increases, but without shifting, suggesting the
formation of a collective hydrogen bonding network (Figure
3e). The peaks at 1672 and 1600 cm ™" are assigned to carbonyl
stretching of the amide bond connecting the headgroup to the
aramid structural domain and carbon—carbon stretching in the
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Figure 3. SAXS, UV—vis, FT-IR, and circular dichroism (CD) spectroscopy reveal the morphological, structural, and conformational differences of
D-AA nanostructures. (a) SAXS of D-AA nanostructures in water indicates a slope of —2 in the low-g regime, indicating one-dimensional
nanostructures, and best fits the lamellar model (black dotted), yielding a 4.8—5.0 nm thickness. (b) WAXS of D-AA extended and short
nanoribbons (blue and cyan) show a characteristic peak of the uniform intermolecular distances (d = 4.93 A), which indicates an extended
hydrogen bonding network. (c) Normalized UV—vis absorption spectra of D-AA nanostructures reveal differences arising from molecular
conformation and packing of D-AAs in the nanostructures. Time-dependent ATR—FTIR spectra for D-AAs at concentrations of (d) 1 mg/mL and
(e) 10 mg/mL in D,0, annealed at 75 °C, reveal clear differences in the conformational state of D-AAs between twisted (low conc) and extended
planar (high conc.) nanoribbons. The gray dashed lines visually indicate the trend of transition in the peak positions. (f) CD spectrum of D-AA
twisted nanoribbons (red) displays a negative signal induced by twist, spanning the range of 250—400 nm, whereas the CD spectra of other D-AA

nanostructures exhibit no optical activity.

aromatic units, respectively. This contrast in the time-
dependence of the FT-IR spectra during annealing further
suggests a dependence of the preferred intermolecular
interactions and conformational states of D-AA self-assembly
on the concentration of D-AAs. The FT-IR spectra of the
powdered samples, obtained from freeze-drying the suspension
of D-AA nanostructures, further exhibit an intensified peak at
1593 cm™" for D-AA short and extended planar nanoribbons
(high concentration) when compared to both the CatAA
control nanoribbons and D-AA helical and twisted nanorib-
bons (low concentration) (Figure $26). This peak is associated
with the typical ring deformation of the aryl group adjacent to
the diacetylene domain.”"** These results suggest that
alterations in the average electronic environment of the aryl
groups adjacent to the diacetylene domain occur between
different morphologies.

Interestingly, CD reveals that only twisted nanoribbons of
D-AA exhibit optically active spectra, while the other three D-
AA nanostructures do not have detectable CD signals (Figure
3f). We confirm by measuring the spectra of D-AA fully
dissolved in dimethyl sulfoxide (DMSO) that the achiral D-AA
shows no CD signal (Figure $27). We also measured the CD
spectrum of CatAA to confirm that the aramid structural
domain does not contribute to the optical activity (Figure

22957

S27). Therefore, the observed optical activity of D-AA twisted
nanoribbons is unique to that particular nanostructure and is
unexpected. We analyzed the CD spectrum of 60 independ-
ently prepared samples of D-AA twisted nanoribbons and
found a negative, left-handed chiral signature in every sample
(Figure S28). We then analyzed the extent of nanostructure
chirality by plotting the ratio between the CD intensity and
UV—vis absorption intensity of D-AA twisted nanoribbons.
This ratio yields the anisotropy, or dissymmetry g-factor
(Figure S29). The g-factor is given by the equation g = A¢/e,
where Ae is the molar CD intensity and & is the molar
extinction coefficient. The calculated wavelength-dependent g-
factor maximum is found to be 2.5 X 107* at 350 nm for D-AA
twisted nanoribbons. This value is comparable to the typical g-
factor range (107> to 107°) of optically active materials.">**
The origin of the uniform left-handedness observed in D-AA
twisted nanoribbons is unknown but may be explained by trace
levels of organic substances present in the ambient environ-
ment acting as chiral inductors. Despite their seemingly
negligible concentration, these substances with chiral centers
may serve as self-assembly precursors, favoring the left-handed
growth of D-AA twisted nanoribbons. By utilizing linear
dichroism, we have also eliminated the possibility that the
optical activity of D-AA twisted nanoribbons is a result of the
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Figure 4. 2D NOESY NMR spectra of D-AAs and CatAAs exhibit their distinct intermolecular interactions in the nanostructures. (a) 2D NOESY
of D-AAs shows off-diagonal cross peaks between the aromatic ring and methylene group protons of aramid structural and aliphatic tail domains,
indicating that these two domains are close in space. (b) Proposed antiparallel arrangement of D-AAs leads to the formation of helical and twisted
nanoribbons at diluted concentrations. (c) 2D NOESY of CatAAs only shows short-range off-diagonal cross peaks between hydrogen atoms in
aliphatic tail domains. (d) Proposed parallel arrangement of CatAAs promotes the formation of collective hydrogen bonding and only allows
CatAAs to self-assemble into high aspect ratio nanoribbons. The protons of H, and Hj, peaks from a and ¢ are marked in b and d. All samples were

prepared in a 70:30 mixture of D,O and DMSO-d,.

partially linear alignment of assemblies (Figure $30).*

Notably, very few studies have reported the formation of
optically active supramolecular nanostructures with uniform
handedness, assembled from achiral small molecules.***
Further investigations are necessary to understand the cause
of the uniform left-handedness in twisted nanoribbons of D-
AA.

Further experiments were conducted to deepen our
understanding of the relationship between nanostructure
geometries, packing preference, and conformational changes
in D-AA assemblies. To relate packing preference to different
morphologies, two-dimensional NMR spectroscopy was
carried out to investigate the intermolecular proximity of 'H
sites between D-AAs in water.***’ Since NMR requires a high
concentration of compounds to obtain substantial signals but
self-assembly of the D-AA nanostructures is sensitive to the

22958

initial concentration, a solution of 3:7 DMSO-d,/D,0 is used
to simulate the intermolecular interaction of the fully dissolved
D-AAs. Through TEM and solution WAXS, we confirm that
neither CatAAs nor D-AAs in this solution form any
nanostructures or a hydrogen bonding network. The analogous
UV—vis spectra indicate that the D-AAs in this solution
represent the interactions in D-AA helical and twisted
nanoribbons self-assembled at a low concentration (Figure
S31). Two-dimensional nuclear Overhauser effect spectrosco-
py (2D NOESY) of D-AAs in the solution reveals off-diagonal
cross peaks between the aromatic ring and methylene group
protons of the aramid structural and aliphatic tail domains
(Figure 4a). These off-diagonal cross peaks confirm that the
aramid structural and aliphatic tail domains of D-AAs are
spatially close and are packed in an antiparallel arrangement
during self-assembly at low concentrations (Figure 4b). In
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contrast, the 2D NOESY of CatAAs in the solution shows
short-range off-diagonal cross peaks in a different position,
which are attributed to the hydrogen atoms in aliphatic
domains (Figure 4c). This 2D NOESY result verifies that the
CatAAs are arranged in a parallel manner to promote the
formation of a collective hydrogen bonding network (Figure
4d), corroborating with the previously reported molecular
crystalline structure.'* We further confirmed that these off-
diagonal cross peaks of D-AAs and CatAAs in 2D NOESY are
absent in two-dimensional total correlation spectroscopy (2D
TOCSY), which yields the correlation about the intra-
molecular interaction of protons in an unbroken chain of
coupled spins (Figure S32).

Meanwhile, diffraction analyses of cryo-TEM images and
WAXS patterns of dried nanoribbon thread reveal that the
molecular packing of D-AA short and extended planar
nanoribbons resembles the arrangement in CatAA nanorib-
bons. A magnified view of the cryo-TEM image of a D-AA
extended nanoribbon shows periodically repeating contrasts
with a plane-to-plane distance of 5.0 A (Figure Sa). The fast
Fourier transform (FFT) operation of the cryo-TEM image
yields a clear diffraction pattern (Figure Sb), and this FFT
image fits the uniform intermolecular distances of 5.0 A along
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Figure 5. D-AA extended and short nanoribbons display organized
molecular packing and an extended hydrogen bonding network in the
solution and after being processed to solid-state nanoribbon threads.
(a) Zoomed-in cryo-TEM image of the D-AA extended nanoribbon
shows a 5.2 nm thickness of the nanoribbon and explicit, long-range
ordered distances of 5.0 A (scale bar, 5 nm). (b) FFT image of a
shows two clear diffraction peaks corresponding to the uniform
intermolecular distances (d = 5.0 A) and indicates the thickness of the
diffraction region in the nanoribbons is ~3.5 nm, which is contributed
from the length of aramid structural and diacetylene domains (scale
bar, 2 nm™). (c) WAXS pattern of a D-AA extended nanoribbon
thread shows analogous molecular organization in the solid-state
thread as previously reported in the CatAA nanoribbon thread."* (d)
One-dimensional scattering profile is obtained by integrating the
meridional and equatorial axes of c. Black dotted lines represent
simulated peak positions of a unit cell with a = 7.04 A, b = 4.92 A, and
¢=11.15 A, and space group 26: Pmc2, based on poly(p-benzamide),
reported in the previous study.'

the nanoribbon and a 3.5 nm thickness of the diffraction region
in the nanoribbons, which is shorter than the entire thickness
of the nanoribbon (Figure S33). This fitting is consistent with
the previous solution WAXS results (Figure 3b). The ~5.0 A
uniform intermolecular distances represent an extended
hydrogen bonding network along the nanoribbons, implying
a parallel arrangement of D-AAs in the extended planar
nanoribbons. A shorter thickness of the diffraction region is
likely due to the absence of diffraction within the flexible
hydrophilic headgroup domain. The periodically repeating
contrasts and clear diffraction patterns are confirmed in both
D-AA extended and short planar nanoribbons at multiple
angles and curvatures, indicating that the contrasts are not due
to the artificial effects of cryo-TEM imaging (Figures S34 and
S35).

A unique capability of the AA platform is the formation of
flexible and stable solid-state threads by shear alignment in a
divalent salt solution due to the nanostructures’ stability and
high aspect ratio (Figure S36). WAXS patterns of the dried
nanoribbon thread in a vacuum allow us to confirm molecular
crystalline structures and study the molecular arrangement
within the nanoribbons.'* However, the preparation of these
solid-state threads requires long and straight nanostructures,
and thus WAXS of only the extended nanoribbon morphol-
ogies are studied. A WAXS pattern of a D-AA extended
nanoribbon thread presents the most substantial WAXS peaks
at a d-spacing of 4.92 A along the thread axis (Figure Sc),
corroborating with the previous solution WAXS profiles
(Figure 3b) and cryo-TEM image (Figure Sa). These
anisotropic WAXS peaks have a pattern identical to that of
the previously reported CatAA nanoribbon thread, implying an
analogous molecular organization between D-AA extended and
CatAA nanoribbons. Integrating the meridional and equatorial
axes of the WAXS pattern yields a one-dimensional scattering
profile. These peaks fit the same simulated unit cell previously
used for fitting CatAA nanoribbon threads (Figure 5d). A
subtly decreased intermolecular distance and increased nano-
ribbon thickness for the D-AA extended nanoribbon thread
can likely be attributed to the addition of the diacetylene
domain. Combining the results of 2D NMR, cryo-TEM
images, and WAXS patterns, we reveal that the self-assembly of
D-AAs favors antiparallel or parallel molecular packing at low
or high concentrations, respectively.

Therefore, we hypothesize that the relationship among
nanostructure geometries, packing preference, and conforma-
tional changes in D-AA assemblies can be explained as follows:
When the D-AA concentration is low, the rotational freedom
of the diacetylene domain leads D-AAs to a torsional state that
prefers antiparallel molecular packing. This antiparallel
arrangement of D-AA assemblies sterically hinders hydrogen
bonding between aramid domains and induces transformation
into helical nanoribbons. This torsional state guides the self-
assembly of D-AAs into helical nanoribbons. Compared to the
control CatAA, the incorporated rotational freedom of D-AAs
likely alters the temperature dependence of self-assembly
pathways due to an additional entropy cost associated with
self-assembly. However, the antiparallel arrangement serves a
metastable state, and the thermal energy is insufficient to
overcome the intermolecular cohesion and change the
arrangement. Thus, D-AAs self-assemble into twisted nanorib-
bons at low concentrations and elevated temperatures rather
than forming planar nanoribbons. On the contrary, a stronger
driving force of amphiphilic self-assembly restrains the
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rotational freedom of D-AAs and promotes the parallel
molecular packing during the self-assembly when the D-AA’s
concentration is high. This parallel packing activates the
collective hydrogen bonding between aramid domains and
induces the self-assembly of planar nanoribbons. The hydrogen
bonding network is further extended to form D-AA extended
planar nanoribbons after equilibration at the elevated temper-
ature.

Fluorescence spectra of D-AA nanostructures further
support our model of the conformational changes and
intermolecular interactions of diacetylene moieties within the
aramid structure domains. At the ppm-order concentrations,
the luminescent quantum yield ®; of D-AAs is determined to
be 0.02% (Figure S37). Each of the four different
nanostructures of D-AA assemblies shows subtle shifts of the
excitation and emission maxima, with increased emission
intensities for D-AA short and extended planar nanoribbons
(Figure 6). The excitation wavelength (g, ) and emission
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Figure 6. 3D fluorescence spectra of four different D-AA
nanostructures self-assembled in water at various initial concen-
trations and thermal equilibration temperatures. (a) Helical nanorib-
bons formed at 20 °C with 1 mg/mL concentration, (b) twisted
nanoribbons formed at 75 °C with 1 mg/mL concentration, (c) short
planar nanoribbons formed at 20 °C with 10 mg/mL concentration,
and (d) extended planar nanoribbons formed at 75 °C with 10 mg/
mL concentration. The sharp peaks that emerge at doubled
wavelengths of excitation light are attributed to second-order Rayleigh
scattering from the D-AA nanostructures. The concentration of all D-
AA nanostructures for the fluorescence measurement is normalized at
0.1 mg/mL.

wavelength (Ag,;,) where D-AA nanostructures exhibit a
maximum emission intensity are obtained by refined scans
(Figure S38), and the results with their corresponding energy
are summarized in Table 1. We observe that D-AA
nanostructures with parallel molecular packing (short and
extended) show insignificantly longer A, and shorter Ag;
than those with antiparallel molecular packing (helical and
twisted). Coulomb interactions between fluorophores can lead
to spectral shifts in fluorescence, especially between parallel
and antiparallel molecular arrangements. However, in this case,
the energy differences (5—10 kJ/mol) are too subtle compared

Table 1. Maximum Excitation Wavelength (A, ), Emission
Wavelength (Ag,,;;) and Their Corresponding Energy of D-
AA Nanostructures

Abxe. Energy of Ag,.. Amis. Energy of g

Nanostructures  (nm) (kJ/mol) (nm) (kJ/mol)
Helical 381 314.3 463 258.6
Twisted 379 315.9 470 254.8
Short 391 306.2 459 260.9
Extended 399 300.1 460 260.3

to the typical spectral shifts reported in coulomb couplin
differences, such as shifts between H- and J-aggregation.’”’
Indeed, this energy difference is the same magnitude as that of
the different torsional states of D-AAs with and without
rotational freedom.>>~>* The restricted rotational freedom of
the diacetylene domain can also explain the increased emission
intensities for parallel molecular arrangements.”® Notably, we
confirm that the D-AA assemblies are fluorescent also in the
solid-state after drying from the solution, indicating no
aggregation-caused quenching occurs (Figure S39). These
results suggest that the fluorescence of D-AAs is preserved in
the solid-state through self-assembly, which demonstrates an
alternative approach to developing fluorescent materials in
both solution and solid-state for optoelectronic devices,
imaging agents, and biosensors.>®

B CONCLUSIONS

In summary, we have presented four different nanostructure
geometries of D-AA assemblies in water by varying the initial
concentrations of amphiphiles and the thermal equilibration
temperatures. When the initial concentration of D-AAs in
water is low (~1 mg/mL), helical nanoribbons are favored for
self-assembly at room temperature. These helical nanostruc-
tures can be further equilibrated at elevated temperatures, at
which point the helices transform into twisted nanoribbons.
When D-AA nanostructures are in the twisted ribbon
morphology, they exhibit a negative CD signal, corresponding
to solely left-handed chirality. This D-AA nanostructure is the
only type among all of the AA nanostructures to exhibit chiral
properties so far. We conducted 2D NOESY to characterize
the molecular packing within twisted nanoribbons and show
that unlike other AA assemblies, the chiral twisted ribbons
assume an antiparallel packing arrangement. However, the
origin of the uniform left-handedness of D-AA twisted
nanoribbons is still unknown and requires further investigation
for a comprehensive understanding.

In contrast to the low-concentration assemblies, we find that
at high concentrations (~10 mg/mL), the D-AAs self-assemble
into planar nanoribbons with collective hydrogen bonding
networks, similar to other AAs. This long-range ordering of the
hydrogen bonding network along the nanoribbon long-axis is
confirmed by solution WAXS, diffraction analysis of cryo-TEM
images, and WAXS patterns of aligned dried nanoribbons
(threads). WAXS patterns of the aligned threads further show
that D-AA extended planar nanoribbons have a molecular
organization similar to that of CatAA nanoribbons, suggesting
that the D-AA packs in a parallel arrangement at high
concentrations. This parallel molecular arrangement is caused
by the stronger driving force of amphiphilic self-assembly,
which restrains the rotational freedom of D-AAs.

Among the four different nanostructures, the fluorescence
spectra exhibit subtle shifts in the emission and excitation
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maxima. These shifts correspond to a small energy difference
(5—10 kJ/mol), which is likely caused by the different torsional
states of D-AAs with and without rotational freedom rather
than from differences in the coulomb coupling of D-AAs.
Through this study, we confirm that upon self-assembly of
D-AAs in water, (1) a range of nanostructure geometries is
achievable due to the rotational freedom of the diacetylene
group, and (2) the nanostructure geometry can be chosen by
varying amphiphile concentration and/or equilibration temper-
ature. Therefore, we propose that conformational freedom
might be generally integrated into the design of amphiphiles in
order to fine-tune nanostructure morphologies and achieve
novel supramolecular geometries from strongly interacting

amphiphiles.
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