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Introduction

1-4

Self-assembly

is one of the most fundamental character-
istics of life. Nature uses self-assembly for building supramole- to

Precise control over supramolecular nanostructures
via manipulation of H-bonding in T-amphiphiles+

Amrita Sikder, @ Yujie Xie, ©© @ Marjolaine Thomas, @ Matthew J. Derry ©° and
Rachel K. O'Reilly (2 *?

Self-assembled supramolecular architectures are ubiquitous in nature. A synchronized combination of
dynamic noncovalent interactions is the major driving force in forming unique structures with high-pre-
cision control over the self-assembly of supramolecular materials. Herein, we have achieved programma-
ble nanostructures by introducing single/multiple H-bonding units in a supramolecular building block. A
diverse range of nanostructures can be generated in agueous medium by subtly tuning the structure of
n-amphiphiles. 1D-cylindrical micelles, 2D-nanoribbons and hollow nanotubes are produced by systema-
tically varying the number of H-bonding units (0-2) in structurally near identical m-amphiphiles.
Spectroscopic measurements revealed the decisive role of H-bonding units for different modes of mole-
cular packing. We have demonstrated that a competitive self-assembled state (a kinetically controlled
aggregation state and a thermodynamically controlled aggregation state) can be generated by fine tuning
the number of noncovalent forces present in the supramolecular building blocks. The luminescence pro-
perties of conjugated dithiomaleimide (DTM) provided insight into the relative hydrophobicity of the core
in these nanostructures. In addition, fluorescence turn-off in the presence of thiophenol enabled us to
probe the accessibility of the hydrophobic core in these assembled systems toward guest molecules.
Therefore the DTM group provides an efficient tool to determine the relative hydrophobicity and accessi-
bility of the core of various nanostructures which is very rarely studied in supramolecular assemblies.

potential applications in drug delivery,'* tissue engineering,
biosensing,'® antimicrobial activity,”” and gene delivery
vehicles."® Structurally diverse amphiphiles have been explored
find fascinating architectures.”®** Among them,

cular materials possessing fascinating properties (self-healing,
adaptive, reconfigurable and responsive) that are crucial for
complex biological functions such as construction of cell
membranes, protein folding and DNA double helix
formation.”” Understanding the self-assembly processes of
biological systems facilitates the fabrication of novel supramo-
lecular materials® ™ and vice versa. Supramolecular assemblies
fabricated by a hierarchical organization of the amphiphilic
molecules are attracting increasing interest as platforms for
building innovative materials. These materials can possess
similar bioinspired dynamic properties and have been studied
in the context of self-assembly and biological function with
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r-amphiphiles®*>* are of great interest as they can generate
functional nanostructures with additional fascinating elec-
tronic and optical properties due to the presence of a
n-chromophore. However, in most examples the design of
amphiphiles, including m-amphiphiles, relies on inefficient
and laborious trial-and-error approaches. n-n interactions> >
are inherently weak and the overall assembly is primarily gov-
erned by the packing parameter,>*° which depends on the
ratio of hydrophobic and hydrophilic segments. This leads to
immiscibility-driven uncontrolled aggregation by non-direc-
tional hydrophobic collapse which does not provide any mole-
cular level precision. Therefore, it has been a challenging task
to precisely control the size, shape and surface functional
group display of a self-assembled system and the key question
remains: how to control the self-assembly properties?
Scientists have long envisioned that the introduction of
H-bonding,*" one of the strongest noncovalent interactions, is
a promising strategy to achieve a higher degree of control over
supramolecular architectures due to its highly selective and
directional nature.***°
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In this context, Meijer and co-workers*® have reported a
H-bonding mediated 1D-supramolecular assembly of amphi-
philic benzene-1,3,5-tricarboxamide (BTA) derivatives where
the molecules without H-bonding did not form similar mor-
phologies, indicating the specific role of H-bonding in
directing supramolecular nanostructures. In a further study*'
they demonstrated the effect of the optimal position of the
—-COOH group in BTA amphiphiles for exhibiting polymorph-
ism. In a different design, Ghosh and co-workers demon-
strated the effect of the presence/absence and nature of the
H-bonding group as well as the precise position of the
H-bonding unit on the morphology and functional group
display in bola-amphiphilic systems.**** Our group has
reported a H-bonding-driven co-assembly in adenine and
thymine appended amphiphilic block-copolymers and high-
lighted the effect of complementary multiple H-bonding in
controlling the nanostructure morphology and surface
chemistry.*>™"

Based on these works, we aimed to further explore the
effect of multiple H-bonding units on the self-assembly of
n-amphiphiles. We have synthesized three amphiphiles by sys-
tematically varying the number of H-bonding units from zero
up to two (Fig. 1a). Naphthalene diamide (NDI) was used as a
n-chromophore as the NDI unit is synthetically highly versatile
and exhibits geometrical and electronic properties.***? An
oligo-oxy aryl group was attached to one arm of NDI to impart
water solubility, whereas the other arm of NDI was attached to
hydrophobic dithiomaleimide (DTM). DTMs have been
reported®® as having excellent fluorescence properties along
with solvatochromism. They have been successfully utilized for
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polymer and protein conjugation,®* and due to their small
size and intermediate polarity, no detrimental effect on the
secondary structure of the protein or polymer self-assembly
was observed. It was also demonstrated that DTMs do not self-
quench but enhance the emission in the aggregated state in
polymer micelles.>*

We envisaged that this scaffold can provide an opportunity
to create versatile luminescent nanostructures by the interplay
of n-stacking, H-bonding with the additional benefit of creat-
ing smart nanomaterials by virtue of solvatofluorism, and the
chemico-fluorescence  properties of the DTM unit.
Furthermore, by taking advantage of the chemico-fluorescence
behaviour of the DTM unit and monitoring the kinetics of the
thiol-exchange reaction® it should be possible to probe the
accessibility of the hydrophobic core in the presence/absence
of H-bonding in supramolecular assemblies.

Results and discussion

NDI-1, NDI-2, NDI-3 and water soluble maleimide DTM-1 were
synthesized according to the routes shown in the ESI (Schemes
S1-S47) and characterized by NMR (Fig. S1-S81), HRMS and
CHN analysis. The self-assembly was investigated in aqueous
medium and the detailed sample preparation procedure is
described in the ESL.}

To evaluate the self-assembly, first we investigated the mor-
phology of the aqueous assemblies by electron microscopy.
The cryogenic transmission electron microscopy (cryo-TEM)
images of NDI-1 with no H-bonding (Fig. 1b and S9}) showed

cylindrical
micelle

nanoribbon

nanotube

(a) Structures of NDI-amphiphiles; representative cryo-TEM (b, d, and f; scale bar-500 nm) and AFM images (c, e, and g; scale bar-2 ym) of

NDI-1, NDI-2 and NDI-3, respectively. Cryo-TEM samples were prepared in water at 0.5 mM concentration and an AFM solution was prepared at

0.25 mM concentration.
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micrometer-long cylindrical micelles having a width of 6.5 +
0.5 nm. The formation of one-dimensional supramolecular
polymers were further confirmed by dry state TEM (Fig. S107)
and atomic force microscopy (AFM) (Fig. 1c and Fig. S117 for
the height profile image). Interestingly, by introducing a single
H-bonding unit (NDI-2) we could perturb the resulting nano-
structure. The cryo-TEM (Fig. S12f) and dry state TEM
(Fig. S137) images of a fresh solution of NDI-2 showed spheri-
cal micelles, whereas aged solutions showed two-dimensional
nanoribbons (Fig. 1d, e and S14f). Time dependent AFM
images (Fig. 2 and Fig. S157) revealed the gradual formation of
nanoribbons over 12-14 days (0.5 mM, 20 °C) and once
formed the nanoribbon structures were stable without any
further reorganization. Morphological evolution over time was
reconfirmed by a time dependent HRTEM study (Fig. S167),
whereas a time dependent DLS study showed a gradual
increase in the size over time (Fig. S171) further supporting
the electron microscopy data. The time taken for complete
conversion was found to be inversely proportional®® to the con-
centration indicating the formation of kinetically trapped
spheres which subsequently transformed to energetically
favourable more ordered stable nanoribbon structures.”” The
width of the two-dimensional micrometer-long ribbons were
estimated to be approximately 300-350 nm (exact width deter-
mination was difficult as the nanoribbons were partially folded
in cryo-TEM images). The height measurement of the AFM
images showed a membrane thickness of ~ 5 nm indicating
bilayer membranes (Fig. S18;i the length of fully stretched
NDI-2 molecules is ~ 3.4 nm). Intriguingly, with the introduc-
tion of the second H-bonding unit, NDI-3 formed a different
morphology from the other two displaying micrometer-long
rigid and hollow tubular structures as revealed by cryo-TEM
(Fig. 1f and S197), dry state TEM (Fig. S201) and atomic force
microscopy AFM images (Fig. 1g and Fig. S217 for the height
profile image). The width of the nanotubes was measured to
be 15 + 1 nm with a wall thickness of 5.3 + 0.5 nm from cryo-
TEM. Fluorescent supramolecular polymers were visualized by

Fig. 2 Time dependent AFM images obtained from an aqueous solution
of NDI-2. (0.5 mM solution was aged at 20 °C and diluted twice before
drop-casting on mica plates).

This journal is © The Royal Society of Chemistry 2021
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confocal microscopy showing micrometer-long green nano-
structures (Fig. S22%) further supporting the morphology
obtained by electron microscopy. Although NDI-2 was trans-
formed from initial spheres to thermodynamically stable nano-
ribbons, no such morphological evolution (monitored for 90
days) was observed for NDI-1 and NDI-3 as evidenced by time
dependent AFM images (Fig. S23 and S247). The sizes of the
nanostructures obtained by different measurements are sum-
marized in Table S1 in the ESL ¥

Small-angle X-ray scattering (SAXS) patterns were also
recorded (Fig. 3a) to analyse the self-assembly behaviour of
these NDI-amphiphiles in aqueous solution (NDI-2 aged solu-
tion). In support of TEM and AFM observations, initial obser-
vations indicated that the SAXS patterns recorded for NDI-1
and NDI-3 were similar, and each was significantly different
from that of NDI-2. Indeed, NDI-1 and NDI-3 were successfully
fitted to a well-established worm-like micelle model®®*° (see
overlaid data on the experimental SAXS data in Fig. 3a). It is
important to note that the SAXS analysis performed was not
sensitive to the hollow nature of the NDI-3 nanotubes due to
the very small lumen (estimated by TEM analysis to be <4 nm).
From these SAXS data fits, the mean width and mean length of
the elongated NDI-1 and NDI-3 nanoparticles were deter-
mined, as well as the volume occupied by the hydrophilic
(Vhydrophitic) and hydrophobic (Viydrophobic) Segments of the
assembled amphiphiles was determined. The mean widths of
both NDI-1 and NDI-3 were similar (8.5 nm and 8.8 nm,
respectively), but the apparent mean length of these nano-
objects appeared to be significantly different (292 nm and
>1500 nm, respectively). However, the accessible g-range did
not allow for accurate determination of this mean length,
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Fig. 3 (a) Small-angle X-ray scattering patterns and the corresponding

data fits (white lines) for a 3 mM aqueous solution; (b) solvent dependent
UV/Vis spectra ([ = —0.1 cm); (c) comparison of fluorescence spectra (1ex
= —420 nm, slit-2); and (d) stack plot of solvent dependent IR spectra;
UV/Vis, fluorescence and IR spectra were taken in 0.5 mM solution
(aged for 3 weeks at 20 °C prior to taking spectra).
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which may account for the discrepancy between SAXS and
TEM analyses. The hydrophilic/hydrophobic balance was also
similar in each case, with SAXS fitting indicating 85 vol% and
83 vol% hydrophobic character in the NDI-1 and NDI-3 nano-
assemblies, respectively. Interestingly, an additional inter-
action peak at g ~ 0.076 A™" was visible in SAXS data recorded
for NDI-1 cylindrical micelles, which corresponds to a length
scale of ~8.2 nm. This may represent interactions between
neighbouring nanoparticles with a mean cylinder-cylinder
centre-to-centre distance of ~16.4 nm,* but this could not be
confirmed by modelling due to the complexities of interactions
between non-spherical nano-objects which require analysis at a
wide range of concentrations (NDI-1 can only be homoge-
neously dispersed up to 3 mM concentration). Instead, this
peak was accounted for in the model by adding a Gaussian
peak (see the ESIT for details). In the case of NDI-3, nano-
particle aggregation was evident as indicated by increased scat-
tering intensities at low g values, which was accounted for by
introducing a power law (see the ESI} for details). Attempts to
model SAXS data obtained for the more complex nanoribbon
morphology adopted by NDI-2 amphiphiles were unsuccessful.

Distinctly different morphologies for NDI-1, NDI-2 and
NDI-3, having a comparable hydrophobic-hydrophilic ratio,
indicated the strong influence of H-bonding on the self-assem-
bly of these m-amphiphiles. Furthermore, it was observed that
the stability of the nanostructure can be altered by tuning the
number of noncovalent forces involved in the self-assembly
process. While morphological transformation was observed for
NDI-2, NDI-3, having two H-bonding units, and NDI-1, lacking
any H-bonding unit, formed thermodynamically stable nano-
structures which were unaltered over time. A possible expla-
nation could be that NDI-1, with no intermolecular
H-bonding, self-assembles by relatively weaker n-n stacking,
hence it has inadequate force for achieving efficient kinetic
trapping. On the other hand, NDI-3, by virtue of having two
H-bonding units, exerts strong noncovalent forces that lead to
static, stable assemblies.®™®? In addition, the increased solubi-
lity of NDI-3 in aqueous medium due to the presence of two
additional amide bonds provides adequate time to adopt pre-
ferential packing, leading to a thermodynamically stable state
without kinetic trapping. But, for NDI-2, the presence of one
H-bonding unit enables an intermediate supramolecular inter-
action (an initial hydrophobic effect leading to spherical
micelles but over time the hydrogen bonding drives the reor-
ganisation into ribbons); thus the kinetic control becomes an
important factor in regulating the assembly.**°*

To elucidate the molecular packing in different nano-
structures we probed the nature of the intermolecular inter-
action by UV/Vis spectra using aged solutions having a stable
morphology (Fig. 3b). In a good solvent THF, sharp absorption
bands (Amax = 378, 358 and 340 nm corresponding to the n—r*
transition) were noted indicating monomeric NDL®® whereas
in H,O0, a red-shifted absorption band, together with a signifi-
cant hypochromic shift, was observed, indicating n-n stacking
in water for all the amphiphiles. Comparison of the fluo-
rescence data (Fig. 3c) of NDI-amphiphiles with water-soluble

20114 | Nanoscale, 2021,13, 201M-20118
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DTM-1 provided more insight into molecular packing in the
assembled state. The emission of DTM-1 in water was mostly
quenched with a 95 nm red shift compared to the emission of
DTM-1 in THF (Fig. $251).>° Quenching of emission is attribu-
ted to H-bonding induced proton transfer between the protic
solvent water and the C—=0 group of maleimide.®® In contrast,
the aqueous solution of NDI-1/2/3 showed intense emission
compared to the aqueous solution of DTM-1 and the emission
maxima were rather blue-shifted to 520 nm, 525 nm and
534 nm relative to the emission spectra in THF for NDI-1,
NDI-2 and NDI-3, respectively (Fig. 3c, for the emission spectra
in THF see ESI Fig. S267). Significant emission in water con-
firms that NDI-amphiphiles in all the nanostructures’ (cylind-
rical micelles/nanoribbons/nanotubes) maleimide moiety
remain in a hydrophobic microenvironment and are shielded
from water. It is known that the emission wavelength and the
intensity of the DTM moiety are closely related to the
microenvironment®”®® and the different values of blue-shifted
spectra for the NDI 1/2/3 assembly indicate the degree of
hydrophobicity of the maleimide microenvironment; this
varies (NDI-1 having the most hydrophobic core while
NDI-3 has the least hydrophobic core) as a consequence of
H-bonding. Intermolecular H-bonding in aqueous medium
was confirmed by a solvent dependent FT-IR study (Fig. 3d).
Peaks at 1701 cm™ " and 1674 cm™ ' (C=O stretching of imide
carbonyl also appears at the same position) in the FTIR
spectra of the THF solution of NDI-3 are assigned to the non-
bonded C=O stretching of hydrazide and amide, respectively.
The FT-IR spectrum of NDI-1 (Fig. S27f) devoid of the
H-bonding moiety allowed the peak assignment. The amide
peak shifted to 1655 em™" and the hydrazide peak shifted to
1689 cm™* in D,O confirming the intermolecular H-bonding
between the amides and hydrazides, respectively, in aqueous
solution. Similarly, for NDI-2 the sharp band at 1701 cm™*
shifted to 1687 em™' in D,O confirming the intermolecular
H-bonding between the hydrazides. H-bonding was further
supported by monitoring the N-H stretching band (Fig. S28t),
which showed a significant shift (from 3500 cm™ to
3410 cm ™" for NDI-3 and 3502 cm ™" to 3375 cm™ " for NDI-2)
going from THF to D,0O. A relatively broad peak was observed
for NDI-3 as both N-H from the amide and hydrazide groups
merged into a single broad peak. Time dependent UV/Vis spec-
troscopy was performed in order to have more insight into
molecular packing during the morphological transformation
of NDI-2. The absorption band at 425 nm (Fig. S291) was
found to decrease with time and finally saturate after 13 days.
This can be attributed to the rearrangement of the NDI-
chromophore from the initially formed slipped stacked
(J-aggregate) into a more ordered cofacial stack (H-aggregate)
leading to a nanoribbon structure.®*”" The time dependent
fluorescence spectra (Fig. S30t) showed a decrease in the emis-
sion intensity of maleimide emission with a concomitant blue
shift (6 nm) reconfirming chromophoric rearrangement
during the morphological transformation.

A proposed model of molecular packing to rationalize the
observed microscopic image and spectroscopic results is

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Schematic representation of proposed molecular packing for NDI-1, NDI-2 and NDI-3.

shown in Scheme 1. NDI-1 molecules exert a head-to-head
orientation ensuring n-rn stacking, finally leading to flexible
cylindrical micelles where the core consists of a hydrophobic
butane chain substituted DTM moiety and the hydrophilic
oligo-oxy chains remain in the shell (correlating closely with
the observed thickness of the cylinders obtained by TEM),
whereas NDI-2 forms a bilayer structure by utilizing inter-
molecular H-bonding between the hydrazides, along with n-n
interaction among the NDI-chromophores. On the other hand,
NDI-3, having an additional amide bond along with the hydra-
zide bond, ensures intermolecular H-bonding among the
hydrazide groups and the amide groups together with n-n
interactions in a bilayer arrangement similar to NDI-2, but the
additional amide bonding present in NDI-3 introduces a sec-
ondary directional supramolecular interaction in the self
assembly that might have resulted in folding of the bilayer
membrane into nanotubes.

In order to evaluate the effect of H-bonding and morpho-
logical variation, different self-assembly properties were
studied. Concentration dependent UV/Vis studies (Fig. S317)
estimated the critical aggregation constant (CAC) to be lower
than 5 x 107 M for all the assemblies, making them a poten-
tial material for biological study.'*'® Unfortunately, the exact
CAC could not be determined as below 5 x 10° M, and the
absorbance was unable to be detected by a UV/Vis spectro-
meter. The thermal stability was evaluated by a temperature
dependent UV/Vis study (Fig. S327), which revealed lower criti-
cal solution temperatures (LCSTs) between 73 and 76 °C for
the assemblies, attributed to the dehydration of oligo-oxy
ethylene chains.”” The quantum yields (&) of the NDI-amphi-
philes and free dye DTM-1 in THF were calculated to be
between 13 and 15% (Fig. S33t), whereas in water the
quantum yields decreased (&r = ~ 7%) for all the NDI-amphi-
philes. On the other hand, the quantum yield of DTM-1 in
water was found to be 0.1% and this result corroborates well
with our previous finding of fluorescence quenching in polar

This journal is © The Royal Society of Chemistry 2021

protic solvents.*> In NDI-assemblies, the DTM moiety prefers
to remain inside the hydrophobic microenvironment and
therefore should produce higher quantum yields compared to
the free maleimide dye in water. However, the &¢ values were
lower than in THF indicating that the hydrophobic pocket is
not completely insulated from aqueous environments, which
is the case for macromolecular self-assemblies.”® The possi-
bility of aggregation-induced quenching was eliminated by per-
forming a set of control experiments with NDI-1. NDI-1 was
found to form reverse micelles (Fig. S34%1) in 95:5 cyclo-
hexane/dichloromethane. Intermolecular n-n stacking was
confirmed by UV/Vis spectroscopy (Fig. S357) and the &; value
was found to be ~ 13%. Similar &; values were obtained in
organic solvents for both free and aggregated dye molecules
confirming that the quenching observed in aqueous media is
likely due to the ingress of water molecules.

DTM can undergo thiol-exchange reactions with externally
added thiols, resulting in the elimination of the original thiol
ligands and the addition of two new thiol ligands, and with
the addition of aromatic thiols it is possible to turn off the
fluorescence. Indeed, thiophenol-containing DTM molecules
are known to exert drastically reduced emission and by per-
forming a thiol-exchange reaction on an emissive DTM-func-
tional moiety present in a supramolecular polymer with thio-
phenol, it should be possible to achieve an ON-to-OFF switch-
ing of fluorescence (Fig. 4a). The rate of reaction can provide
additional insight into the accessibility of the hydrophobic
core in these nanostructures. To demonstrate this, an excess
amount of thiophenol was added to an aqueous solution of
NDI-1/2/3 and reduction in the emission was monitored over
time. The reaction kinetics (Fig. 4b) were found to be rather
slow in the assembled state (i, = 120, 45 and 32 min for
NDI-1/2/3, respectively) in comparison to the monomeric state
in THF (¢, = 5.5 min), suggesting a different extent of pene-
tration of the guest molecule for different nanostructures.
Furthermore, an increase in the reaction rate in the presence

Nanoscale, 2021, 13, 20111-20118 | 20115
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Fig. 4 (a) Representative thiol exchange reaction with thiophenol; (b)
conversion vs. time as measured by (concentration 0.5 mM; aged for
three weeks at 20 °C). The emission of the solution was monitored
during the reaction performed at 20 °C by fluorescence spectroscopy;
10 pL of 1 M thiophenol dissolved in DMF was added to 2 mL of NDI-
maleimide aqueous solution.

of H-bonding suggested that along with increasing the overall
polarity of the molecular system, the intermolecular
H-bonding in aqueous medium loosens the r-stacking,*?
making access easier through the rigid n-wall to the hydro-
phobic core for an external ligand. This corroborates well with
the trends observed from fluorescence spectroscopy.

To characterize the particle morphology after the thiol
exchange reaction, AFM images were taken with the thiophe-
nol-incubated final solutions. 2D-nanosheets with different
aspect ratios (Fig. S36t1) were observed for all the three thio-
phenol modified amphiphiles confirming the bilayer structure.
We propose that the formation of 2D sheets is likely as a conse-
quence of increased n-n interaction due to the presence of two
additional benzene rings. However, as a relatively larger area
of the nanosheets generated by thiophenol modified NDI-2
and NDI-3 compared to NDI-1 further highlights the role of
H-bonding in self-assembly.

Conclusions

In summary, we have demonstrated the impact of H-bonding
on regulating the nanostructure of supramolecular polymers
in aqueous medium and its effect on the accessibility of the
hydrophobic core in the resultant nanostructures. We have pre-
pared three new near identical m-amphiphiles with a varying
number of H-bonding units. Distinctly different supramolecu-
lar assemblies for each revealed the decisive role of H-bonding
units along with n—x interaction in determining the final nano-
structure. NDI-1 without any H-bonding unit formed cylindri-
cal micelles, whereas NDI-2 having a single hydrazide bonding
generated 2D nanoribbon structures. The addition of another
H-bonding unit led to folding of the nanoribbons to turn into
nanotubes. Intriguingly, NDI-1 and NDI-3 having zero and two
H-bonding units, respectively, formed stable nanostructures,
whereas NDI-2 - having a single H-bond - initially formed
kinetically trapped spherical micelles which further undergo a
morphological transformation to flat nanoribbons. This obser-
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vation demonstrated the possibility of forming kinetically
trapped assemblies by fine tuning the number of noncovalent
forces present in the supramolecular building blocks.
Spectroscopy studies provided detailed insights into molecular
packing. Promising features of these supramolecular
assemblies such as very low CAC, thermal stability, polarity
sensitive fluorescence and chemico-fluorescence responsive
properties by a thiol-exchange reaction have been illustrated.
Furthermore, the kinetics of a thiol-exchange reaction provided
insight into the accessibility of the hydrophobic core in
different nanostructures, which is rarely studied in a supramo-
lecular assembly. We believe that these findings will open new
directions/avenues to explore the self-assembled functional
aqueous materials of r-amphiphiles.
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