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Naphthalene diimides (NDIs) offer exquisite optical and electronic properties and find a broad range of
applications in various chemical and biomedical fields. However, due to their flat structure, at higher
concentrations, the emission from NDIs gets severely quenched. The restoration of luminescence in
such an interesting class of molecules has been widely explored through the tuning of their optical
properties via synthetic modification, supramolecular self-assembly and aggregation induced emission
(AIE) techniques. Here, we aim at highlighting the role of the spacer group in the tuning of the
chiroptical properties of NDIs through a self-assembly approach, using a bis-cholesteryl diimide system.
Three NDI-bis-cholesteryl systems have been prepared and their self-assembled structures, optical and

chiral properties in monomeric and aggregated states have been studied. Microscopic investigations
Received 8th November 2025 L al t identical hol . ¢ h ite diff t ti behavi d
Accepted 28th December 2025 reveal almost identical morphology in aggregates, however, quite different aggregation behaviour an
chiroptical properties in the ground and excited states are observed. Circular dichroism (CD) studies

DOI: 10.1035/d5n201038a revealed an interesting medium controlled enhancement and reversal of chiral properties in the self-
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Introduction

The distinctive use of non-covalent interactions leading to the
formation of ordered and complex aggregates is the foundation
for an eminent domain of chemistry referred to as supramo-
lecular chemistry. Supramolecular self-assembly is an instinc-
tive process that is usually triggered by solvent polarity and is
guided by relatively weak intermolecular forces, namely
hydrogen bonding, van der Waals forces, dipole-dipole inter-
actions, and m-m stacking interactions. Small structural, or
sometimes conformational differences induced by an external
stimulus, may steer the intermolecular attractive forces in
different directions and result in morphological and chiral
transformations.”® Self-assembled supramolecular structures
from various functional molecular materials have been noted to
possess improved and exceptional properties that are viable for
device fabrication.”*

Among various other organic scaffolds, naphthalene di-
imides (NDIs) are perhaps the most extensively applied building
blocks.*'” The possibility of functionalization at both bay and
core positions, allows formation of various NDI-systems that
find diverse applications in materials, and display interesting
biological activities.'®>' NDIs have been exploited predomi-
nantly in the field of organic electronics, sensing, light har-
vesting, opto-electronics, and other light-emitting devices.?**
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NDIs can often be modified to produce well-organized nano-
architectures thereby providing a control over desired photo-
physical properties.'®** This property of NDIs has been
utilized to design various systems that exhibit aggregation
induced enhancement of emission (AIEE), a much desired
property that avoids concentration-caused quenching.***°
Besides AIEE, another interesting property of fluorescent
systems is circularly polarised luminescence (CPL), which
requires a chiral environment.** Naphthalene imides and
naphthalene diimides have been proven to be noticeably useful
in designing highly efficient organic CPL materials.*>**

It is well understood that NDIs tend to self-assemble via -7
stacking interactions, and the mode of supramolecular network
formation, e.g. J- or H- type aggregates, plays a crucial role in the
observed optical or chiroptical properties of NDI systems.***’
Therefore, gaining a deep understanding about the structural
factors that may alter the optical properties in the bulk becomes
ineluctable. In the past, various studies have been dedicated to
finding the correlation between the molecular structure of NDI
derivatives and the resultant self-assembled
nanostructures.>**** Having information about possible
molecular packing modes would help in attaining control over
the long-range order in self-assembled nanostructures.

Forming diimides of naphthalenetetracarboxylic di-
anhydride (NTCDA) are not greatly explored for functional
applications; instead, modification at the core positions has
been used as a major strategy to modulate the optical and
electronic properties of NDIs."”**** However, core substitution
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Scheme 1 Chemical structures of NDI derivatives (1, 2 and 3).

is a tedious and complicated process involving rigorous multi-
step synthesis. We focused on functionalization of NTCDA
through imide formation using cholesteryl units. Due to its
benign nature, cholesteryl has been widely used as a hydro-
phobic unit in NDIs and various systems, where small structural
variations have been utilized to tune the supramolecular and
photophysical properties of the molecules.***>*” In polar envi-
ronments and aqueous media the cholesteryl unit incites the
aggregation and facilitates a chiral bias to the molecular
assembly owing to the availability of multiple stereocentres.**>

Herein, we have prepared three NDI systems (1-3) having two
cholesteryl units at imide positions connected through different
types of spacer groups (Scheme 1). The spacer groups are
chosen to provide tuneability in molecular packing. Molecules 1
and 2 have rigid linkers, whereas, molecule 3 has four CH,-
group long alkyl spacers that provide sufficient flexibility to the
cholesteryl units. Molecule 3 having a flexible linker can have
lots of adjustments during the molecular self-assembly to attain
the most stable molecular packing scheme.

Results and discussion

Synthesis and characterization

All the compounds were synthesized by following standard
methods reported elsewhere. For preparation of compounds 1
and 2, first cholesteryl chloroformate was reacted with
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hydrazine or 4,4-methylenedianiline to give mono-
cholesterylcarboxylated intermediate products, which were
then refluxed with NTCDA in dimethyl formamide (DMF) to give
compounds 1 and 2. In the case of compound 3, first an excess
amount of 1,4-diaminobutane was reacted with di-tert-butyl
dicarbonate (Boc anhydride) to obtain tert-butyl (4-aminobutyl)
carbamate, which was then refluxed with NTCDA in the pres-
ence of DMF. The obtained diimide was treated with tri-
fluoroacetic acid (TFA) to deprotect the amino group and then
was reacted with cholesteryl chloroformate in dichloromethane
in the presence of triethylamine to produce compound 3. All the
compounds were then characterized by various analytical
methods such as 'H and *C NMR, mass spectrometry (MALDI)
and FT-IR. The detailed synthetic procedure and characteriza-
tion data can be found in the supplementary information (SI).

Photophysical studies

Compounds 1-3 are designed to undergo a self-assembly
process in polar solvents. Molecular aggregation may lead to
the formation of either J- or H-type of assembly which can be
investigated through optical measurements. In some cases, the
solvent may function as a trigger to switch the aggregate type.
We carried out UV-Vis absorption studies to explore the role of
solvents in the aggregation behaviour of compounds 1, 2 and 3.
As expected, all three compounds show high solubility in less
polar solvents like chloroform, dichloromethane, etc. For our
studies we chose tetrahydrofuran (THF) as the solvent in which
all compounds remain soluble at quite high concentration and
it allows investigations to be performed in highly polar solvent
mixtures such as THF/H,0. UV-Vis absorption spectra of 20 uM
solution of compounds 1-3 in THF showed characteristic
absorption bands at around 340 nm, 355 nm and 375 nm cor-
responding to S,-S; transitions and fine vibronic w-7* transi-
tions (Fig. 1).°*** Changing the solvent from polar THF to
dichloromethane (DCM) affects the absorption spectra in a non-
uniform way (Fig. 1d). In the case of compounds 1 and 3, we
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Fig. 1 UV-Vis absorption spectra of compounds 1-3 [20 pM] in the
THF/H,O solvent mixture (a—c) and in THF & DCM (d).
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observed a slight red shift and significant increase in absor-
bance, whereas, for compound 2, there was a slight decrease in
absorbance.

We noticed that addition of water to THF solution causes the
solution to turn turbid due to the appearance of aggregated
structures. We measured the absorption spectra of compounds
1-3 in a THF/H,O mixture and varied the water proportion to
gain information about tuning of optical properties via self-
assembly formation (SI Fig. S1). Initially, as the proportion of
water is increased, the polarity increase in the solvent causes an
increase in the absorbance with little shift in the absorption
bands (Fig. 1a-c). However, after reaching a certain percentage
of water in the mixture, further increase results in a quick drop
in absorbance, and this value (water percentage) differs for each
compound. The observed slight red shift in the absorption band
could be attributed to the formation of J-type aggregates leading
to offset w-stacking interactions. For compound 1, when water
reaches 45% in the THF/H,O mixture, a bathochromic shift of
around 8 nm is observed. A similar trend is observed for
compound 3, however, the red shift is smaller (5 nm) and the
percentage of water required in the THF/H,O mixture to reach
the transition point is much larger (60%). Surprisingly, in
compound 2 the sudden decrease in absorbance occurred at
35% water and showed no shift in the absorption wavelength. At
higher water percentages large aggregates started forming and
the sample lost its transparency.

To gain deeper insight into polarity vs. aggregation induced
changes, we further checked the absorption spectra of
compound 3 in hexane and hexane/EtOH mixtures (Fig. S1d).
Increasing the EtOH percentage in the hexane/EtOH mixture
resulted in continuous increase in absorbance with nearly no
change in the absorption band position. Changing ethanol
from 40 to 60% in the mixture showed a decrease in absor-
bance, like the one seen in THF/H,O. Although the absorbance
follows a similar trend in both THF/H,O and hexane/EtOH
mixtures, no red shift in the latter case negates the formation
of J-type aggregates, which are observed in the former.

To gain information about required water content in the
solvent mixture to trigger self-assembly, we performed
a concentration dependent UV-Vis absorption study for mole-
cule 1. Absorption spectra of a 2 uM solution of 1 required 60%
water to reflect the same bathochromic shift that is observed for
a 20 pM solution in 45% water (Fig. Sle). When a higher
concentration sample is used [100 puM], the requirement of
water proportion dropped to 40%.

We then started evaluating the emission properties of these
compounds. When excited at 370 nm, THF solutions of
compounds 1-3 show fluorescence peaks centred around 421,
421 and 407 nm, respectively. Emission spectra of 1-3 in DCM
revealed that the solvent polarity has a significant influence on
the fluorescence intensity of these compounds (Fig. 2d). As can
be seen, changing the solvent from THF to DCM results in
a decrease in the fluorescence intensity of compounds 1 and 2.
In contrast, compound 3 exhibited higher fluorescence inten-
sity in DCM. As we have already seen from the absorption
studies of compounds 1-3 the presence of water showed
modulation of optical properties by triggering the self-assembly
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Fig. 2 Emission spectra (Aexc = 370 nm) of 1-3 [100 uM] in the THF/
H>O solvent mixture (a—c) and in THF and DCM (d).

process. We performed the fluorescence measurements in THF/
H,O0 mixtures to understand the influence of aggregation
behaviour on emission properties.

Fluorescence spectroscopy of compounds 1-3 [100 puM] in
varying THF/H,O solvent mixtures revealed a very interesting
pattern in the fluorescence intensities and confirmed the AIEE
phenomenon in all three compounds (Fig. 2a—c). When a small
amount of water is introduced in THF, quenching of the fluo-
rescence intensity is observed, which is expected for water.*> For
compound 1, addition of merely 6% water causes a nearly 19%
drop in the fluorescence intensity (SI Fig. S3). This quenching is
overcome by further addition of water. Due to the strong
hydrophobic nature of the compound, increasing the water
proportion in the mixture initiates the self-assembly process. In
aggregated form, the AIEE becomes strongly favoured, and the
fluorescence intensity starts to increase. Up to 30% water in the
THF/H,0 solvent mixture, the fluorescence intensity remains
lower than the fluorescence intensity observed in only THF;
however, a drastic increase in the intensity takes place when
water was increased to 35%. At this level, the fluorescence
spectrum gets saturated.

A similar trend in the fluorescence intensity change with
respect to the percentage of water in THF/H,O is also observed
for compounds 2 and 3 (Fig. 2b and c). For compound 2, the
initial fluorescence quenching due to added water is fully
restored at around 20% water content. Further increase in water
increases the fluorescence intensity. The sudden increase in
intensity that is observed for 1 at 35% occurs in the range of
25% to 27% for 2. This implies stronger AIEE behaviour in
compound 2. The emission spectrum for compound 3 could not
be measured under identical conditions, as the fluorescence
intensity at 100 uM and a slit width of 20 mm (conditions for
measurement of compounds 1 & 2) was too high to be
measured. Therefore, for compound 3, we kept the concentra-
tion the same (100 uM) but decreased the slit width to 10 mm.

For compound 3, the initial quenching due to addition of
water was more severe than that of compounds 1 and 2 (Fig. 2c),
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where fluorescence intensity kept on decreasing until a 35%
water ratio. A slight red shift in the emission wavelength was
also noticed. It required 40% water in the mixture to exhibit
AIEE and finally 45% water was enough to make the intensity
higher than in THF alone. An approximately 14 nm red shift in
the emission wavelength was also obvious to observe. The
observed difference in their fluorescence behaviour and AIEE
properties might be attributed to the difference in their struc-
tures that makes compound 3 more flexible allowing large
adjustments in its supramolecular assembly than the
compound 1 or 2.

Having observed the strong aggregation behaviour of
compounds 1-3, and considering the fact that the cholesteryl
unit usually favours supramolecular gel formation, we investi-
gated the gelation ability of the synthesized compounds. To our
surprise, all our attempts to find a gelation condition failed,
except one, in which we could get an opaque gel (2 wt%) of
compound 3 in the hexane/EtOH (1 : 6) mixture.

To gain more information about the AIEE properties, we
measured the absolute Photoluminescence Quantum Yield
(PLQY) of 1-3 in both dilute solutions and aggregated states.
The PLQY values for 1, 2 and 3 in THF were found to be 6.2%,
4.4% and 14.0% respectively. The PLQY values increase to 8.5%,
4.6% and 17.1% when measured in a THF/H,O mixture having
45% H,0.

In general, NDI-based compounds bearing no substituents
at core positions exhibit either no or very poor solid-state pho-
toluminescence (SSPL) properties, except for a
systems.*84%6364 Ag for any real life applications in the form of
devices, it is desirable to have SSPL, we measured the emission
spectra using powdered samples of 1, 2 and 3 (Fig. 3a). The
spectra showed broad emission bands centred around at
417 nm, 421 nm and 454 nm, respectively. The observed SSPL
peaks for compounds 1 and 2 are in close resemblance to the
emission profile found in solution. However, for compound 3,
in the SSPL spectrum, a bathochromic shift of about 30 nm with
respect to solution emission, is observed. Significant contribu-
tion from excimer emission might be the reason behind
broadening of the solid-state emission spectrum of 3.

We further examined the powder X-ray diffraction (PXRD)
patterns of compounds 1-3. Among the three prepared bis-
cholesteryl NDI derivatives, compound 1 showed more
defined peaks, indicating better crystallinity in the sample. Due
to poor crystallinity, the peaks around 26 = 25-28°, which help
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Fig. 3 (a) SSPL spectra of powdered samples and (b) PXRD spectra of
compounds 1-3.

Nanoscale Adv.

View Article Online

Paper

in predicting - stacking modes, are not well defined. Lack of
those peaks in PXRD hints towards formation of J-type aggre-
gates,® which aligns with the UV-Vis measurements.

In order to further delve into the understanding of AIEE,
time-resolved photoluminescence (TRPL) measurements were
done for all three compounds in both the solution and aggre-
gated states using different solvent combinations of THF/H,O
and hexane/EtOH (Fig. 4a-c). The excited-state fluorescence
lifetime decay profiles (1ex = 370 nm) exhibited a bi-exponential
decay pattern. Fluorescence lifetime in THF is found to be 1.25
ns, 1.82 ns and 1.54 ns for compounds 1-3, respectively. Adding
20% water to THF resulted in an increase in lifetimes for all
three compounds. Increasing the water content further in the
mixture, caused a decrease in lifetime. This shows faster decay
in the aggregated state. We further checked the excited state
lifetime for compound 3 in hexane/EtOH mixtures, where it
showed gelation properties, and observed a similar trend.
Lifetime in hexane is found to be 1.23 ns, which decreased to
1.13 ns and finally to 1.04 ns in 20% and 45% hexane/EtOH
mixtures, respectively.

As compounds 1-3 are designed to have different linkages
between the naphthalene moiety and cholesteryl groups, we got
interested in analysing the formed nanostructures to under-
stand the impact of these structural differences on their self-
assembled structures. Field emission scanning electron
microscope (FE-SEM) images obtained from the sample
prepared from a [100 pM] solution of 1 and 2 in a 10% H,O/THF
mixture revealed formation of cylindrical structures that are
several micrometres in length (Fig. 5). A closer look at those
cylindrical rod-like structures showed that they have a mesh-
like morphology. It is visible from the higher resolution
images that self-assembled molecular aggregates further form
an intertwined network of nanostructures, giving rod-like
appearances. In the case of compound 3, similar molecular
aggregates are formed, but they fail to attain any particular
shape in the bulk.
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Fig. 4 Plots showing fluorescence lifetime decay curves (dex = 370
nm) and corresponding fit (solid black line) for compounds 1-3 [20
uMJ in THF/H,O (a—c) and for compound 3 in hexane/EtOH (d).
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Fig. 5 FE-SEM images obtained from 10% THF/H,O samples of 1 (a—
c), 2 (d-f), and 3 (g-i).

Circular dichroism (CD) and CPL measurements

Inclusion of cholesteryl units in the molecular design intro-
duces chirality in the system. Chiral chromophores are of
special interest for their chiroptical properties desirable for
chiral sensing, switches, circularly polarized luminescence,
etc.’>**% As a Circular Dichroism (CD) spectrum provides an
insight into the ground electronic state of a chiral compound,
we measured the CD spectra of the synthesized NDI-bis chol-
esteryl derivatives (1-3). To understand the effect of structure
variation on the overall chiral properties of these compounds,
we performed measurements using aggregated samples ob-
tained from [50 puM] solution in the 50% THF/H,O solvent
mixture (Fig. 6a). Under these conditions, compound 1 showed
strong CD absorption bands around 343 nm and 382 nm cor-
responding to the absorption bands of the NDI moiety. The NDI
absorption bands for compounds 2 and 3 were there but weak
in intensity. We further calculated the g,,s values for
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Fig. 6 Room temperature CD spectra of compounds in 50% THF/
H,0: (a) 1-3 [50 pM] and (b) 2 and 3 [100 uM]. Plots (c) and (d) show CD
spectra of compounds 2 and 3 [100 uM] in DCM, 50% DCM/MeCN,
50% DCM/MeOH, DMF, and 50% DMF/H,0O.
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compounds 1-3. For the absorption peak at 250 nm, the gaps
shows a value of —0.028, +0.001, and —0.002, respectively. To
clarify this, we measured the CD spectra of compounds 2 and 3
in higher concentration [100 pM] samples prepared in 50%
THF/H,O (Fig. 6b). Interestingly, the sign of CD bands which is
+ve for compound 2, changes to —ve for compound 3. This type
of behaviour is usually observed in the case of enantiomers
where if one stereoisomer shows a +ve signal, then the other
stereoisomer shows a —ve signal.

To correlate the observations made during investigation of
self-assembly and its impact on the emission spectra of
compounds 1-3, we performed CD measurements in THF and
THF/H,0 mixtures. For compound 1 [50 pM], we found that CD
spectra remained very weak in both THF and 20% H,O/THF
solvents (SI Fig. S7a). However, when the water proportion is
doubled, making it 40% in the H,O/THF mixture, the intensity
of CD spectra increases dramatically between 325 nm and
425 nm, and then gets saturated. CD spectra of compounds 2
and 3 [100 pM], with varying amounts of water in THF/H,O did
show an increase in the signal intensity, but the difference was
not as remarkable as that seen with compound 1 (SI Fig. S7a).

To understand the role of polarity of the solvent medium in
the overall chiral behaviour in the bulk, we further performed
CD measurements in solvents with varying polarities. CD
spectra of compounds 1-3 in DCM, 50% DCM/MeCN, 50%
DCM/MeOH, DMF and 50% DMF/H,0 were recorded. In the
case of compound 1 [50 pM], the CD spectrum initially showed
a —ve CD signal centred around 350 nm, which became less —ve
when the solvent was changed to DMF, 50% DCM/MeCN or
DCM/MeOH. Upon changing the solvent to DMF, the CD signal
looked opposite to the one observed in DCM, indicating
a complete inversion of helicity (SI Fig. S7d). This is in agree-
ment with the CD spectrum observed in 50% THF/H,O where
the CD signal corresponding to the NDI absorption band is +ve
(Fig. 6a).

Similar CD measurements performed for compounds 2 and
3 [100 uM] revealed very interesting results (Fig. 6¢ and d). For
compound 2, while there was no significant change in the CD
signal intensity upon changing the solvent from DCM to 50%
DCM/MeCN or DCM/MeOH, an increase in intensity was
observed for DMF. However, a drastic increase in signal inten-
sity took place when the solvent was changed to 50% DMF/H,0
(Fig. 6¢). CD signal signs are opposite to the one observed in
50% THF/H,O (Fig. 6b). Therefore, a reversal in helicity is
observed for compound 2 as well. Compound 3 measured under
similar conditions showed the expected increase in signal
intensity, but no reversal of CD signal sign was observed
(Fig. 6d). These results prove the role of solvent medium in
deciding the helicity of self-assembled nanostructures in the
bulk.

Seeing encouraging CD data and impressive AIEE behaviour,
we got interested in exploring CPL activity of these compounds
in the solid state and under various solution conditions. Using
a JASCO CPL-300 CPL spectrometer, we performed measure-
ments for compounds 1 and 3 in a 1:1 THF/H,O mixture, and
compound 2 in a 1:1 DMF/H,O mixture. Excitation at 350 nm
failed to provide any detectable CPL signal for compounds 1-3.
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We further investigated the solid-state CPL spectrum for
compound 1 in the pellet form; however, this too could not
exhibit any CPL activity. Therefore, although compounds 1-3
show interesting CD and AIEE properties, they lack the ability to
emit circularly polarized light. Further design modification
would be required to achieve this.

Conclusions

To summarize, here we have prepared three symmetric NDI
derivatives bearing two chiral units in the form of cholesteryl
groups at imide positions. The spacer, that connects the chol-
esteryl group with the nitrogen atom of the NDI, is varied. In
compounds 1 and 2 the spacer provides a rigid linkage in which
the cholesteryl groups stay tightly fixed in a specified orienta-
tion. However, in compound 3, in which four -CH, groups are
used, the linkage remains very flexible and allows a lot of
freedom to the cholesteryl groups. This structural difference
affects the mode of packing in molecular self-assembly. Using
water as a trigger to initiate the self-assembly process in THF/
water mixtures, we have explored the impact of the small
structural variation on the absorption, emission, and chiral
properties of these systems. Interestingly, all these compounds
show AIEE properties and we could also obtain the minimum
amount of water in THF to trigger AIEE behaviour, e.g. for
compound 1 [100 uM], changing the water proportion from 30%
to 35% results in a sudden and steep rise in fluorescence
intensity. Additionally, although all three compounds carry the
same chiral unit, cholesteryl groups, compound 1 exhibits the
strongest CD signals under identical measurement conditions.
Another interesting feature that we observed is that compounds
2 and 3 display opposite chirality in the same solvent system.
We also demonstrated how THF/H,O and DMF/H,O can be
used to change the helicity in the self-assembled nano-
structures. This information may provide vital suggestions for
designing new chiral fluorophores for AIEE and CPL systems.
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