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Naphthalene Diimides (NDI) 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 interesting class of molecules have 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 spacer group in the tuning of the chiroptical

properties of NDI through self-assembly approach, using a bis-cholesteryl diimide system. The 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 reveal almost identicle morphology in aggregates, however, quite

different aggregational behaviour and chiroptical properties in ground and excited state are observed. Circular dichroism

(CD) studies revealed an interesting medium controlled enhancement and reversal of chiral properties in the self-assembled

structures.

Introduction

The distinctive use of non-covalent interactions leading to the
formation of ordered and complex aggregates is the foundation
for an imminent domain of chemistry referred to as
supramolecular chemistry. Supramolecular self-assembly is an
instinctive process that is usually triggered by the solvent
polarity and is guided by relatively weak intermolecular forces
namely hydrogen bonding, van der Waals forces, dipole—dipole
interactions, and m - 1t stacking interactions. A small structural,
or sometimes conformational differences induced by an
external stimulus, may steer the intermolecular attractive
forces in different directions and results in morphological and
chirality transformations.® Self-assembled supramolecular
structures from various functional molecular materials have
been noted to possess improved and exceptional properties
viable for device fabrication.®>1>

Among various other organic scaffolds, naphthalene diimides
(NDI) are perhaps the most extensively applied building
blocks.1® 17 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.’®21  NDIs have been exploited
predominantly in the field of organic electronics, sensing, light
harvesting, opto-electronics, and other light-emitting
devices.?232 NDIs can often be modified to produce well-

@ Department of Chemistry, Ashoka University, Sonipat, Haryana, India, 131029.
Supplementary Information available: [details of any supplementary information
available should be included here]. See DOI: 10.1039/x0xx00000x

organized nanoarchitectures thereby providing a control over
desired photophysical properties.'® 33-35> This property of NDI
has been utilized to design various systems that exhibit
aggregation induced enhancement of emission (AIEE), a much
desired property that avoids concentration caused
qguenching.36-40 Besides AIEE, another interesting property of
fluorescent systems is circularly polarised luminescence (CPL),
which requires chiral environment.*? Naphthalene imide and
naphthalene diimides have been proven to be noticeably useful
in designing highly efficient organic CPL materials.*2-44

It is well understood that NDIs tend to self-assemble via 1t - 1t
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.*>
47 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
find the correlation between molecular structure of NDI
derivatives and resultant self-assembled nanostructures.*% 48-52
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 dianhydride
(NTCDA) are not greatly explored for functional applications,
instead, modification at the core positions has been used as
major strategy to modulate optical and electronic properties of
NDIs.17. 53, 54 However, core substitution is a tedious and
complicated process involving rigorous multistep synthesis. We
focussed on functionalization of NTCDA through imide
formation using cholesteryl units. Due to its benign nature,
cholesteryl has been widely used as a hydrophobic unit in NDI
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and various systems where small structural variations have
been utilized to tune the supramolecular and photophysical
properties of the molecules.*® >>57 |n polar environments and
aqueous media cholesteryl unit incites the aggregation and
facilitates a chiral bias to the molecular assembly owing to the
availability of the multiple stereocentres.>8 >°

Herein, we have prepared three NDI systems (1-3) having two
cholesteryl units at imide positions connected through different
type 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 a four CH»-
groups long alkyl spacers that provides sufficient flexibility to
the cholesteryl units. Molecules 3 having flexible linker, can
have lots of adjustments during the molecular self-assembly to
attain the most stable molecular packing scheme.

Scheme 1: Chemical structures of NDI derivatives (1, 2 and 3).

Results and discussion
Synthesis and characterizations

All the compounds were synthesized by following standard
methods reported elsewhere. For preparation of compounds 1
and 2, first cholesteryl chloroformate was reacted with
hydrazine or 4, 4’-methylenedianiline to give mono-
cholesterylcarboxylated intermediate products, which were
then refluxed with NTCDA in dimethyl formamide (DMF) to give

2| J. Name., 2012, 00, 1-3

compounds 1 and 2. In case of compound 3, first, an.exsess
amount of 1,4-diaminobutane was reactéd Withs DRIEABIHEA
dicarbonate (Boc anhydride) to get tert-butyl (4-
aminobutyl)carbamate, which was then refluxed with NTCDA in
presence of DMF. Obtained diimide was treated with
trifluoroacetic acid (TFA) to deprotect the amino group and
then was reacted with cholesteryl chloroformate in
dichloromethane in the presence of triethyl amine to produce
compound 3. All the compounds were then characterized by
various analytical methods such as 'H and 3C NMR, mass
spectrometry (MALDI) and FT-IR. The detailed synthetic
procedure and characterization data can be found the
supplementary information (Sl) file.

Photophysical studies

Compounds 1-3 are designed to undergo 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,
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 the three compounds show high solubility in
less polar solvents like chloroform, dichloromethane etc. For
our studies we chose tetrahydrofuran (THF) as solvent in which
all compounds remain soluble at quite high concentration and
it allows investigations to be performed in highly polar solvent
mixture 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
corresponding to So-Si transitions and fine vibronic m—m*
transitions (Figure 1).8% 81 Changing the solvent from polar THF
to dichloromethane (DCM) affects the absorption spectra in an
ununiform way (Figure 1d). In case of compounds 1 and 3, we
observed slight red shit and significant increase in absorbance,
whereas, for compound 2, there was a slight decrease in
absorbance.

We noticed that addition of water in 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 THF/H,0 mixture and varied the water proportion to gain
information about tuning of optical properties via self-assembly
formation (ESI Figure 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 absorption bands
(Figure 1 a-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 absorption band
could be attributed to the formation of J-type aggregates
leading to offset m-stacking interactions. For compound 1, when
water reaches 45% in THF/H,O mixture, a bathochromic shift of
around 8 nm is noted. Similar trend is observed for compound
3, however, the red shift is smaller (5 nm) and percentage of
water required in THF/H,0 mixture to reach the transition point
is much larger (60%). Surprisingly, in compound 2 the sudden
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decrease in absorbance occurred at 35% water, showed no shift
in absorption wavelength. At higher water percentages large
aggregates started forming and sample lost its transparency.
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Figure 1: UV-Vis. absorption spectra of compounds 1-3 [20 uM] in THF/H,0 water solvent
mixture (a-c), and in THF & DCM (d).

To have deeper insight in to polarity vs. aggregation induced
changes, we further checked the absorption spectra of
compound 3 in hexane and hexane/EtOH mixtures (Figure S1d).
Increasing the EtOH in hexane/EtOH mixture resulted in
continuous increase in absorbance with nearly no change in
absorption band position. Changing ethanol from 40 to 60% in
mixture showed decrease in absorbance, like one seen in
THF/H,0. Although, the absorbance follows similar trend in
both THF/H,0 and Hexane/EtOH mixtures, no red shift in latter
case negates the formation of J-type aggregates which are
observed in the former.

To gain information about required water content in solvent
mixture to trigger self-assembly, we performed concentration
dependent UV-Vis. absorption study for molecule 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 uM
solution in 45% water (Figure Sle). When a higher
concentration sample is used [100 uM], the requirement of
water proportion dropped to 40%.

We then started evaluating 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 significant influence on
the fluorescence intensity of these compounds (Figure 2d). As
can be seen, changing solvent from THF to DCM results in
decrease in fluorescence intensity of compounds 1 and 2. In
contrast, compound 3 exhibited higher fluorescence intensity 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 process. We
performed the fluorescence measurements in THF/H,O

This journal is © The Royal Society of Chemistry 20xx
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mixtures to understand the influence on aggregatignal
behaviour on emission properties. DOI: 10.1039/D5NA01038A
Fluorescence spectroscopy of compounds 1-3 [100 puM] in
varying THF/H,O solvent mixture revealed very interesting
pattern in fluorescence intensities and confirmed the AIEE
phenomenon in all three compounds (Figure 2a-c). When small
amount of water is introduced in THF a quenching in
fluorescence intensity is observed, which is expected for
water.%2 For compound 1, addition of merely 6% water causes a
nearly 19% drop in fluorescence intensity (ESI Figure S3).This
guenching is overcome by further addition of water. Due to the
strong hydrophobic nature of the compound, increasing water
proportion in the mixture initiates the self-assembly process. In
aggregated form the AIEE becomes strongly favoured and
fluorescence intensity starts to rise. Up to 30% water in
THF/H>0 solvent mixture the fluorescence intensity remains
lower than the fluorescence intensity observed in only THF,
however, a drastic increase in intensity takes place when water
was risen to 35%. At this level, fluorescence spectrum gets
saturated.

Similar trend in fluorescence intensity change with respect to
percentage of water in THF/H,0 are observed for compound 2
and 3 also (Figure 2b & 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 slit width 20 mm (condition for measurement of
compounds 1 & 2) was too high to be measured. Therefore, for
compound 3, we kept the concentration same (100 uM) but
decreased the slit width to 10 mm.
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Figure 2: Emission spectra (Aexc= 370 nm) of 1-3 [100 uM] in THF/H,0 solvent mixture (a-
c), and in THF and DCM (d).

For compound 3, the initial quenching due to addition of water
was more severe than compounds 1 and 2 (Figure 2c), where

J. Name., 2013, 00, 1-3 | 3
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fluorescence intensity kept on decreasing until 35% water ratio.
A slight red shift in emission wavelength was also noticed. It
required 40% water in mixture to exhibit AIEE and finally 45%
water was enough to make intensity higher than only THF case.
An approximately 14 nm red shift in 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 structures that makes compound 3
more flexible allowing large adjustments in its supramolecular
assembly than the compound 1 or 2.

Having observed the strong aggregational behaviour of
compound 1-3, and considering the fact that cholesteryl unit
usually favours supramolecular gel formation, we investigated
the gelation ability of the synthesized compounds. To our
surprize, 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 hexane/EtOH (1:6) mixture.

To have more information about 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. PLQY values increases to 8.5%, 4.6% and 17.1%
when measured in THF/H,0 mixture having 45% H,O.

In general, NDI-based compounds bearing no substituents at
core positions exhibit either no or very poor solid-state
photoluminescence (SSPL) properties, except for a few
systems.44 48,49, 63,64 Ag for any real life applications in 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 contribution from
excimer emission might be the reason behind broadening of
solid-state emission spectrum of 3.

a —— ) 3000 —
)Bxio" 47 454 481 — ) e =
—3 2500

2x10° -
3 2 2000
£2x10° 4
Z s £ 150
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£ Ax10 E 1000
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Figure 3: (a) SSPL spectra of powdered samples, and (b) PXRD spectra of compounds 1-
3.

We further examined the powder X-ray diffraction (PXRD)
studies on 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 helps in
predicting n- m stacking modes, are not well defined. Lack of

4| J. Name., 2012, 00, 1-3

those peaks in PXRD hint towards formatiop.,@f . Jtype
aggregates® which aligns with the UV-Vi&@héasaremehto1038A
In order to further delve into the understanding of AIEE, time-
resolved photoluminescence (TRPL) measurements were done
for all the three compounds in both the solution and aggregated
states using different solvent combinations THF/H,O and
hexane/EtOH (Figure 4a-c). The excited-state fluorescence
lifetime decay profiles (Aex= 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 in THF resulted in an increase in lifetimes for all the
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 mixture, where it
showed gelation properties, and observed the 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
mixture, respectively.
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Figure 4: Plots showing fluorescence lifetime decay curves (Aex= 370 nm) and
corresponding fit (solid black line) for compounds 1-3 [20 uM] in THF/H,0 (a-c), and for
compound 3 in hexane/EtOH (d).

As compounds 1-3 are designed to have different linkages
between naphthalene moiety and cholesteryl groups, we got
interested in analysing the formed nanostructures to
understand the impact of these structural differences on their
self-assembled structures. Field Emission Scanning electron
microscope (FE-SEM) images obtained from sample prepared
from a [100 uM] solution of 1 and 2 in 10% H,O/THF mixture
revealed formation of cylindrical structures that are several
micrometres in length (Figure 5). A closer look at those
cylindrical rods like structure showed that they have a mesh like
morphology. It is visible from the higher resolution images that
self-assembled molecular aggregates further form intertwined
network of nanostructures giving a rod-like appearances. In
case of compound 3, similar molecular aggregates are formed
but they fail to attain any particular shape in the bulk.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5: FE-SEM images obtained from a 10% THF/H,0 sample of 1 (a-c), 2 (d-f), and 3
(g-i).

ARTICLE

of compounds 1-3 in DCM, 50% DCM/MeCN, 50% RCM/MeQH,
DMF and 50% DMF/H,0 was recorded. IR@ase 'OF6npIUAEE
[50 uM], the CD spectrum initially showed -ve CD signal centred
around 350 nm, which became less -ve when solvent was
changed to DMF, or 50% DCM/MeCN or DCM/MeOH. Upon
changing the solvent to DMF, CD signal looked opposite to one
observed in DCM, indicating a complete inversion of helicity (ESI
Figure S7d). This is in agreement with the CD spectrum observed
in 50% THF/H,O where CD signal corresponding to NDI
absorption band is +ve (Figure 6a).

Circular Dichroism (CD) and CPL Measurements

Inclusion of cholesteryl units in the molecular design introduces
the chirality in the system. Chiral chromophores are of special
interest for their chiroptical properties desirable for chiral
sensing, switches, circularly polarized luminescence etc.3 66 67
As Circular Dichroism (CD) spectrum provides an insight into the
ground electronic state of a chiral compound, we measured the
CD spectra of synthesized NDI-bis cholesteryl derivatives (1-3).
To understand the effect of structure variation on overall chiral
properties of these compounds, we performed measurements
using aggregated samples obtained from [50 uM] solution in
50% THF/H>0 solvent mixture (Figure 6a). Under this condition,
compound 1 showed a strong CD absorption band around 343
nm and 382 nm corresponding to the absorption bands of NDI
moiety. The NDI absorption band for compounds 2 and 3 were there
but weak in intensity. We further calculated the ggps values for
compounds 1-3. For absorption peak at 250 nm, the g4ps 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,0 (Figure
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 case of enantiomers where if one stereoisomer shows
+ve then other stereoisomer shows -ve signal.

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

To understand the roles of polarity of the solvent medium on
the overall chiral behaviour in the bulk, we further performed
CD measurements in solvents with varying polarities. CD spectra

This journal is © The Royal Society of Chemistry 20xx
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Figure 6: Room temperature CD spectra of in 50% THF/H,0: (a) 1-3 [50 uM], (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,0.

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

Seeing encouraging CD data and impressive AIEE behaviour, we
got interested in exploring CPL activity of these compounds in
solid and in various solution conditions. Using a JASCO CPL-300
CPL spectrometer, we performed measurements for
compounds 1 and 3 in 1:1 THF/H,0 mixture, and compound 2 in
a 1:1 DMF/H,0 mixture. Excitation at 350 nm failed to provide
any detectable CPL signal for compounds 1-3. 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

J. Name., 2013, 00, 1-3 | 5
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light. Further design modification would be required to achieve
it.

Conclusions

To summarize, here we have prepared three symmetric NDI
derivatives bearing two chiral units in the form of cholesteryl
group at imide positions. The spacer, that connects cholesteryl
group with nitrogen atom of the NDI, are varied. In compounds
1 and 2 the spacer provides a rigid linkage in which cholesteryl
groups stay tightly fixed in a specified orientation. 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 trigger to
initiate self-assembly process in THF/Water mixture, 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
water proportion from 30% to 35% results in sudden and a
steep rise in fluorescence intensity. Additionally, although all
three compounds carry the same chiral unit, cholesteryl groups,
compound 1 exhibits strongest CD signals under identical
measurement conditions. Another interesting feature that we
observed that compounds 2 and 3 display opposite chirality in
same solvent system. We also demonstrated that how THF/H,0
and DMF/H,0 can be used to change the helicity in the self-
assembled nanostructures. This information may provide vital
suggestions in designing new chiral fluorophore for AIEE and
CPL systems.
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