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A naphthalene—phenanthro[9,10-d]limidazole-
based n-conjugated molecule with a
self-assembly-induced tuneable multiple
fluorescence output exhibits artificial
light-harvesting propertiest

Priya Rana,#® Mallayasamy Siva,® Rabindranath Lo*” and Priyadip Das () *

Among promising new materials, t-conjugated organic molecules are considered an attractive platform
for the design and development of a wide range of self-assembled superstructures with desirable optical
and electrical properties necessary for use in organic optoelectronics applications. The optical and
electrical properties of m-conjugated organic molecules and their possible applications are usually
determined by their primary molecular structure and their intermolecular interactions in the self-
assembled state. However, satisfying the structural requirements for achieving tuneable optical
properties is a difficult task, which makes the design and development of novel high-performance
m-conjugated organic systems for nano-optoelectronics a considerable challenge. In this paper, we
report on the design and synthesis of a naphthalene—phenanthro[9,10-d] imidazole-based n-conjugated
Schiff base molecule (L1) that exhibits aggregation-induced tunable luminescence properties facilitated
by solvent polarity. Upon varying the medium polarity of the self-assembly medium, L1 self-assembles
into various superstructures with distinct morphologies and generates multiple tunable emission colours
(blue—green—yellow—white). In a highly polar THF : water = 1:9 medium, it displays aggregation-induced
white light emission. These single component-based white-light emitters attract broad attention due to
their potential applications in lighting devices and display media. Computational studies incorporating
full geometry optimization, time-dependent density functional theory (TDDFT) calculations and
molecular dynamics (MD) simulations were utilized to elucidate the enhanced n—m interaction influenced
by increasing solvent polarity and orbitals involved in electronic transitions associated with different self-
assembled states. More importantly, we constructed a highly efficient artificial light-harvesting system in
a THF :water = 1:1 medium based on self-assembled L1 and rhodamine B (RhB), where L1 acts as an
energy donor and RhB acts as an acceptor, exhibiting a strong antenna effect at a substantial donor/
acceptor ratio. Our findings provide a novel versatile approach for developing efficient artificial light-
harvesting systems based on the supramolecular self-assembly of suitably designed m-conjugated
organic molecules with tuneable multiple emission properties.

Introduction

The primary energy source for living organisms is photosynth-
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esis, a process utilized by green plants, algae and certain
bacteria to convert solar energy into chemical energy. In
the first stage of photosynthesis, light is employed to generate
high-energy molecules. The energy harvested in this stage is
stored inside the cell in the form of adenosine triphosphate
(ATP) and then converted into chemical energy.® Inspired by
this, researchers have mimicked this natural process and
developed various artificial light-harvesting systems (LHSs).*
These systems exhibit light-harvesting properties mediated by
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Forster resonance energy transfer (FRET).”® There are two
essential preconditions for this process to take place: First,
the donor should be densely packed without any considerable
self-quenching effect, and secondly, the donor/acceptor ratio
should be sufficiently high. When these preconditions are met,
excitation energy can be transferred with minimum energy loss.
In the FRET process, energy is usually transferred between a
donor and an acceptor through covalent bonds or non-covalent
interactions. Among the LHSs being developed, those based on
non-covalent interactions are particularly intriguing due to
their ease of synthesis, tuneable optical properties, energy
transfer efficiency and solution processability, which offer
several possibilities for the utilization of solar light in different
fields. With the aim of developing clean and sustainable energy
technologies, several artificial LHSs have been developed.’™?
Among them, self-assembled supramolecular systems have
received substantial attention not only due to their tuneable
and functional molecular structure, but also because effective
energy transfer between chlorophyll and protein in natural
systems also depends on supramolecular self-assembly.*"*™
For example, Yang et al. reported an extremely effective self-
assembled organic nanocrystal-based light-harvesting system
able to mimic chlorosomes."” However, detailed investigations
of these artificial LHSs provide insights into fundamental
processes and help to explore exciting applications in photo-
voltaics, photocatalysis and photopolymerization.”®'"'82! The
appropriate choice of a supramolecular scaffold, which can
be a dendrimer, polymer or metal-organic framework, which
can avoid fluorescence quenching with a corresponding
FRET pair, is essential for achieving a promising light-
harvesting system.>>”>” Prof. Stang and his co-workers have
developed a highly efficient light-harvesting system based on
self-assembled fluorescent Pt(u) metallacycles.® Recently, small
organic functional m-conjugated molecules have received con-
siderable interest due to their ability to self-assemble,*®° their
tuneable optical behaviour’®?' and their favourable charge
transfer properties. These characteristics improve the efficiency
of solar cells and provide promising advancements in organic
photovoltaic and light-emitting diode technologies.****

The unique and varied functionalities of self-assembled
n-conjugated molecules are promising for applications in
molecular switches, photo-controllable smart materials, and
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35737 In this context, Chai et al. have devel-

photo-patterning.
oped a series of n-conjugated multifunctional molecules. Upon
exposure to UV irradiation, one of them exhibits aggregation-
induced emission (AIE) in an aqueous medium, associated
with a reversible change in emission colour, and forms an
effective light-harvesting system with rhodamine B.*® Herein
we report on the design and synthesis of the naphthalene-
phenanthro[9,10-d]-imidazole-based  m-conjugated  organic
Schiff base compound named L1. We synthesized this probe
via a condensation reaction of naphthalene-1,5-diamine with a
n-conjugated aldehyde ligand, 4-(1H-phenanthro[9,10-d]-
imidazole-2-yl) benzaldehyde (A1). We then investigated the
solvent polarity-induced optical properties and the aggregation
behaviour of this newly synthesized optical probe. Our results
show that L1 exhibits tuneable emission properties that are
induced by aggregation facilitated by favourable solvent polar-
ity, which helps to understand the self-assembly of L1 into
different superstructures varying in morphology depending on
the polarity of the medium. Furthermore, we have successfully
employed the self-assembled superstructures generated from
L1 in a THF :water = 1:1 mixture to develop a highly effectual
LHSs utilizing the commercial fluorophore rhodamine B (RhB).
In this system, aggregated forms of L1 serve as donors whereas
rhodamine B functions as an acceptor. Overall, our results
clearly reflect the potentiality of using self-assembled L1 in
sensing, bioimaging and the development of optoelectronic
devices.

Results and discussion
Synthesis

We synthesized the m-conjugated Schiff base molecule L1 via
a straightforward coupling reaction between naphthalene-1,5-
diamine with a mn-conjugated aldehyde ligand, 4-(1H-
phenanthro[9,10-d]-imidazole-2-yl)-benzaldehyde (A1), in a
methanol:acetonitrile mixture (1:1) at room temperature
(RT), as illustrated in Scheme 1. Details of the synthesis
procedure are provided in Scheme S1 and S2 in the Experi-
mental section of the ESIL.{ We then characterized all the
synthesized products using standard analytical techniques
(Fig. S1-S3, ESIY).
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Scheme 1 Schematic representation of the synthesis of L1.
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Spectral analysis

We examined whether and how changes in solvent polarity
affect the optical properties of L1. To this end, we first recorded
the UV-Vis absorption spectra of L1 (20 uM) in a THF:water
mixture with the percentage of water ranging from 0% to 90%
(v/v). The absorption spectra of L1 (20 uM) in a pure THF
medium exhibited an absorption peak at 378 nm (¢ = 3.8 X
10* M~ ' em ') and a broad band with an absorption maximum
at 476 nm (¢ = 2.3 x 10> M™' em™'). The higher energy
absorption band at 382 nm is attributed to the intramolecular
n-n* charge transfer (ICT) transition whereas the broad band
absorption maximum at 476 nm is presumably due to the
intramolecular charge transfer (CT) transition (Fig. 1A). Upon
a gradual increase in the percentage of water (from 0% to 90%)
in the THF:water mixture, we observed a noticeable bathochro-
mic shift of the absorption maximum at 382 nm with reduced
intensity. In a THF : water = 1:9 mixture, the absorption max-
imum shifted to 394 nm with an eventual distinctive red shift of
16 nm. This kind of bathochromic shift of the CT absorption
band can be anticipated for J-type aggregation.’® Furthermore,
for a better understanding of the polarity-induced aggregation
process, we recorded the steady-state emission spectra of L1 in
a THF:water mixture of varying polarity by altering the percen-
tage of water from 0 to 90%. In pure THF, the steady-state
photoluminescence spectra of L1 (20 uM) exhibited emission
maxima at 533 nm that were observed upon excitation at
382 nm (Fig. 1B). Upon varying the water content in the
THF:water mixture, we observed a significant change in the
emission spectral pattern of L1. As we increased the polarity of
the medium from 0 to 50% (THF:water = 1:1), the emission
maxima underwent a significant bathochromic shift with
enhanced emission intensity (Fig. 1B). A further increase in
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medium polarity (THF:water = 4:6 to 1:9) effectively
decreased the emission intensity with red-shifted emission
maxima and eventually caused a distinctive red shift of the
emission maximum by ~72 nm (Fig. 1B).

It is obvious that an increase in medium polarity modifies
the non-covalent intermolecular interactions responsible for
molecular aggregation. This alters the pattern of molecular
assembly, which determines the emissive properties corres-
ponding to particular aggregated states.’**° The emission
spectral analysis of L1 exhibited a gradual red shift of the
emission maximum with elevated emission intensity as the
concentration of water in the THF:water mixture increased
from 0 to 50%. This was mainly due to the aggregation-
induced emission (AIE) mechanism.'**>*" However, upon a
further increase in water content in the THF:water mixture
(60% to 90%), there was a considerable drop in emission
intensity with a steady redshift of the emission maximum,
indicating that the aggregation-caused quenching (ACQ) pro-
cess took place.”>*® This noticeable steady red shift of the
emission maximum with increasing medium polarity con-
firmed that the J-aggregation pattern of L1 changed with
increasing medium polarity.>>*® The head-to-tail molecular
arrangement due to J-type aggregation enhances the intermo-
lecular electronic communications resulting in strong excitonic
coupling and delocalization of the excited states across the
molecules. This type of aggregation influences the electronic
properties of the aggregates, specifically reduces the energy gap
associated with the absorption and emission process with
increasing intermolecular noncovalent interaction including
n-n interactions and leads to a significant redshift of the
corresponding absorption and emission maxima.**™’ This
red shift of the ICT-based emission maximum with increasing
medium polarity is due to the stabilization of the lowest
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(A) UV-Vis and (B) emission spectra of L1 in THF and different THF:water mixtures. (C) Photographs showing the change in fluorescence colours
of L1 upon irradiation with 365 nm light at different ratios of the THF:water mixtures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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unoccupied molecular orbital (LUMO) in the polar medium,
which effectively reduces the energy gap associated with that
CT transition.”* Additionally, we investigated the visually
detectable luminescence colours generated by L1 in various
THF:water mixtures with varying percentages of water. We
observed that the emission colour changed remarkably
from blue to green, then to yellow, and finally to white upon
varying the water percentage from 0 to 90% in our THF:water
mixture (Fig. 1C). The fluorescence spectra obtained for the
THF :water = 1:9 mixture almost covered the entire visible
region and exhibited white light emission. The above results
indicate that the different aggregated states of this
n-conjugated system based on L1 in different THF:water mixed
solvent media varying in polarity account for the multiple
luminescence colours observed.?! L1 can adopt different mole-
cular conformations consisting of several combinations of C-C
or even C—=N imine bond isomerizations with a wide range of
torsional angles. In a non-polar and less polar solvent medium
with a low water content (THF:water = 9:1), this type of
molecular conformation is expected to prefer a non-radiative
deactivation pathway leading to a minimum luminescence
quantum yield for L1 (2.15%). In contrast, in a polar solvent
with an increased percentage of water (THF:water = 1:1) the
monomeric building blocks arrange themselves into a well-
organized structure with increased luminescence quantum
yield (2.50%) and a red-shifted emission maximum. More
importantly, this bathochromic shift of the characteristic ICT-
based emission maximum with increasing medium polarity,
associated with both the AIE and the ACQ process, could
originate from a single aggregated state (same ground state
structure) or several aggregated states with different packing
systems of the L1 molecular building block.”® A polar solvent
with a greater percentage of water helps the L1 molecule to self-
assemble with specific conformations through appropriately
tuned operative non-covalent interactions, including n-m stack-
ing and intermolecular H-bonding. Such a self-assembly
process®® is expected to enforce certain restrictions on inter-
molecular torsional motion, which promotes a somewhat more
planar conformation of the L1 molecule. This fact may be
responsible for the lowering of the excited state energy and
redshift of the characteristic ICT-based emission maxima of L1.
Therefore, our UV-Vis and steady-state fluorescence spectral
analysis of L1 in different solvent media of varying polarity
revealed that in highly polar media with a higher percentage of
water, conformations of L1 with enhanced planarity and con-
jugation were stabilized in their self-assembled state and
accounted for the red-shifted white light emission.>*>!

Morphological variation

The above results indicate that with increasing polarity of the
solvent medium, L1 emits light of multiple colours associated
with different self-assembled states of L1. We therefore
expected the self-assembled Li1-based structures obtained
under varying medium polarity to differ in morphology.
For this reason, we triggered the self-assembly of L1 in
THF:water mixtures with a varied percentage of water. In a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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THF : water = 7: 3 mixture, L1 self-assembled into thin fibrillar
structures that formed a fibrillar network (Fig. 2A and B). In a
THF :water = 4:6 mixture, L1 self-assembled into a fibrillar
network consisting of thicker fibrils (Fig. 2C and D). In a highly
polar THF:water = 1:9 mixture, L1 self-assembled into an
aggregated network of needle-shaped nanorods (Fig. 2E and
F). The emission spectra of L1 displayed a noticeable red shift
of the characteristic emission maximum as the percentage of
water in the THF:water mixture increased from 30% to 90% and
produced luminescence of different colours ranging from green
to yellow and to white (Fig. 2G-I). Fig. 2K shows the formation
of different self-assembled superstructures in THF mixed sol-
vents varying in water content. These morphologically varied
L1-based self-assembled superstructures account for the
aggregation-induced multi-colour luminescence described
above. Morphological analysis helps to predict the mechanism
by which the polarity of the medium induces the aggregation of
L1. Initially, in a less polar medium (THF : water = 7 : 3 mixture)
L1 self-assembles into thin fibrils. In a THF:water = 4:6
mixture, L1 self-assembles into a thicker fibrillar network due
to enhanced hydrophobic interactions with increasing water
content. When the percentage of water in the THF:water
mixture reaches 90%, L1 self-assembles into needle-shaped
nanorods with enhanced dimensions. In a highly polar self-
assembly medium with a higher percentage of water, the
molecular aggregation process tends to minimize hydrophobic
interactions with water as well as the surface energy of self-
assembled structures, giving rise to morphological variation in
aggregated superstructures in solvents differing in water con-
tent (Fig. 2] and K). We carried out our quantitative morpho-
logical analysis of the self-assembled superstructures of L1
obtained in a THF:water mixture of varying polarity based on
the distribution of width and length obtained from HR-SEM
images (Fig. S4, ESIT). The L1 fibrils obtained with the THF:
water = 7:3 mixture and THF:water = 4:6 mixture were
homogeneously distributed, as shown in the SEM images
captured at lower magnification. However, the population of
fibres varied with the polarity of the self-assembly medium. The
length of Li-derived fibrils obtained with 7:3 and 4:6
THF:water mixtures had an average length of 272 £+ 10.1 pm
and 255 + 8.6 um, respectively. The average length of the L1-
based self-assembled needle-shaped nanorods obtained in a
THF : water = 1:9 mixture was 174 + 12.8 um. In contrast, the
width of the Li-based self-assembled fibrils and nanorods
varied noticeably. The thinner fibrils obtained with a THF:
water = 7:3 mixture self-assembly medium had an average
diameter of ~216 nm whereas the average diameter of the
thicker fibril obtained in an THF:water = 4:6 mixture was
~360 nm.

With Li-derived needle-shaped nanorods, the diameter var-
ied in the range of ~2.5 pm. We further performed dynamic
light scattering (DLS) analysis of the self-assembled L1 with
various morphologies obtained from different solvent systems
of varying polarity (THF :water = 7:3, 4:6, and 1:9) and the
results obtained from the DLS analysis is in good agreement
with the morphological analysis through SEM (Fig. S5, ESI+).*®
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Fig. 2 HR-SEM micrographs of the self-assembled structures formed by L1 in THF : water = 7:3 (A) and (B), THF : water = 4:6 (C) and (D) and THF:
water = 1:9 mixtures (E) and (F). Emission spectra and luminescence colours of self-assembled L1 were obtained in THF : water = 7: 3 (G), THF : water =
4:6 (H) and THF : water = 1: 9 mixtures (1). (J) and (K) Pictorical representation of the morphologically different self-assembled structures formed by L1

building block in THF:water mixtures of varying polarity.

We subsequently aimed to investigate changes in intermolecu-
lar non-covalent forces associated with the different self-
assembled states of L1 in different solvent media of varying
polarity. In this context, we recorded Fourier transform infrared
(FT-IR) spectra L1 self-assembled in THF: water = 7:3 and 1:9
medium respectively. The FT-IR spectra of L1 (solid mass)
isolated from a THF :water = 7:3 mixture exhibited character-
istic peaks at 1602 (Vcen(imine)s 1493 (Vc=c(aromatic)), 1454
(VC—C(aromatic])7 1428 (VC—N(aromatic))7 2884 (VC—H(aromatic)) and
3213 ecm ™! (VN-Hi(imidazole))- The FT-IR spectra of solid mass
obtained with the THF : water = 1:9 mixture displayed notice-
able changes in the position and intensity of peaks corres-
Ponding to Vc=N(imine)y YC=C(aromatic)y YC-N(aromatic)y YC-C(aromatic)
and Vc_p(aromatic) Which unequivocally confirms the varied n-n
stacking interactions during the self-assembly of L1 with
changing polarity of the self-assembly medium.’* On the
other hand, a substantial change in the peak position and
peak intensity of the characteristic peak corresponding to
UN-H(imidazole) Signifies the further involvement of imidazole
(N-H) through intermolecular hydrogen bonding in the mole-
cular self-assembly process of L1 upon an increase in medium
polarity (Fig. 3A and B).>>*? For further confirmation, we have
also recoded the FT-IR spectra of monomeric L1 (unassembled
state, Fig. S6, ESIt). The significant difference in the peak
positions and peak intensity of the characteristic peaks com-
pared with the self-assembled sate of L1 confirmed the

8212 | Mater. Adv., 2024, 5, 8208-8222

involvement of n-m stacking interaction and intermolecular
H-bonding in the self-assembled state.

The modes of molecular aggregation of L1 in various self-
assembled states (obtained by varying the polarity of the self-
assembly medium) were investigated further using powder
X-ray diffraction (PXRD) analysis of the dried mass of L1
obtained with the THF:water = 7:3 and 1:9 mixtures, respec-
tively (Fig. 3C and D). PXRD analysis of the dried mass of L1
obtained with the THF :water = 7:3 mixture revealed diffrac-
tion peaks at 19.2 and 24.4° (with d spacing values of 4.6 and
3.6 A, respectively), which suggests the presence of a m-m
stacking interaction between the monomeric building blocks
of L1. Similar characteristic peaks at 19.4 and 24.5° (with d-
spacing values of 4.5 and 3.6 A) in the PXRD spectrum of dried
mass of L1 obtained from a THF :water = 1:9 mixture reflect
the existence of intermolecular n-n stacking interactions.>*>*
Furthermore, in the wide-angle region, the diffraction peak
appears at 28.5° (with a d-spacing value of 3.1 A) and 28.3° (with
a d-spacing value of 3.1 A) for the dried mass of L1 obtained
with the THF:water = 7:3 and 1:9 mixtures, respectively,
anticipated in the presence of intermolecular hydrogen bond-
ing involving the imidazole N-H.”** Furthermore, as can be
seen from Fig. 3C, diffraction peaks appeared for the thin
fibrillar structures self-assembled by L1 in a THF : water = 7:3
mixture at 5.3°, followed by other characteristic nearly periodi-
cally spaced peaks at 10.1, 15.9, 21.1 and 26.4° with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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closure or a scroll-up process in THF:water mixtures with varied polarity.

corresponding d-spacing values of 17.2, 8.7, 5.5, 4.2 and 3.3 A,
respectively. This sequence of ratios approximately equalling
1/2, 1/3, 1/4 and 1/5 suggests that the formation of a lamellar
molecular arrangement during the self-assembly of L1 in the
THF : water = 7 : 3 mixture yields thin fibrillar superstructures.’*
The PXRD spectrum of self-assembled L1 in a highly polar
THF :water = 1:9 mixture displayed a similar characteristic
peak at 5.1° followed by other nearly periodically spaced peaks
at 10.2, 16.0, 19.4 and 24.5° with corresponding d-spacing
values of 17.0, 8.6, 5.5, 4.5 and 3.6 A, respectively (Fig. 3D).
This periodic ratio is consistent with the lamellar molecular
arrangement of L1 during self-assembly, indicating the for-
mation of tubular superstructures through a layered array of L1.
To assume an energetically favourable and stable molecular
arrangement in a highly polar THF :water = 1:9 mixture, the
layered lamellar arrangements of L1 underwent a scroll-up
process and generated a superstructure with nanorod-like
morphology (Fig. 3E). This scroll-up process not only protects
the m-conjugated aromatic moiety from hydrophobic interac-
tions, but also minimizes the surface energy of the resulting
superstructures.” It is well established that Schiff base com-
pounds are usually unstable in an aqueous medium because of
the propensity of the imine bond (C=N) towards hydrolysis in
the presence of water. Therefore, there is a possibility that L1 in
an aqueous medium can easily dissociate into its aldehyde (A1)
and naphthalene diamine precursors (B1), or its mono-
condensed intermediate. One detailed "H NMR study described

© 2024 The Author(s). Published by the Royal Society of Chemistry

the formation of imine molecules from several aldehydes and
amines in an aqueous medium within the pH range of 7-11.°
The study proposed a three-parameter linear equation correlat-
ing the logarithms of imine formation constants with pkK,,
highest occupied molecular orbital (HOMO) energies of
amines, and lowest unoccupied molecular orbital (LUMO)
energies of aldehydes, which provide a basis for the search
for structural stability correlations conducive to imine for-
mation in an aqueous medium and explain imine formation
in such a medium. This result might shed light on different
imine formation reactions not only in mixed aqueous media,>®
but also in pure water.”” It has also been reported that imine-
based porous organic cages exhibit comparably excellent hydro-
lytic stability.>®

To verify the hydrolytic stability of L1, we recorded the UV-
Vis absorption and steady-state emission spectra of the pre-
cursors imidazole-based aldehyde (A1) and naphthalene dia-
mine (B1) in THF:water mixtures of varying polarity. Noticeable
differences in the electronic spectral pattern of the starting
aldehyde (A1) and diamine (B1) of L1 suggest that L1 is stable in
aqueous media (Fig. S7, ESIf). Furthermore, the emission
colour of the parental aldehyde (A1) and the diamine (B1) in
a THF:water mixture with varied polarity (Fig. S8, ESIt) con-
firmed that the visually detectable changes in the emission
colour of L1 upon altering the polarity of the medium are due to
aggregation induced by changing the medium polarity and not
due to hydrolytic decomposition.
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DFT studies

To further investigate the proposed self-assembly/aggregation-
induced single-molecule fluorescence properties, we performed
theoretical geometry optimization and electronic transition
calculations for L1 using density functional theory (DFT) and
time-dependent DFT (TDDFT) calculations. The optimized geo-
metry of the L1 monomer can exist in two different orienta-
tions: One, S1, is the open form and the other, S2, is the folded
form resulting from intramolecular n-n interactions (Fig. 4a
and b). Due to the presence of intramolecular n-n stacking
interactions, S2 is more stable, and the energy gap between the
S1 and S2 forms decreases with increasing solvent polarity. The
dimeric structures, namely the S1 dimer and the S2 dimer, can
consist of both monomeric forms S1 and S2, respectively. In our
study, we considered two different types of stacking modes:
first, in the S1 dimeric form of L1, there is tight face-to-face
stacking where all aromatic ring planes overlap with the
adjacent molecule. Secondly, in contrast, in the S2 dimeric
form, n-conjugated phenanthroimidazole-2-yl moieties overlap
intermolecularly with each other (Fig. 4c and d). Above we
discuss the influence of operative non-covalent interactions
and the morphological transformation resulting from changes
in molecular assembly patterns associated with varying solvent
medium polarity. The first conclusion is that the molecules
under consideration are more likely to self-assemble in a highly
polar solvent. Secondly, the transformation of the more stable
S2 monomer into the S1 monomer is greater with increasing
medium polarity. Based on these facts, we can predict the
formation of the S2 dimeric form of L1 in a 100% THF medium
whereas the S1 dimeric form of L1 is preferentially formed in a
THF : water = 1: 9 mixture. The optimized geometries show that
the phenanthroimidazole-2-yl moieties in the S1 dimer overlap
by approximately 3.528 A whereas in the S2 dimer this distance
increases to 3.648 A.

To explore the electronic transitions taking place in the n-
stacked systems, we performed time-dependent DFT (TDDFT)
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Paper

calculations. The orbitals associated with specific electronic
transitions in all compounds considered are elaborated in
Fig. 5 and Fig. S9 (ESIt) and Table 1. In the THF medium,
the S2 dimer exhibits two transitions at 328.19 nm and
326.46 nm (Table 1). These transitions primarily involve excita-
tions between frontier molecular orbitals, with significant
contributions associated with excitations passing from H-2,
H-1 and H to L, L+1 and L+3. These transitions mainly involve
excitations transferred from phenanthroimidazole-2-yl moi-
eties to the core phenyl group. With a decreasing percentage
of THF and increasing percentage of water, the self-assembly of
L1 is enhanced, leading to the formation of an S1 dimeric form
of L1, which exhibits strong m-n interactions, as observed
previously. In a THF:water = 1:9 mixture, a bathochromic
shift occurs with a transition at 356.66 nm. This red shift of 28-
30 nm is in good agreement with our experimental observa-
tions. Aggregated dimers in the S1 state of L1, stacked in a
tightly bound face-to-face arrangement, lower the energy gap
between the HOMO and LUMO levels. The transition involves
excitations transferred from phenanthroimidazole-2-yl moi-
eties and the LUMO is located on the core phenyl group.

AD initio molecular dynamics

The n-conjugated molecules self-assemble in polar solvents,
and solvent polarity-induced morphological differences of their
self-assembled state are responsible for their multi-colour
luminescence, which is therefore tuneable. We evaluated the
dynamic nature and stability of the n-stacked structure using
MD simulations at 300 K over a simulation time of 10 ps. The
MD simulation of the S1 dimer in water medium indicates the
existence of strong n—r interactions throughout the simulation
(Fig. 6). The distance between the centres of mass (COM) of the
two S1 monomers does not fluctuate significantly after 4 ps and
the monomers are bound together by strong inter-molecular
n-n interactions. The n-stacked structure forms hydrogen
bonds with explicit water molecules, as shown by the number

Fig. 4 Optimized geometries of the calculated minima structure of the L1 monomer are shown in two orientations: (a) open (S1) and (b) stacked (S2).
The corresponding dimer is also depicted in two orientations: (c) S1 dimer and (d) S2 dimer. [C: grey, N: blue, H: white].
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Fig. 5 Frontier molecular orbitals of the calculated minima structure of the L1 dimer involved in the main absorption peak at wB97XD/def2-TZVPP in a
THF : water = 1: 9 mixture. [C: pink, N: blue, H: white]. The density of the molecular orbitals is shown in yellow and violet with an isosurface value of 0.03.

Table 1 The transition coefficients and associated eigenvalues of the dominated excitation in L1

Medium Excitation energy (eV) Wavelength (nm) Oscillator strength (f) Key transitions

L1 (S1-dimeric form) THF : water = 1:9 3.476 356.66 4.859 HOMO-2 — LUMO
HOMO-1 —» LUMO
HOMO — LUMO+1
L1 (S2-dimeric form) 100% THF 3.778 328.19 1.081 HOMO — LUMO+3
HOMO-2 — LUMO
HOMO-2 — LUMO+1
3.798 326.46 1.002 HOMO — LUMO+1
HOMO-1 — LUMO
HOMO-1 —» LUMO+1

Fig. 6 Snapshots taken at a simulation time of 5 ps for (a) the S1 dimeric form of L1 with water, and (b) the S2 dimeric form of L1 with THF. [C: green,
C(THF): cyan, O: red, H: white].

of hydrogen bonds formed during the simulation time in Fig. hydrogen bonds with explicit THF. The distance between the
S10 (ESIf). However, the S2 dimer does not form significant centres of mass (COM) of the two S2 monomers remains large
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throughout the simulation time, as illustrated in Fig. S10

(ESTH).

Light-harvesting properties

A mechanistic clarification of this morphological transforma-
tion of self-assembled L1 upon varying the polarity of the self-
assembly medium is also expected to inspire questions regard-
ing the potential applications of such self-assembled super-
structures with characteristic emission properties. Previously it
was described that m-conjugated cyano stilbene derivates are
able to self-assemble into a wide range of nanostructures with
tuneable emission and transport properties.’* Gosh et al
reported on a supramolecular molecular wire encapsulated into
n-conjugated organogels which acts as an efficient light-
harvesting antenna with colour-tuneable emission.®® Intrigued
by this finding, we have set out to explore the possibility of
using these Li-based self-assembled fluorescent superstruc-
tures as light-harvesting antenna systems. An efficient Forster
resonance energy transfer (FRET) system relies on two critical
factors for it to be operational. First, there must be a substantial
overlap between the emission spectrum of the donor fluoro-
phore and the absorption spectrum of the acceptor fluoro-
phore. Secondly, the distance between the donor and
acceptor fluorophores should ideally be within approximately
10 nm.>® This spatial closeness allows for efficient energy
transfer between these two fluorophores. In this study, to set

-
o
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up an efficient FRET process, we chose self-assembled L1-based
superstructures obtained from a THF : water = 1: 1 mixture as a
donor unit and the commercially available fluorescent dye
rhodamine B (RhB) as an acceptor unit. RhB exhibits a sharp
absorption peak at 560 nm and emits at 580 nm in a THF:
water = 1:1 mixture (Fig. 7A). On the other hand, L1 exhibits a
broad emission spectrum with an emission maximum at
539 nm (Agxe = 382 nm) in a THF:water = 1:1 mixture
(Fig. 7A and B). Noticeable spectral overlap between the emis-
sion spectrum of L1 and the absorption spectrum of RhB
suggests that these compounds are an ideal FRET pair for an
effective energy transfer process (Fig. 7B). In order to check
this, we recorded the emission spectra of three different solu-
tions: (i) self-assembled L1 (20 pM), (ii) self-assembled L1
(20 uM) in the presence of RhB (200 nM), and (iii) RhB only
(200 nM) in a THF : water = 1: 1 mixture (4gy = 382 nm; Fig. 7B).
The emission spectrum recorded for the solution of self-
assembled L1 in the presence of RhB in a THF :water = 1:1
mixture produced a strong emission band with an emission
maximum at 598 nm (Fig. 7B, red line). In contrast, the
spectrum recorded for the solution containing only 20 nM of
RhB exhibited insignificant emission (Fig. 7B, pink line). These
findings confirm that self-assembling L1 functions as a light-
harvesting antenna and effectively transfers its excitation
energy to an RhB acceptor unit. With the gradual addition of
greater molar percentages (10-200 nM) of RhB, the emission
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(A) Absorption spectra of L1 (blue) and RhB (black) and emission spectra of L1 (red) and RhB (pink) in the THF : water = 1: 1 mixture. (B) Emission

spectra of L1 (20 uM, blue), RhB (200 nM, pink) and L1 (20 uM) + RhB (200 nM) (red; Agxe = 382 nm); inset: photograph of the emission colour of L1
(20 uM), RhB (200 nM) and L1 (20 pM) +RhB (200 nM). (C) Emission spectra of L1 (20 uM) in the THF : water = 1:1 mixture with varying concentrations
of RhB. (D) Fluorescence intensity changes at 539 and 598 nm of L1 + RhB and 580 nm of RhB.
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intensity of the self-assembling L1 is progressively quenched
(Fig. 7C). Interestingly, the emission intensity of the RhB
increases steadily with a significant redshift of its emission
maximum (Fig. 7C). The linear increase of the fluorescence
response ratio (F./F,) with increasing concentration of RhB is
presented in the inset of Fig. 7D. For further confirmation of
this effective energy transfer process, we also recorded the
emission spectra of solutions of RhB in varying concentrations
from 10 to 200 nM (Fig. 8B). Self-assembled L1 (the donor)
under an increasing concentration of RhB (the acceptor) effec-
tively increases the characteristic emission intensity of RhB
(8.2-fold) compared to when it is absent (1.9-fold; see the
Fig. 7D). These results clearly demonstrate the efficiency
of the energy transfer process between self-assembled L1
and RhB. The progressive quenching of the characteristic
emission of self-assembled L1 with the gradual addition of

1000
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51007 + 200 nM RhB
éi \ IRF
S | i
% 10 3
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RhB (10 to 200 nM) is due to the effective transfer of excitation
energy from self-assembled L1 to RhB.

Furthermore, we performed time-resolved emission studies
to confirm that the energy transfer process outlined above
actually takes place. Emission decay profiles of the self-
assembled L1 (lgx = 382 nm, Ayon = 539 nm) and self-
assembled L1 with different amounts of acceptor RhB are
presented in Fig. 8A. As the concentration of the acceptor
RhB increases from 0 to 200 nM, gradually faster emission
decay of self-assembled L1 is observed along with a drop in
calculated average lifetime (t,,) from 4.8 ns to 1.25 ns.
This result strongly suggests that effectual energy transfer from
self-assembled L1 to RhB does take place. We have also
investigated the energy transfer efficiency (ngr) and the antenna
effect (AE) of self-assembled L1/RhB systems, as these are
crucial parameters for assessing the light-harvesting ability of
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(B) —o—*
./
0.6- i
o’./
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Fig. 8

(A) Fluorescence lifetime decay profiles (Zgxe = 382 nm, monitored at 539 nm) of L1 upon the addition of different concentrations of RhB

(0—-200 nM). IRF — instrument response time. (B) Energy transfer efficiency as a function of [RhB]. (C) Schematic representation of the self-assembled

L1/RhB-based light-harvesting system.
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any donor-acceptor system. The efficiency of energy transfer is
quantified based on relative changes in emission intensity of
self-assembled L1 as the concentration of RhB increases from 0
to 200 nM (Fig. 8B) using eqn (1).”°%* In the presence of
200 nM of RhB, the energy transfer efficiency reached approxi-
mately 74%. The antenna effect (AE) is also quantified by the
ratio of emission intensity at the emission maximum of the
acceptor in the presence of the donor (Agy = 382 nm) (Fig. 7C) to
the emission intensity at the emission maximum of the accep-
tor in the absence of the donor (Agx = 560 nm) (Fig. S11, ESIT),
formalized by eqn (2).®* The calculated value of AE for this L1
(20 uM)/RhB (200 nM)-based donor-acceptor system is 51
(details are given in the ESIt and Table $1),° which confirms
that this self-assembled L1-RhB system is an effective light-
harvesting system with a significant antenna effect. Overall, the
light-harvesting antenna effect of the donor L1 and the RhB
acceptor is schematically illustrated in Fig. 8C.

Ner=1— (FDA/FD) (1)

AE = F, A(382nm)/ F, A(560nm) (2)

Conclusion

We have designed and synthesized a functional small n-
conjugated molecule that we call L1 and explored its optical
and self-assembly properties affected by the polarity of the
medium in which it self-assembles into higher-level structures.
L1 self-assembles into different superstructures with morpho-
logical heterogeneity affected by the polarity of the self-
assembly medium, displaying tuneable aggregation-induced
fluorescence properties. Therefore, L1 can be employed for
generating multiple fluorescence colours (blue-green-yellow—
white) by varying the polarity of the self-assembly medium and,
more importantly, can be considered a functional n-conjugated
system-based single-component white-light emitter. These sig-
nificant medium polarity-controlled aggregation-induced emis-
sion properties make L1 a promising candidate for organic
electronic and energy transfer applications. We utilized com-
putational analyses, including full geometry optimization,
TDDFT calculations and MD simulations, to elucidate the
enhanced n-rn interaction influenced by solvent polarity and
the orbitals involved in the electronic transitions associated
with different self-assembled states. Furthermore, we explored
the potential applicability of L1 as a light-harvesting system.
Self-assembled superstructures obtained from L1 in a THF:
water = 1:1 mixture function as light-harvesting antennae and
transfer excitation energy to the commercially available dye
rhodamine B with substantial efficiency and an antenna effect.
This work not only describes the generation of different super-
structures with morphological individualities from a single
molecular backbone, but also emphasizes the tuneable
aggregation-induced ability of L1 to emit multi-colour lumines-
cence. It is because of this ability that L1 might find applica-
tions in OLED devices and the fabrication of organic field effect
transistors (OFETs). Additionally, the practical applications of
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this artificially engineered light-harvesting system can be
extended to various other technological domains, including
photovoltaics, photocatalysis and photopolymerization. The
results of our research therefore potentially significantly con-
tribute to the advancement of materials science and hold
substantial promise in the field of organic electronics.

Materials and methods
Materials

All the chemicals and solvents used in the research reported
here are commercially available and were used as received
without further purification. 9,10-Phenanthrenequinone,
naphthalene 1,5-diamine and sodium hydrogen carbonate were
purchased from AVRA. Ammonium acetate was purchased from
Sisco Research Laboratories (SRL) Pvt. Ltd, India. Glacial
acetic acid, acetonitrile and methanol were purchased from
Finar Ltd. Terephthaldehyde was purchased from Sigma-
Aldrich. Other regular laboratory chemicals were purchased
from Sisco Research Laboratory and Loba Chemicals (Mumbali,
MH, India).

Synthesis of L1

The detailed protocol utilized to synthesize L1 is available in
the Experimental section of the ESIt (Schemes S1, S2 and
Fig. $1-83, ESI¥).

Self-assembly of L1

A fresh stock solution of L1 was prepared by dissolving this
compound in THF to a concentration of 50 mg mL™ ‘. We
blended these solutions in several different proportions and
diluted them with, THF :water = 7:3, THF :water = 4:6 and
THF :water = 1:9 mixtures to achieve the desired concentra-
tions of this building block for self-assembly. The polarized
solvent allowed the molecules to self-assemble.

High-resolution scanning electron microscopy (HR-SEM)

A 10 pL drop of a self-assembled solution of L1 in each of the
different solvent media was placed on a glass coverslip and
allowed to dry at RT. SEM analysis was performed using a high-
resolution scanning electron microscope (HR-SEM, Thermo
Scientific Apreo S) operating at 18 kV.

Dynamic light scattering (DLS) analysis

DLS analysis (Zetasizernano ZS, Malvern Instruments, Malvern,
UK) was carried out to find the average size distribution of L1 in
THF:water mixtures with varying the solvent polarity.

Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectra were recorded using an
IRTracer-100 FT-IR spectrometer (Shimadzu) with a deuterated
lanthanum «-alanine-doped triglycine sulphate (DLaTGS)
detector. FT-IR for the dried mass of self-assembled L1 was
carried out in powder form. The measurements were taken at
4 cm™' resolution with an average of 1000 scans. Minimal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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transmittance minimal values were determined using the soft-
ware IR Tracer supplied with the spectrometer.

UV-vis spectroscopy

UV-vis absorption spectra of the synthesized L1 were recorded
in different solvent media with varying polarity using a UV-vis
spectrophotometer (Agilent Cary 50 UV-vis double-beam
absorption spectrophotometer).

Fluorescence spectroscopy

Fluorescence measurements were performed at RT using a
fluorescence spectrophotometer (Edinburgh Instruments, FLS
1000). Emission spectra of the synthesized L1 were recorded in
different solvent media with varying polarity using the appro-
priate excitation wavelengths.

X-ray diffraction (XRD) analysis

The PXRD pattern of samples was recorded by using a PANa-
lytical X’Pert Pro Powder X-ray diffractometer. Data collection
was carried out at room temperature using Cu Ko radiation
(1.5406 A, 40 kv, 30 mA) as the X-ray source in 20 continuous
scan mode (Bragg-Brentano geometry) in the range of 2-50° at
a scan rate of 1 scan per minute and a time per step of 0.5 s.

DFT calculations

Monomer geometries were fully optimized using the ®B97XD/
def2-TZVPP level whereas those of dimers were optimized at the
®B97XD/def2-SVP level.*#® In the solvent, the geometries were
optimized with the continuous COSMO solvation model.®® The
solvent was modelled with a dielectric constant of ¢ = 7.4
(tetrahydrofuran) and ¢ = 76.44 (10%tetrahydrofuran). All cal-
culations were performed using the Gaussian 16 package.®”

Time-dependent (TD)-DFT calculations of the complex geo-
metries were performed at the ®B97XD/def2-TZVPP level. The
hybrid meta-GGA functional ®B97XD has a 100% fraction of HF
exchange at long-range in addition to about 22% at short-range
and also contains empirical dispersion terms.®* Unlike PBEO,
the long-range-corrected functional ®B97XD properly describes
the ground and excited state properties of complex molecules.®®
The importance of long-range corrected functionals for charged
systems and for describing CT states is explained in previous
studies.®®’® The ten lowest vertical excitation energies were
calculated based upon time-dependent density functional the-
ory (TDDFT), utilizing optimized geometries.

Periodic boundary condition calculations were performed
using the Vienna Ab initio Simulation Package (VASP) using the
plane-wave basis set.”"”> All calculations were done on the
PBE level of theory using Grimme empirical dispersion.”®
Ab initio MD simulations were performed using the isother-
mal-isobaric (NPT) ensemble wuntil equilibrium was
achieved.”*”> The MD simulation was performed at 300 K using
the Langevin thermostat and standard pressure, and the time-
step was set to 1 fs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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