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Fluorescence associated with J-aggregated naphthalenediimides (NDIs) is common. However, in this

study an NDI based synthetic peptide molecule is found to form a fluorescent H-aggregate in a chloro-
form (CHClz)-methylcyclohexane (MCH) mixture. An attempt has been made to explain the unusual
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fluorescence property of this H-aggregated NDI derivative. Time correlated single photon counting
(TCSPC) shows that the average lifetime of the NDI based molecule is on the order of a few nanoseconds. It
is revealed from the computational study that the transition from the second exited state (S,) to the ground

energy state (Sp) is responsible for the fluorescence as S; is a dark state. Such rare violation of Kasha's rule
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Introduction

Organic supramolecular materials’ belong to a highly expanding
area of current research in organic electronics and other related
fields. The self-assembly of the organic semiconducting mole-
cules leads to the formation of different types of functional
aggregates and they have various applications in photovoltaics,
field-effect transistors and others.” Covalent conjugates of amino
acid and peptide based small fragments of organic semiconduct-
ing species are a rapidly growing area of current research.’ This
is because these molecules can be self-assembled by using
various non-covalent interactions including hydrogen bonding,
n-n, hydrophobic and electrostatic interactions, and others.
Among these organic semiconductors, NDIs are an important
class of n-type semiconducting molecules due to their molecular
planarity, distinctive redox behavior and the m-acidity for making
various supramolecular architectures.* The use of NDI-based
molecules for photonic purposes is restricted owing to their lower
quantum yield of fluorescence than that of their counterparts
including perylene and other rylene dyes.” By regulating the
aggregation behavior of NDI based molecules, a few attempts have
been made to augment the fluorescence of NDI based molecules.®
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accounts for the unusual fluorescence properties of this type of NDI molecule in the H-aggregated state.

Another way to increase the fluorescence potentially is by sub-
stituting the NDI core.” In NDI based molecules, fluorescence can
arise due to various factors including excimer emission, aggrega-
tion induced fluorescence and others in core un-substituted NDIs.

Moreover, several efforts have been directed to explore the
type of aggregate (H- and/or J-type) that is formed by the self-
assembly of various fluorescent dyes. This type of aggregate
formation is reflected by the corresponding absorption spectrum
of the aggregate and also by the blue or red shift of its absorption
band compared to its monomeric species.® Many J-aggregates
show fluorescence with high quantum yields,” in contrast to
H-aggregates which are reported to be non-fluorescent.® Thus, the
non-emissive character in the excited state of dye molecules is
accepted as a general feature for H-aggregates. The non-emissive
nature of H-aggregates can be understood from the dipole for-
bidden S; — S, lowest energy transition (Kasha’s rule).'® Though
there are only a few examples of fluorescent H-aggregates
arising from the stacking of various dye molecules, the evidence
coming from the fluorescent H-aggregated species of rylene dyes
(NDIs, PDIs and others) is very rare.'* In the course of our
investigation on the self-association of NDI conjugated peptide/
amino acid based derivatives,’”*>? a dipeptide based NDI
molecule 1 was synthesized, purified, characterized and its
self-association in different solvent systems was studied. Interest-
ingly, molecule 1 forms an H-aggregated species’' in CHCl;-MCH
solvent mixtures. Moreover, in the H-aggregated state peptide 1
exhibits a remarkable bluish white fluorescence and this
phenomenon is very unusual, in contrast to the previously reported
results for NDI based non-fluorescent H-aggregated species.
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Computational studies made an attempt to explain this unu-
sual behavior of H-aggregated NDI based peptide molecules.

Results and discussion

The synthesis and characterization of peptide 1 have been
mentioned in the ESI.f The NDI conjugated peptide 1 (Fig. 1)
is very soluble in CHCI;. It remains in the monomeric state and
produces a clear solution in this solvent. On the other hand, the
molecule is sparingly soluble in MCH and it promotes the
aggregation of these NDI molecules. So, the self-assembly of
peptide 1 was first tested by dissolving it in CHCI; and then
MCH was added to it gradually. Slow and gradual addition of
MCH changes the aggregation pattern and it starts to form an
opaque solution at the solvent composition 50 : 50 (CHCl; : MCH).
In pure CHCIl; the monomeric solution of peptide 1 exhibits
weak fluorescence. The further addition of MCH to the above
mentioned solvent composition causes a transformation from
monomeric feebly fluorescent (in CHCl;) to the bluish white
aggregate (Fig. 1) at the solvent composition 10:90 (CHCl; : MCH)
under exposure to a UV lamp (365 nm).

A solvent dependent UV-vis spectroscopic study of peptide 1
was performed to explore the aggregation pattern from the
monomeric chromophore to the aggregated state by varying the
composition of CHCIl; and MCH systematically in mixtures by
keeping the concentration of peptide 1 fixed at 0.05 mM
(Fig. 2a). Peptide 1 exhibits UV-vis absorption in the range of
300-400 nm corresponding to the m-n* transition along the
polarized long axis of the chromophore (NDI). In pure CHCl;,
two prominent peaks appeared at 361 nm and 382 nm with a
shoulder at 342 nm. This corresponds to the characteristic NDI
moiety in the non-aggregated monomeric state (Fig. 2a). After
the addition of MCH to the CHCI; solution, a regular blue shift
of these peaks was observed, followed by a decrease in the
intensities of all these above mentioned peaks. At a 5:95
composition of CHCl;:MCH, the 382 nm and 361 nm peaks
shifted to 378 nm and 358 nm, respectively. Measuring and
plotting the absorption maxima at a fixed wavelength (382 nm)
against the % of MCH added reveals that after the composition
of the CHCl; : MCH mixture reaches 50: 50, the aggregate starts
to form considerably (Fig. 2b). Concentration dependent UV-vis
spectroscopy (Fig. 2¢) was performed at a 5:95 composition of

Fig. 1 (a) Chemical structure of peptide 1. (b) Photograph of peptide 1in a
CHClz: MCH (10:90) solvent mixture under a UV lamp (365 nm) at 2 mM
concentration.
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Fig. 2 The UV-vis study shows the (a) blue shift of the lowest energy
absorption band indicating H-aggregation. (b) The absorbance vs. % of
MCH plot shows a sharp decrease in absorbance with the increase in
percentage of MCH (monitored at 382 nm). (c) The concentration depen-
dent absorption plot and (d) the absorption vs. concentration plot shows
a regular increase in absorbance with the increase in concentration
(monitored at 378 nm). For (a and b) the concentration was 0.05 mM
and for (c and d) the composition was 5:95 CHCls: MCH.

CHCl; : MCH. The peaks appeared at similar positions (378 nm,
358 nm and 340 nm) and absorption was observed with a
regular increase with an increase in the concentration of
peptide 1 (Fig. 2d). The decrease in the intensity of these peaks
ruled out solvatochromism. However, the decrease in intensity
and the blue shift of the absorption band and the regular
increase in intensity with an increase in concentration at a
given solvent composition (5:95 composition of CHCl; : MCH)
clearly suggest the involvement of H-type stacking in the
assembled state of the NDI chromophore.

From the monomeric state to aggregate formation, peptide 1
shows unusual emission properties corresponding to the forma-
tion of an H-aggregate. The solvent composition (CHCl; : MCH)
dependent fluorescence properties of peptide 1 were studied
to investigate the aggregation induced fluorescence behavior
(Fig. 3a). The addition of a nonpolar solvent like MCH in a
solution of peptide 1 in CHCIl; can significantly alter the
aggregation pattern. From UV-vis spectroscopy, it is evident
that at a higher percentage of MCH, peptide 1 forms an H-type
aggregate. Peptide 1 at a 2 mM concentration in pure CHCI;
shows a very weak fluorescence under UV lamp exposure
(illuminated at 365 nm). The corresponding emission spectrum
shows a peak at 410 nm (Fig. 3a). However, the addition of
MCH (above 20: 80 composition of CHCl;: MCH) to the CHCl;
solution of peptide 1, keeping the concentration fixed at 2 mM,
results in a bluish white color. This was observed from the
aggregated solution under the exposure to a UV lamp illumi-
nated at 365 nm. At a composition of 20:80 (CHCl;: MCH),
aggregation of peptide 1 was noticed and a broad emission
band covering almost the entire visible spectral region was
observed (Fig. 3a). With an increase in the percentage of MCH
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Fig. 3 (a) The fluorescence spectra of peptide 1 at different compositions
of CHClz and MCH at 2 mM concentration. (b) TCSPC decay profiles of
peptide 1 in CHClz (monitored = 410 nm) and the CHClz—MCH mixture
(monitored = 447, 485 and 538 nm) at 0.2 mM concentration.

(>80%) the emission spectral intensity was remarkably
enhanced with a broad band at around 447 nm followed by
two shoulder peaks at 485 nm and at 538 nm. The broad
unstructured emission band is a signature of excimer forma-
tion, as shown in non-peptide based derivatives of NDI and other
dye molecules.>'" Generally in the H-aggregate quenching of
fluorescence occurs due to rapid inter-band relaxation. However,
it is also known that in the co-facial H-dimer arrangement of
n-conjugated chromophores, a decrease in the inter-chromophoric
distance occurs due to excitation."" This decrease in the inter-
chromophoric distance leads to the formation of a low energy state
that can be assigned as an excimer-like state. This excimer like
state can result in weak long-lived fluorescence that is evident from
the appearance of a broad fluorescence band.

To obtain more insights into the aggregation-induced change
in emission properties, time-correlated single-photon-counting
(TCSPC) experiments were performed (Fig. 3b and Table 1). For
peptide 1 in CHCl;, molecules were excited at 380 nm and
emission was monitored at 410 nm. Short-lived decay was noted
with an average lifetime of 828 ps, arising for the monomeric
NDI dye owing to fast intersystem crossing to the close-lying
triplet state.'”> Similar experiments were performed in CHCl;:
MCH (10:90) with excitation at 380 nm and the emission was
monitored at 447, 485 and 538 nm. At 447 nm, bi-exponential

Table 1 TCSPC study of peptide 1

Sample N1 N2 7y (ns) 1, (ns) t(ns) »°

Peptide 1 (410 nm) 0.1877 0.0029 0.764 4.907 0.828 1.014
Peptide 1 (447 nm) 2.5479 0.1068 0.995 7.272 1.26 1.002
Peptide 1 (485 nm) 2.9032 0.1610 0.997 7.185 1.32  1.006
Peptide 1 (538 nm) 0.0507 0.0083 1.220 7.755 2.14 1.126
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decay was observed (Fig. 3b) with a substantially longer average
lifetime of 1.26 ns. When the emission was monitored at
485 nm, a more long-lived species was traced with an average
lifetime of 1.32 ns (Fig. 3b). When the emission was monitored
at 538 nm an even longer average lifetime of 2.14 ns was found
(Fig. 3b). The quantum yield was found to be 0.2%. These types
of spectral features were reported by previous researchers with a
comparable decay in the fluorescence lifetime that was observed
for self-assembled NDI based organic nanoparticles.®® This is
also attributed to excimer formation.

Calculation of excimer properties'? of the NDI aggregate is
computationally intractable. Therefore, we have performed
calculations on a model system for an NDI dimer [R = H]
in which two NDI monomers are placed in a slipped-parallel
(H-aggregate type) arrangement, similar to the experimentally
obtained packing in the aggregate (Fig. S4, ESIt). Followed by
this, the centre-to-centre distance between them is gradually
increased from 3.3 A to 6.0 A at intervals of 0.25 A. Well known
DFT functionals such as B3LYP perform poorly for non-covalent
interactions like m-stacking but the MO06-2X functional was
shown to give accurate geometries and energies for a variety
of dispersion-dominated systems."* A shallow potential energy
minimum is found for the dimer in the ground state reaction
coordinate (Fig. 4a and b) which validates the dispersion
correction in M06-2X. Then the vertical excitation energies for
10 excited states are calculated for each of the dimer geometries
at various centre-to-centre distances obtained using TDDFT.
Interestingly, an energy minimum is obtained in the first excited
state when the centre-to-centre distance is 4.06 A. It suggests the
possibility of excimer formation at this geometry. According to
gas-phase DFT modeling, the binding energy of two NDI
monomers held by non-covalent interaction is —3.5 kcal mol .
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Fig. 4 (a) Ab initio potential energy surfaces of ground (So), first (S;) and
second excited (S,) states as a function of inter-chromophore distance.
Binding energy is shown as a function of distance between two NDI
monomers units (E, denotes the exciton binding energy). (b) Relaxation
mechanism for excited states of the NDI dimer (IC = Internal Conversion).
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The calculated exciton binding energy (E,) as obtained from
splitting between the S; and S, states (Fig. 4a and b) is 0.27 eV.
This supports the possibility of NDI acting as an excellent
optoelectronic material for OLEDs as the typical exciton bind-
ing energy for most organic materials is in the range of ~0.06—
0.5 eV." According to our TDDFT calculations, the strongly
allowed (oscillator strength, f= 0.26) emission associated with
the S, — S, process involves transition from the LUMO to the
HOMO-1 of the dimer (Fig. 5). Interestingly, the S; — S,
process is forbidden as is known for various H-aggregated
aromatic molecules for which the lower state is dark while
the higher lying state is bright.'®®* For this specific case, the
S1 — So transition composed of the LUMO — HOMO and the
LUMO+1 — HOMO-1 is forbidden due to an even number of
node differences between the virtual and filled orbitals. On the
other hand, the LUMO — HOMO-—1 orbitals which are involved
in the S, — S, transition are allowed due to the presence of one
(odd) node difference between the virtual and filled orbitals
(Fig. 5). The fact that this NDI dimer exhibits intense emission
from the high lying excited state suggests that competing
internal conversion IC (S, — S;) is a slow process and therefore,
k(S, — Sy, emission) > k(S, — Si, internal conversion).
Violation of Kasha’s rule was previously documented in the
emission of oligothiophene encapsulated within a SWNT."”
Recently, Brancato et al. have also reported fluorescence from
coumarin dyes through Kasha’s rule violation."® It is important
to note that though a simple dimer splitting model'® qualita-
tively explains the bright emission as observed experimentally,
a more quantitative treatment shall require the relaxation of the
nuclear coordinates of the excited states within implicit/explicit
solvent which is avoided for the present work.

To obtain insights about the morphology of the aggregate
field emission scanning electron microscopy (FE-SEM) and trans-
mission electron microscopy (TEM) were performed. The FE-SEM
image of the aggregate of peptide 1 showed entangled three
dimensional fibrous networks (Fig. 6a) at 10:90 (CHCl;:MCH)
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Fig. 5 Molecular orbitals involved in the optically allowed transition for
the NDI dimer.
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Fig. 6 (a) FE-SEM and (b) TEM images of the aggregated chromophore 1
in the CHClz—-MCH mixture (10:90) show the entangled nanofiber
network.

solvent composition. The widths of these fibers varied from
350 nm to 700 nm and they were several micrometers in length.
Careful inspection of these fibers revealed that they were
composed of numerous thin fibers of 90-150 nm in width.
Interestingly, the TEM image (Fig. 6b) indicates that the aggre-
gate is composed of very thin nanofibers and these nanofibers
were 15-20 nm wide. The sample preparation for FE-SEM and
TEM studies was different and that could be the reason for the
difference in widths of these fibers.

Experimental
NMR experiments

All NMR studies were carried out on a Bruker DPX500 MHz
spectrometer at 300 K. Concentrations were in the range of
5-10 mmol in CDCl; or DMSO-d.

Mass spectrometry

Mass spectra were recorded on a Q-Tof microTM (Waters
Corporation) mass spectrometer using the positive mode elec-
trospray ionization process.

MALDI-TOF MS

MALDI-TOF MS analysis has been performed by using an
Applied Biosystems MALDI TOF/TOF Analyzer in dithranol as
a matrix.

Field emission scanning electron microscopic (FE-SEM) study

FE-SEM experiments were performed by placing a small portion
of the sample (2 mM) on a microscope cover glass. Then, these
samples were dried first in air and then in a vacuum and coated
with platinum for 90 seconds at 10 kV voltages and 10 pA
current. The average thickness of the coating layer of platinum
was 3 to 4 nm. After that micrographs were taken by using a Jeol
Scanning Microscope JSM-6700F.

Transmission electron microscopy (TEM) study

TEM images were recorded on a JEM 2010 electron microscope
at an accelerating voltage of 200 kV. The solution of the
compound was diluted (0.05 mM) and a drop of dilute solution
was placed on carbon coated copper grids (300 mesh) and dried
by slow evaporation. The grid was then allowed to dry in a
vacuum for two days and then the image was taken.

This journal is © the Owner Societies 2015
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UV/vis spectroscopy

UV/vis absorption spectra were recorded on a Hewlett-Packard
(model 8453) UV/vis spectrophotometer (Varian Cary 50.bio).

PL spectroscopy

Fluorescence studies of the samples were carried out on a
Perkin Elmer LS55 Fluorescence Spectrometer instrument.
The sample was excited at a 340 nm wavelength and emission
scans were recorded from 350 to 750 nm.

Time-correlated single photon counting (TCSPC) study

TCSPC measurements were performed using a Horiba Jobin
Yvon IBH instrument having an MCP PMT Hamamatsu R3809
detector.

Quantum yield measurement

For compound 1 the quantum yield (@) has been calculated
using Quinine Sulphate as a standard reference dye.>°

Computational study

All calculations are performed using the M06-2X>' hybrid DFT*?
functional with 6-31+G (d,p)** basis sets using Gaussian 09
software.”* In order to study the excited state properties, we
have used a time dependent density functional theory (TDDFT)
based approach at the same level of theory.>

Conclusions

In summary, an NDI containing peptide based synthetic mole-
cule 1 self-assembles to form H-aggregated species. However, in
the H-aggregated state peptide 1 exhibits very unusual fluores-
cence behavior and this is in contrast to the commonly
observed non-fluorescence properties of H-aggregated rylene
dyes (NDIs, PBIs and others). Such unusual violation of Kasha’s
rule in the present case is validated through computational
studies. A computational study vividly demonstrates that the
transition probability from S, — S, is more than that of S, — S;
and S; — S, (dark state). The present study opens up the
possibility of harnessing H-aggregated species for fluorescence
related photonic applications of supramolecular materials.
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