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We have designed and synthesised NDI derivatives bearing L-Trp-L-Glu methyl ester (Trp-GLU) and studied their
self-assembly in THF-MCH and THF-H,0 solvent mixes. The optical properties of NDI-Trp-GLU in solution have been
investigated by means of UV-Vis absorption and fluorescence spectroscopic techniques and redox properties have been
examined using cyclic voltammogram. Interestingly, NDI-Trp-GLU self-assembled into microflowers and microfibers with
increasing proportion of MCH and H,O solvent, respectively, which suggests that solvophobic control is important for self-

assembly phenomenon.
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Non-covalent interactions such as hydrogen-bonding,
electrostatic, van der Waals, hydrophobic and =n-n
intercations are involved in supramolecular self-
assembly and self-organisation of small organic
molecules and have been extensively studied in recent
years'. Fabrication of functional nanodevices from
small organic molecules and its applications to mimic
biological systems requires detail mechanistic
approach”. This helps to investigate the self-assembly
process and the obtained nanostructures of such self-
organised systems. To fabricate such tailor-made
functional architectures naphthalene diimides (NDIs)
are an ideal m-conjugated building blocks®, due to
their potential n-type semiconducting properties and
also potential applications in organic photovoltaics
(OPV), dye sensitised solar cells (DSSC), organic
light emitting diodes (OLED) and organic field effect
transistors (OFETS)'. Due to the formation of
molecular assembly through non-covalent
intercations, especially n-m stacking, use of NDI
became very prominent in supramolecular chemistry.
In the last two decades, several groups used NDI and
their derivatives for formation of molecular self-
assemblies with various nanoarchitectures, such as
nanowires, nanoparticles, nanoflowers, nanobelts and

nanofibers like nanostuctures®. During fabrication of
such self-assembled materials there are clear
indication that small change in environment such as
solvent, temperature, pH and analytes or minor
alteration in the structures can tune the self-assembled
nanostructures’,

Use of amino acids and peptides along with
optically active dyes have been used to fabricate
supramolecular self-assembled functional
nanostructures’. Recently, Sarkar eral. showed
tryptophan (Trp) alone to form self-assembled
nanotubes®. Stoikov and co-workers reported p-tert-
butylthiacalix[4]arene-L-tryptophan conjugate self-
assembled into chiral fluorescent nanoparticles’. Saha
et al. investigated the self-assembled nanostructure
formation of tryptophan derivative containing long
alkyl chain'®. Liu efal. studied synthesis and self-
assembly of L-glutamic acid based bolaamphiphile,
which yields helical spherical-nanotubes''.
Furthermore, the self-assembly of different types of
NDI-amino acid and NDI-peptide derivatives in
various solvent systems have been also reported'*".
Recently, we reported synthesis and self-assembly of
NDI-peptide  amphiphile into  golf-ball like
morphology'* as well as the formation of nanofibers
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and flower-like nanostructures'”. Though the field is
rapidly developing there is still a need to investigate
design and self-assembly of NDI-peptide based
system due to their utility in various fields. Based on
above factors, we presume that the combination of
L-glutamic acid ester and polar aromatic amino acid
such as tryptophan with optically active NDI dye may
lead to newer supramolecular structures. These results
prompted us to design the novel NDI-peptide
conjugate based on L-glutamic acid ester and aromatic
amino acid, particularly L-tryptophan.

In continuation of our work to understand the effect
of aromatic ring system on self-assembly of
naphthalenediimide, we designed and synthesised
NDI-Trp-Glu conjugate (Scheme I) and investigated
its self-assembly in various solvents. The self-
assembly formation were studied in varing proportion
of MCH and water-THF solvent system, respectively.
The designed molecule having three important
features for supramolecular self-assembly and self-
organisation: 1) aromatic NDI core provide m-m
interactions 2) NDI bearing peptide headgroup is
responsible for hydrogen bonding along with van der
Waals interactions and 3) the effect of indole ring
subunit present in the tryptophan. These properties are
responsible for the formation of microsheet self-
assembled morphologies and fiber formation in
THF:MCH at 40:60 vol% and 20:80 vol% solvent
compositions,  respectively.  Scanning electron
microscopy (SEM) imaging demonstrates formation
of puzzle like morphology and long fibril structures in
THF:MCH at 40:60 vol% and 20:80 vol% solvent
compositions, respectively. Whereas, in THF:H,O at
40:60 vol% and 20:80 vol% solvent mixes NDI-Trp-
GLU leads to formation of microflowers and
microfibers, respectively.

Experimental Section
Materials, Instruments and Methods

All chemicals were purchased from Sigma-Aldrich
Pvt. Ltd., Bengaluru, Karnataka, India. Solvents used
for reactions were of reagent grade. Silica gel was
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used as stationary phase for column chromatography.
The UV-Vis spectra were recorded using Shimadzu
UV-Vis-1800 UV-Vis experiments were performed in
3 mL THF solution, quartz cuvette and recorded with
incremental addition of MCH and water, respectively.
The fluorescence emission measurements were
recorded using Shimadzu RF-6000 instruments.
Fluorescence emission experiments were operated in
a quartz cell with a 1 cm path length upon excitation
at 360 nm wavelength. The cyclic voltammetry data
were recorded at RT on Autolab 302 N instrument.
Cyclic voltammetry measurements were recorded at a
concentration of 1 x 10™*M in THF containing tetra-n-
butyl ammonium hexafluoro-phosphate (BusNPFg
0.1M) as supporting electrolyte with a platinum
working electrode and Calomel as a quasi-reference
electrode. The E;,, values for the NDI-Trp-GLU were
determined relative to the ferrocenium/ferrocene
(Fc*/Fc) redox couple as an internal standard. The
reduction potentials calculated for NDI-Trp-GLU are
relative to Fc'/Fc couple value as 0.0 V. The
Gaussian 09 ab initio/DFT quantum chemical
simulation package was employed to get results of
the calculations in the present work'’". The
geometry optimization of NDI-Trp-GLU molecule
has been carried out at B3LYP/6-31G(d) level of
theory. The DLS measurements were performed on
Malvern Nano ZS instrument. The volume of the
solution in cuvette was 3 mL and the final
concentration of NDI-Trp-GLU was 1x107*M.
Scanning electron microscopy images were recorded
by solvent evaporation on a silicon wafer and then
sputter coated with gold for 10s at 0.016 mA Ar
plasma (SPI, West Chester, USA). The SEM imaging
was performed using a FEI Nova NanoSEM
(Hillsboro, USA) operating at high vacuum at the
voltage of 15 keV.

Synthesis of compound 1'°

1,4,5,8-Naphthalene tetracarboxylic dianhydride
(0.5 g, 1.8 mmol) and L-tryptophan (0.6g. 1.8 mmol)
were suspended in 20 mL of dry DMF. To this
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Scheme I — Synthesis of compound NDI-Trp-GLU
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suspension Et;N (0.2 mL) was added and the mixture
allowed to reflux for 15 h. After cooling the reaction
mixture to RT, the precipitate was filtered and
recrystallized from ethanol to yield 700 mg (58%) of
compound 1. m.p.350-54°C. '"HNMR (300 MHz,
DMSO-dg): & 9.14 (2H, s), 8.52 (4H, s), 7.53-7.50
(2H, d), 7.20-7.17 (2H, d), 7.01-6.86 (6H, m),
6.04-5.99 (2H, m), 3.83-3.64 (4H, m); “C NMR
(CDCI;, 75 MHz): & 169.3, 160.5, 134.6, 129.4,
125.6, 124.5, 121.7, 119.4, 116.4, 109.8, 108.7, 52.92,
34.71, 29 62, 22.80; ESI-MS: m/z [M+H]" 641; IR
(KBr): 3367 (O-H), 2931 (C-H), 1703 (acidic C=0),
1665 cm™' (NDI, C=0).

Synthesis of NDI-1(NDI-Trp-GLU)

In a 25 mL round bottomed flask compound 1 (100
mg, 0.15 mmol) and HBPyU (215 mg, 0.50 mmol)
was added to a 15mL dry DMF under nitrogen
atmospheric condition. The reaction mixture was
stirred for 30 min at 0°C. Glutamic dimethyl ester
(113 mg, 0.45 mmol) and DIPEA (65 mg, 0.50mmol)
were added to the reaction mixture. The resulting
reaction mixture was stirred for 15h at RT. After
completion of the reaction (monitored by TLC)
solvent was removed by rotary evaporator under
reduced pressure. The reaction mixture was eluted
with dichloromethane (50 mL) and washed with
aqueous 10% w/v NaHCO; solution (2 x 30 mL),
followed by water (20 mL) and brine (20 mL). The
resultant organic layer was dried over anhydrous
sodium sulphate, filtered and concentrated in vacuo.
The residue was purified by silica gel column
chromatography eluting with 4%  methanol:
dichloromethane solution to afford the desired
product as brick red solid as NDI-Trp-GLU (95 mg,
64%). m.p.244-46°C. '"H NMR (300 MHz, CDCl): &
8.66 (4H, s), 7.75-7.74 (2H, d, J = 7.93 Hz), 7.68-7.63
(2H, d, J = 7.47 Hz), 7.29-7.27 (2H, m), 7.20 (2H, s),
7.15-7.14 (2H, t, J = 7.78 Hz), 7.11-7.09 2H, t, J =
7.93), 6.29-6.26 (2H, t, J = 8.80 Hz), 4.73-4.69 (2H, q),
3.97-3.92 (2H, m), 3.82 (6H, s), 3.60-3.54 (2H, m),
3.56 (6H. s), 2.16-1.12 (4H, q), 2.11-2.07 (2H, q) 1.86-
1.82 (2H, q); "CNMR (CDCl; 75 MHz): § 174.84,
172.34, 171.59, 162.78, 159.61, 159.27, 136.38,
131.35, 126.21, 123.19, 122.89, 120.14, 118.61,
115.49, 113.22, 111.42, 54.48, 53.26, 52.44, 52.39,
29.47, 26.48, 25.21; IR (KBr): 3368 (N-H), 2925 (C-
H), 1738 (Ester C=0), 1707 (amide C=0), 1669 cm™
(NDI C=O), ESI-MS: m/z Calcd for C50H46N6014:
954.93. Found: [M+H]" 956; ESI-HRMS: m/; Calcd
for CsoH47N6O 4: 955.315. Found: 955.314.

Results and Discussion
Synthesis

The synthesis of NDI derivative NDI-Trp-GLU is
shown in Scheme I, typically, 1 was synthesized by
condensation reaction of commercial available
1,4,5,8-naphthalenetetracarboxylic dianhydride with
tryptophan in DMF at 120°C for 24 h'®. Furthermore,
the molecule 1 was reacted with methyl ester of
glutamic acid in presence of HBPyU in presence of
DIPEA to yield compound NDI-Trp-GLU. The
obtained derivative was fully characterised by using
FT-IR, 'HNMR, "“CNMR, mass and HRMS
techniques. The thermal stability of NDI-Trp-GLU
was investigated by using thermo gravimetric analysis
(TGA, Figure S1) and differential scanning
calorimetry (DSC, Figure S2) techniques under
nitrogen atmosphere. For NDI-Trp-GLUa
decomposition temperature of 5% weight loss was
observed at 246°C temperatures. Whereas DSC
measurements showed crystalline temperature at
197.5°C and two melting point temperatures at 255°C
and 269°C, suggesting the thermal stability of
compound.

Cyclic Voltammetry

Cyclic voltammetry (CV) was employed to
investigate the electrochemical properties of NDI-
Trp-GLU (Figure 1). CV experiment of NDI-Trp-
GLU was performed in 0.1M Bu/PFs in
dichloromethane displayed reversible reduction wave
with the reduction potential in between —0.44 to —0.66
V potential. The onset reduction potential is —0.55 V.
We employed the formula Eyyyo = —€ [Ere™™ + 4.4]
eV to calculate LUMO values of NDI-Trp-GLU.
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Figure 1 — Cyclic  voltammetry of compound NDI-Trp-
GLU(1><10_4 M) in THF containing BuyNPF¢ (0.1 M) electrolyte.
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Using onset reduction potential, the calculated E;ymo
value is —3.85 eV, indicating NDI-Trp-GLU is good
acceptor4.

Furthermore, we have employed DFT calculations for
NDI-Trp-GLU at the B3LYP/6-31G(d) level of
theory'”. The optimized structure of NDI-Trp-GLU
along with HOMO and LUMO wave functions are
generated by using Avogadro and are depicted in
Figure 2'*". HOMO resides mainly on tryptophan
subunits whereas LUMO is localized over the NDI
subunit. The calculated LUMO value for NDI-Trp-
GLU is —3.25668 eV as shown in ESI Table S1a and 1b.
These results clearly suggest that NDI-Trp-GLU act as
an electron acceptor. The geometries of NDI-Trp-GLU
obtained at B3LYP/6-31G(d) level were subjected to
time-dependent density functional theory (TD-DFT) at
the same level of theory and NDI-Trp-GLU shows
absorption at 369 nm (Figure S3)

UV-Vis absorption studies and Fluorescence
emission studies

To examine mode of aggregation in solvent
mixtures THF:-MCH and THF:H,0O, we employed
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Figure 2 — B3LYP/6-31G(d) predicted (a) LUMO;
(b) HOMO orbitals and (c) optimized structure of NDI-Trp-
GLU compound.
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Figure 3 — UV-Vis absorption and emission spectra of NDI-Trp-GLU (1 x 10 M) in THF upon addition of (a & ¢) MCH; (b & d)

H,0, respectively.
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UV-Vis absorption and fluorescence techniques. At first
glance we performed UV-Vis absorption experiments of
compound NDI-Trp-GLU in pure THF (1x10~ M).
NDI-Trp-GLU exhibits two major absorption peaks at
360 nm and 380 nm along with a shoulder peak at 342
nm (Figure 3a). The absorption peaks at 360 nm and 380
nm attributed to the n-m* transition of the NDI
chromophore. A  solvent dependent absorption
spectroscopic MCH in THF solution, decrease in
intensities of all the peaks was observed. At a
THFE:MCH, 10:90 composition the shoulder peak
disappeared and the two peaks at 360 and 380 nm were
significantly decreased. Moreover, UV-Vis absorption
maxima of NDI-Trp-GLU at 380 nm were plotted
against the % added MCH. The results clearly suggest
that after the THF:MCH composition reaches 40:60, the
aggregation begin to occur (Figure S4). Similar trend
was observed upon addition of H,O in THF as shown in
Figure 3b. At the 30:70 (THF:H,O) solvent composition
the decrease in UV-Vis absorption peak intensities at
344 nm, 360 nm and 380 nm was observed and at 10:90
(THF: H,0) solvent composition significant changes
was noted. The decrease in absorption peak intensities
with an increase in % of MCH (Figure 3a) and H,O
(Figure 3b) in THF clearly indicating the aggregation of
NDI-Trp-GLU takes place via n-n interaction of NDI
core along with H-bonding of peptide amide units.

The fluorescence emission spectra of NDI-Trp-
GLUexhibits two strong emission peaks at 410 nm
and 432 nm (A= 380 nm) as shown in Figure 3¢ and
Figure3d. A  solvent dependent emission
spectroscopic study of NDI-Trp-GLU was performed
to get detail insight of aggregation state. At first we
performed titration of NDI-Trp-GLU in THF
solution by varying the concentration of MCH
(Figure 3c). Upon increasing MCH%, the emission
peak intensities decreased and were steady after 90%
of MCH. These results, similar to H-aggregate state
quenching of emission spectra, occurs due to rapid
inter-band relaxation®. Similar emission quenching of
NDI-Trp-GLU was observed in THF solution with
increasing % of H,O keeping the fixed dye
concentration (Figure 3d). Upon increase in the H,O
percentage (>90%) the fluorescence emission spectral
peak intensities significantly decreased. These results
indicate the NDI-Trp-GLU undergoes self-
aggregation.

Scanning electron microscopy studies
Furthermore, Field Emission Scanning Electron
Microscopy (FE-SEM) were studied to gain detail

insight into the self-assembled morphology of the
NDI-Trp-GLU (Figure 4). The drop-cast method was
used to prepare the sample onto a silicon wafer
substrate and various microstructures of the NDI-
Trp-GLUwas observed after evaporation of the
solvent. Firstly, the self-assembly was carried out in
THF: MCH = 40:60 vol% and 20:80 vol% solvent
compositions. The self-assembly of NDI-Trp-GLU
in THF: MCH (40:60, vol%) results in a microsheet
like morphology with several micrometers in length
(Figure 4a and Figure 4b). It is observed that the
microsheet puzzle piece does not fit pair wise with
any neighbouring structures. Such geometrically
frustrated self-assembled morphologies are less
understood than the standard morphologies®.
Furthermore, at higher fraction of MCH in THF:
MCH (20:80, vol%) solvent composition NDI-Trp-
GLU exhibit fibril networks (Figure4c and
Figure 4d). The observed fibres are of several
micrometers length with 50-80 nm in diameter. Thus,
self-assembled structures obtained from THF in
presence of 60 vol% and 80 vol% MCH implies that
the presence of MCH content i.e. polarity of solvent is
responsible for formation of particular morphologies
such as geometrically frustrated puzzle and fibril
networks. We presume that molecular aggregation of
NDI-Trp-GLU take place via non-covalent
interactions such as amide hydrogen bonding and n-n
stacking of intermolecular NDI core as well as indole
ring of tryptophan segment. The solubility of NDI-
Trp-GLU in THF: MCH (20:80, vol%) are poorer
than that at lower fraction of MCH = 60 vol%. At
higher fraction of MCH interaction between NDI-
Trp-GLU and solvent is weaker and intermolecular
interaction between NDI cores is relatively stronger
results into microsheets during the aggregation.

We also investigated supramolecular self-assembly
of NDI-Trp-GLU in THF:H,0O = 40:60 vol% and
20:80 vol% solvent mixtures by means of SEM
imaging. The interactions between the NDI-Trp-
GLU molecule and mixed solvent can be controlled
by adjusting water volume in THF. SEM images of
NDI-Trp-GLU with THF:H,0O = 40:60 vol% ratios
on silicon wafer substrate exhibited nanoflower
assembly with a diameter of ~500-800 nm (Figure 5a
and Figure 5b). The self-assembly of NDI-Trp-GLU
in THF:H,O mixture the f,, increases to 80 vol%
yields several micrometer long thick fibril network
with a 50-80 nm width (Figure 5c and Figure 5d). The
solubility of NDI-Trp-GLU in THF:H,O solvent
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compositions. The aggregate formation is initiated by
the presence of water fractions in THF. The driving
force for aggregation is the mutual interaction
between NDI molecules via non-covalent interactions
such as amide hydrogen bonding and m-m stacking
effects. NDI-Trp-GLU molecule consists of non-
polar subunits such as rigid NDI aromatic core and
glutamate. Increase in f, causes attractive interaction
between NDI core and repulsive interaction between
aromatic NDI core and polar solvent, resulting into
different type of self-assembled aggregates in the
THF:H,O = 20:80 vol% solvent mixtures (Figure Sc
and Figure 5d).

Dynamic light scattering studies
Dynamic light scattering (DLS) method was
employed to investigate the self-assembly of

NDI-TRP-GLU in THF:-MCH (40:60 and 20:80, v/v)
(Figure S5a) and THF:H,O (40:60 and 20:80, vA)
(Figure S5b) solvent compositions. It was observed
that in THF:-MCH (40:60v/v), NDI-Trp-GLU yields
88% of assemblies with an average diameter of 479.6
nm. However, in THF:MCH (20:80v/v), the hydrody-
namic diameter of NDI-Trp-GLU assemblies
increased to 1693 nm (86.2%). Furthermore, in
presence of more polar solvent such as THF:H,O
(40:60v/v) the hydrodynamic diameters of assemblies
was 343.7 nm with 100% intensity., where as with
increased water content i.e. THF:H,O (20:80, v/v)
solvent compositions the average diameter of
assemblies was found to be 2922 nm with 100%
intensity. These findings suggest that change in
solvent polarity causes repulsive interactions between
aromatic NDI and more polar solvent mixes may play

{ (\
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Figure 4 — SEM images of the aggregation morphologies of NDI-Trp-GLU in THF upon addition of (a) & (b) 60% MCH; (c) & (d)

80% MCH at RT.
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Figure 5— SEM images of the aggregation morphologies of NDI-TRP-GLU in THF upon addition of (a) & (b) 60% H,O; (c) &

(d) 80% H,0 at RT.

an important role
formation.

FT-IR Study

To understand the self-assembly mechanism,
FT-IR was employed to record the IR spectra of NDI-
Trp-GLU. IR spectra of NDI-Trp-GLU were
investigated at various solvent compositions such as
THF:H,O (40:60 and 20:80, v/v)as shown in Figure 6
and THF:MCH (40:60 and 20:80, v/) shown in SI
(Figure S6). In THF NDI-Trp-GLU exhibited
vibrational stretching frequencies at 1669 cm™
(imide), 1707 cm™ (amide) and 1738 cm™
(carboxylate) for three carbonyl functional subunits.
Upon incremental addition of water in THF solution
of NDI-Trp-GLU such as THF:H,O (40:60 and
20:80, v/v), it was observed that the amide and
carboxylate carbonyl peak disappeared dramatically.
The disappearance of peaks at 1707 cm™' (amide) and
1738 cm™ (carboxylate) are attributed to the
involvement of carbonyl group in intermolecular
hydrogen bond formation during assembly process.
The imide carbonyl stretching frequency peak at 1669

in controlling the assembly

Transmittance (%)

] 166|9

1500
Wavenumber cm!

1200

Figure 6 — FT-IR spectra (carbonyl region) of NDI-Trp-GLU in
(a) THF and THF:H,0 (b)40:60% and (c) 20:80%, respectively.
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Figure 7 — Schematic representation of assembly formation

cm™' showed small shift to 1639 cm™. Similar trend
was observed i.e. peaks at 1707 cm™' (amide) and
1738 cm™ (carboxylate) with the addition of MCH
(60% and 80% vol) to the THF solution of NDI-Trp-
GLU (Figure S6). For THF:MCH (40:60 and 20:80,
v/v) solvent composition the imide carbonyl peak at
1669 cm™" shifts to 1670 cm™ and 1680 cm™". These
result suggests that the aggregation mode of NDI-
Trp-GLU in THF:H,O and THF:MCH are not
equivalent and it depends on polarity of solvents and
their percentage in THF.

Mechanism of assembly formation

The formed nano- to micro-structures of NDI-Trp-
GLU indicates intermolecular m-m  stacking
interactions of the NDI cores, as well as H-bonding
interaction between the carboxylic acid give
directional growth. Figure7 is a schematic
representation of the aggregation mode of NDI-Trp-
GLU in the self-assembled state, giving a
supramolecular thick microfibers network, along with
microflowers through increasing proportion of MCH
and H,O in THF solvent, respectively, which depends
on the balance between the hydrophobic =7t
interactions and H-bonding interaction. This clearly

suggests that solvophobic control is important for
self-assembly phenomenon in which NDI core
moieties lead to in plane intermolecular interaction
while the peptide moieties on both the side of imide
helps the stacking of the molecules via H-bonding.

Conclusions

Herein, we demonstrated for the first time synthesis
of NDI bearing tryptophan along with L-glutamic acid
ester (NDI-Trp-GLU) and their self-assembly in
THF:MCH and THF:water with varying proportion of
MCH and water, respectively. NDI-Trp-GLU self-
assembled into microsheets like supramolecular
structures in 60% MCH, long fibrils in 80% MCH,
however, in polar solvent such as water in THF flower
like structures was observed. These results clearly
demonstrate that one can easily control morphology by
controlling polar and non-polar solvent mixture.
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journal website
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