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Biomimetic molecular organization of naphthalene diimide in the solid
state: tunable (chiro-) optical, viscoelastic and nanoscale properties

M. Pandeeswar,” Harshavardhan Khare,” Suryanarayanarao Ramakumar,” and T. Govindaraju*®

ABSTRACT: The interfacing of aromatic molecules with biomolecules to design functional molecular
materials is a promising area of research. Intermolecular interactions determine the performance of these
materials and therefore, precise control on the molecular organization is necessary to improve functional
properties. Herein we describe the tunable biomimetic molecular engineering of promising n-type organic
semiconductor, naphthalene diimide (NDI), in the solid state by introducing minute structural mutations
in the form of amino acids with variable Ca-functionality. For the first time we could achieve all the four
possible crystal packing modes namely cofacial, brickwork, herringbone and slipped stacks of NDI
system. Furthermore, amino acid conjugated NDIs exhibit ultrasonication induced organogels with
tunable visco-elastic and temperature responsive emission properties. The amino acid-NDI conjugates
self-assemble into OD nanospheres and 1D nanofibers in their gel state while ethylamine-NDI conjugate
forms 2D sheets from its solution. Photophysical studies indicated remarkable influence of molecular
ordering on the absorption and fluorescence properties of NDIs. Interestingly, the circular dichroism (CD)
and X-ray diffraction (XRD) studies revealed the existence of helical ordering of NDIs in both solution
and solid state respectively. The chiral amino acids and their conformations with respect to the central
NDI core are found to influence the nature of helical organization of NDIs. Consequently, the origin of
preferential handedness in the helical organization is attributed to transcription of chiral information from
amino acid to NDI core. On account of these unique properties, the materials derived from NDI-

conjugates might find wide range of future interdisciplinary applications from materials to biomedicine.

Introduction

The nature and geometry of noncovalent aromatic interactions
play an important role in chemistry, biology, and materials
science.'> They are responsible for structure and function of
DNA, several peptides and proteins, and are believed to be one of
the main driving forces in aggregation of amyloid 3 to form toxic
plaques of Alzheimer’s disease.' Similarly, aromatic interactions
are fundamental to design and development of optoelectronic
systems in the area of organic electronics and biomaterials.” The
experimental and theoretical investigations have provided clear
evidence for the role of van der Waals, hydrophobic and
electrostatic forces in the existence and stability of aromatic
interactions.” Nature-inspired chiral alignment of aromatic
molecules has been attracting great interest owing to their
fascinating structural features and relationship to biological
structures. This concept has been effectively employed in various
potential applications like understanding of Nature’s mysterious
selection of homochirality, designing of biomimetics, chiroptical
switching, chiral sensing, separation and catalysis.* During the
past few years, considerable attention has been focused on the
design and induction of helical bias in rigid aromatic molecules,
polymers and small molecules by utilizing steric effects and
noncovalent interactions.>® Interestingly, helical columnar stacks
have emerged as promising molecular organizations for

optoelectronic applications by displaying exceptional charge
carrier mobilities and exciton diffusion along the stacking
columnar axis.” Furthermore, the rational design of high
so performance organic electronic devices also need in-depth
knowledge of structure and mode of molecular organization
which remains to be understood. In this context, there has been a
great interest in the low-molecular-weight (LMW) gels and single
crystals. Their ordered and frozen molecular orientations lead to
ss general understanding of fundamental chemical aspects behind
the structural design to achieve desired molecular interactions and
their impact on the properties.>® Consequently, substantial efforts
have been devoted to the investigation of various types of
packing modes of the p-type (HT: holes transport) organic
¢ semiconductor molecules for analyzing intermolecular charge
transport property.” However, the progress of n-type (ET:
electrons transport) organic semiconductor molecules are still
lagging behind p-type organic semiconductors.'”  This
necessitates the immediate need for studying n-type organic
organization improve their
properties, in both academic and industrial research.

Rylene diimides are one of the extensively studied class of n-
type organic Among
naphthalene diimide (NDI) has attracted special attention due to

70 its molecular planarity, high m-acidity, well defined redox
behavior, optical properties and wide range of applications from

6s semiconductor molecular to

semiconductor materials.'° them
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Scheme 1 Molecular structures of NDI derivatives of chiral amino acids (L-ANA, L-FNF, L-WNW, D-ANA, D-FNF and D-
WNW) and achiral ethylamine (eNe) synthesized by conjugating with 1,2,5,8-napthathalenetetracarboxylic dianhydride (NDA).

materials to biomedicine.'' However, the key daunting challenges
in controlling solid state molecular ordering with helical
intermolecular organization remain to be addressed to further the
advancement in NDI based materials for technological
applications. Very recently, bio-inspired approaches has been
reported, employing biological elements as chiral assembly
directing substituents to design supramolecular systems and
nanomaterials with diverse structural, chemical and chiroptical
properties.*!>!> This novel design based on the marriage
between biomolecules and m-conjugated organic systems (e.g.,
NDIs) not only envision the engineering of helical molecular
ordering through various noncovalent interactions but also
synergistically combines the properties of constituent
components.'® With this objective, we have chosen amino acids
s as self-assembly directing groups due to their inherent ability to
make complex molecular architectures in biological systems and
variable o-functionality can endow hydrophilic, hydrophobic and
aromatic interactions in a single compact moiety. We
methodically designed NDI bolaamphiphiles using enantiomeric
amino acids with o-functionalities as aliphatic (alanine, ANA),
aromatic  (phenylalanine, FNF), heterocyclic/hetroaromatic
(tryptophan, WNW) and NDI with flexible achiral ethylamine
(eNe) (Scheme 1). Herein, we show the biomimetic molecular
engineering of NDIs ordering in the solid state by introducing

O

S

O

»s minute structural mutations in the form of amino acids with

variable a-functionality. For the first time we demonstrate all the
four possible crystal packing modes viz. cofacial, brickwork,
herringbone and slipped stacks (Fig. 1) with helical ordering of
NDI and their implication on (chiro)optoelectronic, visco-elastic
and mechanical properties (Table 1).

Results and Discussion

All the functionalized NDIs with L-amino acids (L-ANA, L-FNF
and L-WNW), D-amino acids (D-ANA, D-FNF and D-WNW)
and ethylamine (eNe) were synthesized in single-step reactions

35 (Scheme 1) and characterized by various standard spectroscopic

techniques (ESIT)." Interestingly, we observed that amino acid
functionalized NDIs (ANA, FNF and WNW) exhibited
ultrasonication assisted room temperature low molecular weight
(LMW) gelation property in mixed organic solvent system. The
mode of intermolecular interactions and its consequence on
properties has been investigated by various spectroscopic and
microscopic techniques. Circular dichroism (CD) and X-ray
diffraction (XRD) studies revealed the existence of helical
ordering of NDIs in both solution and solid state respectively.
Photophysical, rheological and microscopy studies revealed
unique optoelectronic, visco-elastic and nanoscale ordering
properties.
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Fig. 1 Single crystal X-ray structures of alanine (L-ANA and D-ANA), phenylalanine (L-FNF and D-FNF), tryptophan (L-WNW
and D-WNW) and ethylamine (eNe) functionalized NDIs and their molecular organization into all possible crystal packing modes
(cofacial, brickwork, herringbone and slipped stack). The prefix L and D correspond to NDIs functionalized with L-amino acid
and D-amino acid respectively. Solvent molecules and hydrogen atoms have been omitted from the crystal packing representation

for the clarity.

Single crystal XRD studies

We have sought to analyze the solid state packing of NDIs where
amino acids and ethyl substituents are used as imide substituents.
In particular, the role of structural mutations in the form of amino
acid side-chain functionalities and corresponding stereochemistry
on the mode of NDI core organization was investigated by single
crystal XRD studies. Previous reports have shown slipped stack
and brickwork organization of acyclic and cyclic aliphatic imide
substituted NDIs respectively.® Raymo et al. have reported
slipped stack packing of glycine functionalized NDI stabilized by
solvent induced hydrogen bonding.'* Later, Sanders ef al. have
shown the hydrogen bonded helical nanotube crystal packing
using cysteine functionalized NDI with very week NDI-NDI
32 Here we describe the systematic
molecular programming of NDI by tuning the NDI-NDI aromatic
interactions using enantiomeric amino acids with variable o-
functionalities. Single crystals of all the compounds (ANA, FNF,
WNW and eNe) suitable for X-ray diffraction analysis were
grown in a common solvent, dimethyl sulfoxide (DMSO).
Alanine (ANA) and ethyl (eNe) functionalized NDIs were found
to crystallize in monoclinic crystal system with C, and P2,/c
space groups respectively. Aromatic amino acids phenylalanine
(FNF) and tryptophan (WNW) conjugated NDIs

aromatic interaction.

were

25

45

crystallized in orthorhombic crystal system with space groups
C222; and P22,2; respectively. All NDIs exhibited discrete
crystal packing from cofacial (ANA), brickwork (FNF),
herringbone (WNW) to slipped stacks (eNe) depending the
nature of imide substituents as shown in the Fig. 1.

The center of symmetry seemed to play a crucial role in solid
state packing of our NDI molecules, especially with respect to
aromatic m---m stacking. There are a few reports documented on
this effect in the literature, for example, pyrene crystal structure
showed discontinuous - stacks in the form of sandwich
herringbone packing, while 2-7-di-tert-butylpyrene-4,5,9,10-
tetraone exhibited slipped stacks, both of them putting limits on
the extent of w7 interactions.'”” Among our NDI molecular
systems, eNe is centrosymmetric (Fig. S1)'” and it was observed
that the n---m interactions did not extend in different layers, rather
they were found in slipped stack arrangement with limited r-
cloud overlap between the adjacent molecules (Fig. 1). To further
evaluate the role of center of symmetry, we introduced chirality
in the N-imide substituents of NDI by functionalization with
amino acids. First we studied the effect of L and D alanine as N-
imide substituents in NDI and the resultant molecules L-ANA
and D-ANA respectively exhibited a remarkable cofacial packing
with t---w (NDI---NDI) interactions in columnar fashion (Fig. n.Y
The crystal structure of ANA revealed non-centrosymmetric

This journal is © The Royal Society of Chemistry [year]
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Table 1. Summary of various properties of NDI conjugates®

Property ANA FNF WNW eNe

Solid powder
Gelation
Crystal

enantiopure enantiopure enantiopure racemic
Supramolecul cofacial supramolecular  supramolecular  supramolecular
-ar chirality columnar stacks tilt stacks tilt stacks tilt stacks
Optoelec- Blue-green Cyan Charge transfer  Green emission
tronic emission emission interactions

=222 x10* G'=2.66 x10° G'=1.83 x 104 -
Viscoelas- Pa; Pa; Pa;
ticity 1,=2.06 x 107  1,=2.45x10%  n,=6.72 x 10%

Pas Pas Pas

Nanoscale 0:) I(:;1:)0 1D (nanofiber) 0:) I(lI;arlil)o 2D (nano sheet)
ordering P P

*Sacle bar: 200 pM

structure with distinct columns of 7---w interactions separated by
layers of solvent (DMSO) molecules (Fig. S3 and $5).'7 There
exist two kinds of alternating NDI-NDI interactions along the
column with distances found to be 3.47 A

and 3.56 A in L-ANA, and 3.48 A and 3.57 A in D-ANA. The
alternate arrangement is also reflected in the alternate van der
Waals (H-H distance 2.27 A in L-ANA and 2.28 A in D-ANA)
and CH--O (C--O distance 3.07 A & 3.08 A in L-ANA and 3.10
A & 3.08 A in D-ANA) interactions. However, FNF and WNW
with phenylalanine and tryptophan substitutions respectively did
not show NDI-NDI cofacial packing. In case of FNF, the NDI
core showed layers of brickwork arrangement with effective
intermolecular 7w stacking of phenyl ring and NDI core with
the distance of 3.38 A in L-FNF and 3.46 A in D-FNF (Fig. 1)."7
The 3D network of FNF lattice was found to be consisted of
alternate layers of solvent (DMSO) stabilized by hydrogen
bonding between carboxylic acid OH groups and the oxygen
atoms of DMSO molecules. The brickwork layers appeared
discontinuous due to alternate solvent layers. This discontinuity is
clearly observed along a and b crystallographic axes (Fig. S7 and
$9)."7 In case of L-WNW, a relatively small difference in the
side-chain of amino acid from phenyl (in FNF) to indole led to
the herringbone packing arrangement (Fig. 1). The larger n-
electron rich surface of indole (in WNW) as compared to that of

s phenyl (in FNF) was found to be more effective in inducing
strong intermolecular m-electron donor-acceptor (indole-NDI)
interactions with reduced interaction distance of 3.20 A (Fig.
S11)."”  Furthermore, additional intermolecular hydrogen
bondinginteraction of indole-NH with carboxyl oxygen and
solvent (DMSO) molecules resulted in confinement of solvent in
forming along the
crystallographic a axis in the lattice (Fig. S11)."

It is clear from the above XRD data that only ANA showed
twisted cofacial packing with maximum 7w overlap between
NDI cores. The main difference between the molecular
arrangement of ANA and other structures lies in the conformation
of Ca substituent with respect to central NDI core. ANA adopted
cis conformation in which both the side-chain methyl groups of
alanine substituents were oriented towards the same side of NDI
core. On the other hand, FNF and WNW were stabilized by trans
conformation where the phenyl and indole groups respectively,
were oriented in opposite directions with respect to NDI core.

3

distinct  columns solvent channels

35

4

Photophysical studies

The visible appearance and fluorescence properties of solid
powder, organogels and single crystals of NDI conjugates (ANA,
FNF, WNW and eNe) under day-light and UV light (365 nm) are
shown in Table 1. The intrinsic fluorescence properties of crystals

4

o
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Fig. 2 Transformed UV-vis absorption (A) and fluorescence
emission (B) spectra of NDI-conjugates in their solid state. a: L-
ANA , b: L-FNF, c: L-WNW and d: eNe. CT: Charge transfer
band. (C) TCSPC decay profile of L-ANA (Aepission 552 nm), L-
FNF (Aemission 490 nm) and eNe (Aepission 365 nm) with a 405 nm
exitation. (D) Temperature versus normalized fluorescence
emission intesity of L-FNF (at 490 nm) and eNe (at 563 nm).
Absorption spectra (A) were recorded in reflection (R) mode.

w

10 were demonstrated by fluorescence microscopy images. The
effect of molecular ordering on the optoelectronic properties of
NDI was investigated by UV-vis diffused reflectance and
fluorescence emission spectroscopy techniques. The diffused
reflectance data was transformed into pseudo-absorbance spectra
using Kubelka-Munk function (Fig. 2A)."” The broad NDI
absorption bands in the wavelength region of 300-410 nm and
450-550 nm suggesting the presence of strong intermolecular
m-m stacking between the NDI chromophores (Fig. 2A).'7*
Notably, the tryptophan appended NDI (WNW) exhibited broad
absorption band in the visible region (400-600 nm) attributed to
intermolecular through-space, face-centred donor-acceptor charge
transfer (CT) interactions between the tryptophan (indole moiety)
and NDI chromophore.” Fluorescence emission spectra of NDI
conjugates displayed structureless broad emission bands in the
25 visible spectrum ranging from violet to orange (425 to 650 nm,
except WNW) with distinct emission maxima as a consequence
of charge delocalization among the different relative orientations
of the closely stacked NDI chromophore'”® (Fig. 2B)."” On
account of mixture of strong and weak offset n-stacks of NDI-
NDI interactions along the inter and intra-layers ANA and eNe
exhibited broad (A, at 450 nm ) and longer wavelength emission
bands (Ayayx at 552 and 563 nm respectively).''*'* FNF displayed
a broad excimer-like emission band with A, at 490 nm.?! This is
quite remarkable, since most of the unsubstituted and aggregated
(solid state) NDIs do not emit in the visible region of the
spectrum which makes them unsuitable for fluorescent
applications. In the case of WNW, fluorescence emission was
quenched completely due to CT interaction, in agreement with
the intense CT band observed in the UV-vis absorption spectrum
» and effective intermolecular indole-NDI interactions in crystal
structure (Fig. 2A and Fig. S11)."” To understand the emission

a

[

=

)
3

F

behaviour of NDI-conjugates, we performed time-correlated
single photon counting (TCSPC) experiments with a nanosecond
excitation on the solid samples of L-ANA, L-FNF and eNe (Fig.
45 2C). TCSPC data displayed distinct biexponential decay profiles,
which suggest that the observed longer wavelength emission of
NDI conjugates is the resultant of two different excitation paths
along intra- and inter- layered NDI-NDI interactions as shown in
Fig. 1."” FNF exhibited significantly longer life-times values
50 (7.23 ns. 36% and 1.63 ns, 64%) as compared to ANA (3.74 ns,
96% and 0.94 ns, 13%) and eNe (1.21 ns, 14% and 3.88 ns, 96%).
In addition, the excitation spectra of FNF (monitored at A.pission
490 nm) red-shifted by 15 nm from the absorption band (A,,,398
nm) indicating the existence of preorganized excimer-like
ss aggregates.''“'**!" Interestingly, the xerogel of FNF and drop-
casted film of eNe exhibited temperature responsive emission
behaviour as shown in the Fig. 2D."” FNF showed gradual
quenching of broad emission band at A ,x 490 nm with increase
in temperature from 20 to 100 °C. In contrast, eNe exhibited
e enhancement in the 565 nm emission with the rise in temperature.
These contrasting temperature responsive emission behaviours
are attributed to thermal disruption of intermolecular aromatic
complexation between phenyl and NDI core in FNF and
formation of emissive dimeric form of eNe.”! Therefore, the
s xerogel of FNF and drop-casted film of eNe can be used as solid
state temperature sensor systems.

10°
8x10* l‘..'.,.,..-l"'.'.'.'.'..ﬂ
6x10°* G
P
[ 4
Q 4x10
o D
=
O 2x10*
-
001 0.1 1 10 100 0.1 1 10 10C

Strain (%) ' Angular Frequency (1/s)

10° T ————————
ph
5 —_
e 0y ¢ g [E
: = 10°F
N N S
o o
10‘[B
el asal. il asal. 102
00T 0 0100 X 0 T0c

1
Angular Frequency (1/s)

G'/G" (Pa)
sy}

100 0. 10C

0.1 1 10 K 1 10
Strain (%) Angular Frequency (1/s)

Fig. 3 Rheological studies of organogels of amino acid-NDI
conjugates. Stress sweep experiments (A-C) and frequency sweep
experiments (D-F) of ANA (A and D), FNF (B and E) and

70 WNW (C and F) respectively. G": storage modulus (M) and G":
loss modulus (e)
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Rheological studies

All amino acid-NDI conjugates showed ultrasonication induced
gelation property in mixed organic solvent systems. Here we have
selected CHCl; (for FNF) and tetrahydrofuran (THF) (for ANA
and WNW) as good solvents and nonpolar methylcyclohexane
(MCH) was slowly added to induce gelation through effective
n---m stacking and hydrogen bonding between the molecules
(concentration used for gelation was 6 mM and MCH/good
solvent: 80/20 v/v). Surprisingly, racemic mixtures of amino
acid-NDI conjugates (1:1 mixtures of L and D isomers of
ANA/FNF/WNW) and achiral eNe did not undergo gelation
under similar conditions. We further investigated the influence of
Ca-functionalities on mechanical properties of organogels by
dynamic rheology studies. The amplitude sweep and frequency
sweep experiments at 20 °C displayed greater storage modulus
(G") than loss modulus (G") within the linear visco-elastic region
(Fig. 3). These results revealed the presence of a typical soft
solid-like gel-phase in organogels of all the amino acid-NDI
conjugates. The storage modulus G' and loss modulus G"
associated with the energy storage and loss of energy respectively
were measured at 20 °C as functions of shear stress (stress sweep)
at a constant frequency of 1.6 Hz (Fig. 3A-C). The recorded G'
was found to be maximum in case of ANA (2.22 x 10* Pa, Fig.
3A) and minimum for FNF (2.66 x 10° Pa, Fig. 3B) gels
respectively, whereas that of WNW gel was found to be 1.83 x
10* Pa (Fig. 3C). Amusingly, WNW gel did not show crossover
of G' and G" under the given stress sweep, indicating excellent
energy storage property. ANA and FNF displayed crossover of G'
and G" at 159% and 99.9% strain values respectively. The
observed good storage property of WNW compared to ANA and
FNF may be attributed to the presence of strong donor-acceptor
CT n---m interactions and additional indole-NH hydrogen bonding
among its molecules and with the solvent.

To wunderstand the consequence of various noncovalent
interactions on the tolerance of the gel upon exposure to external
forces, an angle frequency sweep experiment was conducted
within the gels linear visco-elastic region (Fig. 3D-F). The results
showed higher storage modulus (G') than the loss modulus (G")
due to the absence of phase separation or phase transition during
the sweep process. Furthermore, both G' and G" remained
relatively stable within the whole frequency range indicating that
the gel possessed an excellent tolerance to external forces. The
property of material to avoid sedimentation upon storage was
determined by calculating the zero shear viscosity (n,) and the
values were found to be 2.06 x 10’ Pa.s (ANA) > 6.72 x 10° Pa.s
(WNW) > 2.45 x 10° Pa.s (FNF). Rheological studies (both
stress sweep and frequency sweep) revealed the ability of tuning
the mechanical strength and elasticity of NDI organogels by
ingeningenious noncovalent interactions drive molecular
organization induced through amino acid side-chain functionality.

CD studies

In order to probe the effect of enantiomeric amino acids on the
chiroptical properties of achiral NDI chromophore organization,
we have performed CD studies in both crystal and gel forming
solvent systems I) MCH/THF:80:20, v/v, II) DMSO and III)
MCH/CHCl5:80/20, v/v (Fig. 4). All the enantiomeric amino acid
conjugates, L-ANA and D-ANA (Fig. 4A), L-FNF and D-FNF

95
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Fig. 4 CD spectra of L- and D-isomers of A) ANA, B) FNF, C)
WNW and D) eNe in gelling solvents (I: MCH/THF and III:
MCH/CHCI;) and crystal forming solvent (II: DMSO).

(Fig. 4B) and L-WNW and D-WNW (Fig. 4C) exhibited mirror

image Cotton effects in the NDI absorption region (250-400 nm)
ascribed to the presence of chiral intermolecular assembly of NDI
molecules.'>"> The positive (*D-isomer) and negative (*L-

s isomer) Cotton effects are attributed to differential absorption of

circularly polarized light by right handed (P-type) and left handed
(M-type) supramolecular helical organization of NDI
chromophores respectively. Whereas, in case of eNe, a flat CD
signal was observed due its symmetrical (centrosymmetric)
structure and the absence of chiral center in the imide-
(Fig. 4D). This
supramolecular chiral aggregates via transcription of chiral
information from the o-—stereocentre of N-imide amino acid
substituents to central achiral NDI chromophoric unit.*" '*'* The

substituents confirmed the formation of

s difference in the shape and amplitude of CD signals for NDI-

conjugates with variable amino acid substituents suggested
distinct inter-chromophoric distances, projection angles and
number of interacting NDI-chromophores.'*®

Solid state molecular helical organization studies

To corroborate the CD results discussed above, we further
investigated the solid state chirality in crystal packing. Several
organic molecules exhibit 2 fold helices in solid state packing by
the virtue of presence of 2, screw axes in the crystal lattice.'*?* L-
ANA and D-ANA exhibited cofacial helical columnar stacks with
(anticlockwise) and 69.27° (clockwise)
respectively between successive molecules (Fig. 5A,B). This
twist is due to the steric hindrance as well as hydrogen bond
potential of alanine residues (-COOH group) on both sides of the
NDI core with solvent (DMSO) (Fig. S3 and S5). In contrast,
FNF and WNW displayed supramolecular tilt
organization of molecules with respect to 2, screw axis. Hisaki et
al.*® have reported a method to distinguish between right and left
handed supramolecular tilt chirality of such twofold helical
assemblies. Based on this method, we correlated the organization
of aromatic amino acid-NDI conjugate with the supramolecular

helical

6 | Journal Name, [year], [vol], 00—00
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Fig. 5 Solid state helical organization of A) L-ANA , B) D-ANA

crystal lattice. (A and B) cofacial helical columnar stacks and (C-
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Fig. 6 The 2, helicity inherent in the eNe P2,/c crystal system.
Four helices embedded within the crystal lattice: side-to-side
enantiomeric pairs AB (left handed) and AC (right handed) along
s the crystallographic ¢ axis and splipped herringbone enantiomeric
pairs AD (left handed) and AE (right handed) along
crystallographic a axis. 35
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right left

, C) L-FNF, D) D-FNF and E) L-WNW in their respective
E) supramolecular tilt helical organization.

tilt chirality. L-FNF and L-WNW showed left handed
supramolecular tilt chirality whereas D-FNF showed right
handed helical assemblies (Fig. SC-E). Our effort in crystallizing
D-WNW was not fruitful, nevertheless CD data in Fig. 4 strongly
suggests right handed helical arrangement in solid state. The
centrosymmetric eNe showed coexisting left and right handed
helical assemblies in the crystal lattice (Fig. 6) as expected from
its racemic nature revealed by the flat CD signals as shown in
Fig. 4D.

The three parameters, viz. pitch, tilt and the distance of
centroid of the molecule from the helix axis were calculated to
define the 2, helices. In various conjugates, the helices were
considered along different directions based on the arrangement of
molecules in their respective crystal lattices. FNF showed
prominent 2, helix along the crystallographic ¢ axis with tilt angle
of 66.09° for L-FNF and 66.15° for D-FNF, and the centroid of
each molecule is 3.14 A from the center of the helix. The pitch of
the helix was found to be 27.66 A and 28.20 A in L-FNF and D-
FNF respectively (Fig. S7 and $9).!7 These helices were found to
be stabilized by interactions of DMSO (solvent) methyl groups
with Co atom of the amino acid (van der Waals interaction) and
phenyl ring through CH--- interaction. (Fig. S7 and S9)."” WNW
crystallized in P2,2,2; space group with three mutually
perpendicular 2; screw axes. However, only two of them, viz. a
and b crystallographic axis displayed supramolecular helices with
tilt chirality. The 2, helix along a-axis was considered for
determination of various parameters of WNW (Fig. S11)."” Here
the tilt angle was 115.64°, the centroid to helix axis distance was
3.93 A and the pitch of the helix was 8.67 A. As shown by Hisaki
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Fig. 7 FESEM micrographs of A) drop casted eNe solution
(MCH/CHClj5: 80/20 V/V), and xerogels of B) ANA, C) FNF,
and D) WNW.

et al.? the adjacent 2, helices of WNW were antiparallel (Fig.
S11)." Two types of CH--O interactions and CT 77 stacking
were found to stabilize these antiparallel helices. One of them
was observed between indole CH group and imide carbonyl
oxygen of NDI core, while the other was found between
carboxylic acid oxygen and aromatic CH of NDI core. The 2,
helicity inherent in the eNe P2,/c crystal system was analyzed
using a reported method.” On the basis of this method, we have
observed four helices embedded within the crystal lattice (Fig. 6).
Two of them viz. AB (left handed) and AC (right handed), were
found to be arranged as side-to-side enantiomeric pairs along the
crystallographic ¢ axis and the other two viz. AD (left handed)
and AE (right handed) as slipped herringbone packing along a
axis. The tilt angle of helices was about 44.63° and centroid to
helix axis distance was found to be 3.11 A. Therefore the
observed CD inactiveness of eNe (Fig. 4D) was attributed to
equal  propensity supramolecular ~ organization  of
centrosymmetric molecules into left and right handed helices.

for

Morphological studies of xerogels

The effect of structural mutations on the morphologies of self-
assembled structures of NDI from the solution upon drop casting
or in the organogels was examined by field emission scanning
electron microscopy (FESEM). FESEM samples were prepared
by drop casting the solution of eNe onto the silicon wafer and
dried at room temperature and vacuum. The xerogel samples
were prepared by transferring the organogels onto the silicon
wafer fallowed by vacuum drying. Remarkably, FESEM
micrographs revealed interesting 0D, 1D and 2D morphological

structures (Fig. 7). The eNe self-assembled from its solution
(MCH/CHCl;: 80/20, v/v) into large surface area 2D nano and
mesosheets with several micrometer lateral dimensions (Fig. 7A).
In contrast, the xerogels of amino acid-NDI conjugates revealed
the presence of distinct OD and 1D nanostructures. ANA (Fig.
7B) and WNW (Fig. 7D)"7 xerogels’ matrix displayed embedded
nanospheres with diameter of 100 to 300 nm (ANA) and 50 to
500 nm (WNW) respectively. FNF showed remarkable 3D

40 network of interconnected high aspect ratio 1D nanofibers
responsible for the observed gelation (Fig. 7C)."” The fibers were
several micrometers in length and 20 to 100 nm in diameter. The
observed 2D, 1D and 0D nanostructures of NDI are ascribed to
various intermolecular noncovalent interactions (hydrogen

45 bonding, 7w, van der Waals, CH-+ &, and CH:-O) induced by
side chain functionalities. These results clearly supported the
potential of minute structural mutations in the imide substitution
in fine tuning the nanoscale molecular ordering of NDIs.

Conclusions

so In conclusion, for the first time we have demonstrated
engineering of most promising NDI-NDI aromatic molecular
ordering into all possible packing modes namely cofacial,
brickwork, herringbone and slipped stacks using biomimetic
approach in solid state. The center of symmetry, the structural
ss mutations (Col substituents on amino acids), corresponding
chirality and their conformations with respect to planar NDI core
were found to have major influence on the solid state molecular
organization. Photophysical studies showed remarkable influence
of molecular ordering on the absorption and emission properties
60 of NDIs. Interestingly, NDI conjugates showed solid state
emission in visible region from violet to orange, promising as
potential materials for fluorescence applications. WNW exhibited
strong absorption in entire visible region with the quenching of
fluorescence due to effective charge transfer between indole
(tryptophan) ring and NDI core making it a potential candidate
for photovoltaic applications. All amino acid-NDI conjugates
formed ultrasonication induced organogels and their rheological
data revealed tunable visco-elastic ability with promising storage
property. Furthermore, xerogel of FNF and drop-casted film of
70 eNe exhibited contrasting temperature responsive emission
behaviors and they can be used as solid state temperature sensor
systems. The transcription of chiral information from amino acids
to achiral NDI core was demonstrated by the preferential chiral
helical arrangement of molecules. Whereas achiral ethyl
75 substituents in NDI led to coexistence of both left and right
handed helical (racemic mixture) arrangement of molecules.
ANA with aliphatic amino acid (alanine) resulted in cofacial
helical columnar stack, whereas FNF and WNW with aromatic
amino acids (phenylalanine tryptophan respectively)
so exhibited supramolecular tilt chirality. We were also successful in
tuning the nanoscale supramolecular assembly of NDIs into 0D
nanospheres (ANA and WNW), 1D nanofibers (FNF) and 2D
sheets (eNe). Overall, the structural mutations (amino acids) are
capable of inducing preferential helical bias and tunable
ss molecular ordering which in turn give rise to interesting optical
(for example solid state emission, charge transfer) and
viscoelastic (for example gelation and mechanical properties) and
distinct nanoscale ordering properties to NDI system. We believe
that our novel biomimetic design strategy is highly useful in
o0 understanding and mimicking the Nature’s complex molecular
interactions and fine-tuning of aromatic functional properties for
future electronics, chiroptical and biomedical applications.
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f Crystal structure determination

eNe: CsH1sN,O4, M = 322.31, monoclinic, a = 4.8667(3), b = 7.7561(4),
c =18.3813(12) A, B =90.214(4)°, U = 693.83(7) A3, T=100K, space
group P2/c (no.14), Z =2, 7958 reflections measured, 1863 unique (Riy =
0.0361) which were used in all calculations. The final wR(F>) was 0.1257
(all data). CCDC 937648.

L-FNF: C3;H3N,0,0S,, M = 718.77, orthorhombic, a = 8.953(3), b =
13.508(6), ¢ = 27.663(11) A, U = 3345(2) A%, T = 100 K, space group
C222; (n0.20), Z = 4, 8522 reflections measured, 1223 unique (R =
0.1165) which were used in all calculations. The final wR(F>) was 0.2233
(all data). CCDC 937649.

D-FNF: C3¢H34N,010S,, M = 718.77, orthorhombic, a = 9.104(7), b =
13.550(10), ¢ = 28.20(2) A, U = 3479(4) A’, T = 100 K, space group
C222; (n0.20), Z = 4, 5069 reflections measured, 1123 unique (Rin =
0.1052) which were used in all calculations. The final wR(F>) was 0.2050
(all data). CCDC 937650.

L-WNW: C4,HN4O13S3, M = 909.41, orthorhombic, a = 8.670(2), b =
19.624(5), ¢ = 25.099(7) A, U = 4270.4(19) A>, T = 100 K, space group
P2,2,2) (no.19), Z = 4, 12276 reflections measured, 4916 unique (Ri =
0.1372) which were used in all calculations. The final wR(F,) was 0.1685
(all data). CCDC 937651.

L-ANA: CyHxN,0,0S2, M = 566.59, monoclinic, a = 24.2349(5), b =
7.02890(10), ¢ = 14.7664(3) A, B =90.8260(10)°, U = 2515.12(8) A, T=
100 K, space group C2 (no.5), Z = 4, 47595 reflections measured, 4150
unique (R, = 0.0506) which were used in all calculations. The final
wR(F,) was 0.0887 (all data). CCDC 937652.

D-ANA: CyHp6N>01S,, M = 566.59, monoclinic, a = 24.302(2), b =
7.0441(6), ¢ = 14.8026(11) A, B =90.782(5)°, U = 2533.7(4) A%, T =100
K, space group C2 (no.5), Z = 4, 9893 reflections measured, 4100 unique
(Rine = 0.0482) which were used in all calculations. The final wR(F,) was
0.0966 (all data). CCDC 937653.

The supplementary crystallographic data for this paper can be obtained
from the Cambridge Crystallographic Data Centre (CCDC) via
www.ccde.cam.ac.uk/data_request/cif.
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