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Hydrophobicity Directed Chiral Self-Assembly and Aggregation-
Induced Emission: Diacetylene-Cored Pseudopeptide Chiral Dopants

Govind P. Maurya, Deepak Verma, Aloka Sinha, Luc Brunsveld, and V. Haridas*

Abstract: Here we delineate simple and tunable hydro-
phobically driven chiral functional assemblies of diac-
etylene cored pseudopeptides. These amino acid ap-
pended, rigid core dialkynes constitute promising chiral
supramolecular building blocks for materials properties
engineering. The chiral appended amino acid elements
allow for simple tuning of solubility and interaction
properties as well as governing chirality, while the
central dialkyne core can impart hydrophobically driven
assembly and Aggregation Induced Emission (AIE)
properties. The self-assembly of these rod-like dialkynes
can be regulated by tuning the solvent environment,
with for example self-assembly into vesicles in
acetonitrile and into helical organization with AIE in a
H,O/DMSO mixture. Of additional high interest, these
supramolecular materials, themselves devoid of liquid
crystal (LC) properties, can induce chirality into non-
chiral LC matrices with high helical twisting power. )

The design of synthetic molecules with unique self-assem-
bling properties and ensuing chirality is a highly active area
of research.l"! Nature-inspired chiral assembly integrate
aggregation characteristics of both synthetic and
biomolecules.”! Also, considerable progress has been made
in the design of self-assembling peptides.”! The incorpora-
tion of molecular elements that encode for emergent
functions, such as unique fluorescent properties, is a
challenging endeavor.” Fluorescent materials have wide
applications in chemical sensing, bio-imaging and in devel-
opment of light emitting diodes.”! However, aggregation-
caused quenching (ACQ) of many of these materials limits
their application, for example when the molecules are used
in solid films."! Aggregation Induced Emission (AIE),
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opposite to ACQ, relates to an enhancement in fluorescence
in the aggregated state, and such materials find numerous
applications.™” In order to decipher the origin of AIE,
several theories have been proposed.®! The fluorescent
properties may arise due to the interaction between the
transition dipoles® or due to the restricted intramolecular
rotation (RIM).' Alternatively, the aggregation could
cause increase in viscosity leading to blockage of molecular
rotation.'!"’ The opportunities of peptides and related
biomolecular assemblies for the development of AIE
materials has not been addressed to its full potential.l'”
Supramolecular chirality has been studied extensively as an
additional regulatory mechanism for materials properties.'”
Combined, supramolecular chirality and self-assembling
peptide-based materials offer significant opportunities for
the development of self-assembling systems with emergent
properties.™ To provide urgently needed insights in self-
assembling materials, AIE is an ideal concept to be utilized
and incorporated into self-assembling peptide-based materi-
als.

Functional self-assembling materials are frequently de-
signed based on maximizing H-bonding interactions.!"
Design of self-assembling systems by controlled modulation
of hydrophobic interactions is more scarce.”! Diverse arrays
of natural amino acids provide enormous design possibilities
for utilizing hydrophobic interactions;"® the diversity of
amino acid side chains is the result of evolutionary tuning
and is the underlying versatility of nature’s design
strategy.'”! Chemists are yet to optimally benefit from the
rich diversity of amino acids in the design of self-assembling
system.

In this work, we designed simple peptidic systems with
an extended structure, reminiscent of a B-strand, with innate
ability to self-assemble. We designed a rigid linear diacety-
lene spacer and placed amino acids derivatized with
naphthalimide (NI) at its termini (Figure 1). We envisioned
that such molecules with a rigid extended structure would
self-assemble through intermolecular hydrogen bonding and
hydrophobic interactions between the amino acid side
chains. The n—n interactions between the NI units could
further facilitate the self-assembly. By systematically varying
the side-chains of the amino acids, the hydrophobic charac-
ter of the supramolecular elements can be tuned. The rigid
and extended structure of these molecules enforces and
directs the intermolecular interactions, potentially coupled
to a fast intermolecular polymerization. The aggregation
sensitivity of the fluorescence of the NI units provides an
excellent probe for investigating the self-assembly and AIE.
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Figure 1. a) Cartoon representation of mono and diacetylene com-
pounds. b) Chemical structures of amino acid-based monoalkynes (L-
MA, F-MA, W-MA, B-MA, and G-MA), and diacetylenes (L-DA, F-DA,
W-DA, G-DA and B-DA). The chemical structures of ester derivatives L-
EMA, and L-EDA, c) Polymerization of G-DA to polydiacetylene (PDA).
NMR tube containing the PDA sample of G-DA illustrated by the typical
red color of a PDA.

A variety of molecules with diacetylene as the core was
synthesized (Scheme S1). These molecules were containing
diverse amino acids with increasing side chain hydrophobic-
ity. Out of the 20 proteinogenic amino acids Leucine (Leu),
Phenylalanine (Phe), and Tryptophan (Trp) represent some
of the most hydrophobic amino acids, based on a different
chemical nature. The resulting materials were evaluated for
their self-assembly and potential for formation of helical
supramolecular arrangements, defined chirality and AIE
properties.

Amino acids were appended on a rigid diacetylene
spacer to form dialkynes. These are precursors for the
synthesis of polydiacetylene (PDA) based peptidic polymers
(Figure 1)."8) We envisaged that incorporation of NI func-
tionalized amino acids on a PDA core may provide unusual
emission properties. In addition to this, we envisioned that
the NI units could also enhance the aggregation by
intermolecular n—n stacking. To understand the role and the
nature of the amino acid residues on the aggregation, we
chose Leu (L), Phe (F), Trp (W), Gly (G) and Aib (B). The
Boc-protected amino acids were reacted with propargyl-
amine in presence of N-hydroxysuccinamide, DCC and NEt;
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in DCM, providing the monoalkynes in good yield. Depro-
tection followed by reaction with 1,8-Naphthalic anhydride
resulted in NI-conjugated monoalkyne derivatives of the
amino acids (L-MA, F-MA, W-MA, B-MA and G-MA).
Use of propargyl alcohol instead of propargylamine yielded
L-EMA. The dialkynes (L-DA, F-DA, W-DA, B-DA, G-
DA and L-EDA) were synthesized by oxidative dimeriza-
tion of the corresponding monoalkynes in the presence of
Hay catalyst for 8 h. (Figure 1 and Scheme S1). The dialkyne
G-DA already polymerized during its preparation, prevent-
ing its isolation.

For topochemical polymerization, the dialkynes must be
placed at a distance of 5 A with a tilt angle of 45°."l None of
the diacetylenes (Leu, Phe and Trp DA-derivatives) showed
polymerization, indicating that the self-assembly does not
favor the distance and (or) angle criteria required for it.

Electrospray ionization mass spectra (ESI-MS) data of
dialkynes showed dimer (2 M), trimer (3 M) and tetramer
(4M) indicative of aggregation (Figure S34). The rigid
diacetylene core imparts a rod-like shape and ideal to self-
assemble. We envisioned that these rigid molecules arrange
to generate a B-sheet like arrangement, suitable for top-
ochemical polymerization. Interestingly, none of these
diacetylene (L-DA, F-DA, W-DA, and L-EDA) polymer-
ized under normal UV irradiation, indicating the improper
alignment of diacetylene units. This might arise due to
bulkiness of the amino acid side chains that keep the
diacetylene units at a distance unsuitable for polymerization.
In order to address this issue, we synthesized Gly appended
monoalkyne G-MA and dialkyne G-DA. Interestingly, G-
DA showed polymerization suggesting that C*substitution
prevents the required geometrical arrangement favorable
for polymerization. The G-DA polymerization was so fast
that, we could only isolate the polydiacetylene, which is red
colored (Figure 1c). Intrigued by these findings, we set out
to investigate the aggregation behavior of these compounds.

The UV/Vis absorption spectra of the dialkynes L-DA,
F-DA, and W-DA in DMSO showed an absorption band at
333-336 nm along with a shoulder at 350-352 nm (Figure 2a
and S35-S36). In 90 % H,O/DMSO, the dialkynes showed a
maximum AL ~10 nm bathochromic shift along with pres-
ence of long wavelength tail absorption (Figure2a, Ta-
ble S1) suggesting aggregation at this high water content.
The resulting J-type aggregation is evident from the bath-
ochromic shift.?

Fluorescence spectra were measured at increasing
amounts of water (25-90%, 25°C) at A,=345nm. The
compounds L-DA and F-DA (Figure 2b, S35 and Table S1)
showed two weak fluorescence bands at 365 and 380 nm in
DMSO, attributed to the NI chromophore. A slight increase
in fluorescence intensity was observed upon gradually
increasing the amount of water till 60 %. As the water
content increases above 60%, a new emission band
appeared at 472nm. This intense band at 472nm is
indicative of AIE, at these more polar conditions. The
dialkyne W-DA, in contrast, is completely non-emissive,
even at high water contents. This is most likely due to a
charge transfer (CT) interaction between the NI and Indole
(Figure $35d)."1 The solutions of F-DA in H,0/DMSO

© 2022 Wiley-VCH GmbH
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Figure 2. a) Normalized UV/Visible and b) Fluorescence spectra of F-DA in solutions of different H,0/DMSO mixtures (conc. 2x10° M), c) CD
spectra of F-DA in DMSO and 90% H,O in DMSO (conc. 1x10~* M) and d) Crystal structure of F-DA of two molecules showing hydrogen and
chalcogen interactions with DMSO, e,f) a view of crystal packing showing left handed helical structure.

under UV light showed intense fluorescence compared to
DMSO alone (Figure S37) and serve as a direct visual
evidence of AIE.

The chiroptical nature of L-DA, F-DA, and W-DA was
studied by Circular Dichroism (CD) spectroscopy (Figure 2¢
and S38). Addition of water showed significant CD spectral
changes for the dialkyne-derivatives. The CD spectra of the
dialkynes showed no evidence of chiral assembly in pure
DMSO (Figure 2¢ and S38). The CD spectra of all dialkynes
in 90 % H,O/DMSO exhibited a negative Cotton effect at
around 360-365 nm (NT unit) with the crossover point nearly
corresponding to An, (UV absorption) of the NI unit,
indicating a left-handed helicity of the self-assembly.?! Since
this CD signal is derived from exciton coupling, the NI
moieties are stacked in a left-handed helical geometry.
Exciton chirality (EC) method is used for assigning chirality
to the supramolecular helical assembly. As per the EC
method, the negative first and second positive cotton effect
indicate a left-handed helical assembly. The CD spectra of
the dialkynes in acetonitrile (ACN) were similar to that in
DMSO, indicating a similar behavior in both solvents.
Addition of water to ACN solution showed similar behavior
as that of DMSO.

F-DA was crystallized from DMSO in the presence of a
few drops of water (~20:1). A hydrogen bond (1.94 A)
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exists between amide NH of F-DA and oxygen of DMSO
(Figure 2d). The F-DA molecules are hydrogen bonded
through DMSO to form an extended left-handed helical
(LHH) structure (Figure 2e,f). The solvent molecules inter-
act with oxygen atoms of NI units through S--O bonds. The
S--O distance and angle are 3.10 A and 163.15° respectively
(Tables S2-S3). The single-stranded helices of F-DA are
inter-connected through C—H--nt interactions between CH,’s
of one helical strand and phenyl rings of another helical
strand (3.54 A) (Figure $39). Each helical structure is
further connected through the NI carbonyl of one strand
with CHs (NI) of another strand (2.46 A) forming an array
of helices (Figure S39). The observed LHH structure in solid
state is in agreement with the helicity in solution as evident
from CD data (Figure 2c). The crystal structure of F-DA
also revealed that the closest distance between the termini
of the dialkyne is 9.99 A, which is not ideal for topochemical
polymerization (Figure S40).

Electron microscopy imaging was used to probe the self-
assembly process. The morphologies of the dialkynes in
ACN solution (at 1 mg mL™") were investigated by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) (Figure3). SEM imaging revealed
vesicles with diameter majority in the range of 400-800 nm
(Figure S41). Addition of water to the ACN solutions of L-
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Figure 3. SEM images of a) L-DA b) F-DA c) W-DA. The images in a, b
and c are taken from the samples made from ACN (conc. 1 mgmL™).
SEM images of d) L-DA e) F-DA and f) W-DA. Samples for the images
in d—f were made from a solution of the respective compounds in 90%
H,0 and 109% ACN (conc. 1 mgmL™"). Confocal images of g) L-DA

h) F-DA i) W-DA. The samples for the confocal images are made in
ACN (conc. T mgmL™") (A, 405 nm).

DA and W-DA (9:1) resulted in the fusion of the vesicles to
form fibers as evident from SEM and TEM images (Fig-
ure 3d—f and Figure S42). In the case of F-DA, we could
image the intermediate stage of fusion (Figure 3e and S43).
This fusion of vesicles is due to hydrophobic interactions, as
it happens in the presence of water. Confocal microscopic
imaging of F-DA and L-DA (drop-casted on a glass slide)
showed green colored vesicles (Figure3g and h) upon
irradiation at 405 nm and using an observation filter in the
450-500 nm range. W-DA vesicles are non-fluorescent (Fig-
ure 3i), probably as a result of charge transfer interaction
between the NIs and the indoles. This direct visual evidence
of the non-fluorescence of W-DA assemblies supports the
spectroscopic findings.

Encouraged by the results from the dialkynes, we
investigated the aggregation of monoalkynes. The mono-
alkynes L-MA and F-MA are the intermediates during the
synthesis of the L-DA and F-DA respectively. Compounds
L-MA and F-MA (Figure 4a, Figure S44 and Table S1) are
very weakly emissive in DMSO solution with emission
maxima at ~384 nm. However, when the amount of water
increases, the fluorescence intensity increases with a con-
comitant bathochromic shift (AL~10 nm) A, ~393 nm com-
pared to that in DMSO alone. The increase in fluorescence
intensity in H,O/DMSO mixture is indicative of AIE.
Interestingly, W-MA is found to be non-emissive even at
higher amount of water and also this is attributed to a
charge transfer (CT) interaction between the indole and NI
units (Figure 4b, and e).*"

F-MA was crystallized from DMSO. The X-ray crystal
structure of F-MA (Figure 4c) showed that the NI and

Angew. Chem. Int. Ed. 2022, 61, €202209806 (4 of 8)
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phenyl ring are in close proximity. The distances between
the C—Hs of NIs and the centroid of phenyl (Phe) units are
at 321 and 2.99 A. The F-MA molecules are held together
by intermolecular hydrogen bonds between amide NH and
amide carbonyl (2.11 A) and between CH of phenyl CH,
and NI carbonyl (2.60 A) (Figure S45 and Tables S4-S5).
The CH, of the alkyne and centroid of NI is at a distance of
2.64 A (Figure $45). The packing diagram shows a
supramolecular left handed helical arrangement of the F-
MA molecules (Figure 4d). Overall, the X-ray structure is
consistent with observations from CD studies (Figure S46).

An X-ray quality crystal of W-MA was obtained from
DMSO. The X-ray crystal structure revealed interactions
between the amide carbonyl of one molecule and NH of the
indole of Trp through an H-bond (2.04 A) (Figure 4e,
Table S6-S7). Analysis of the packing reveals that the NI
unit of one molecule associates with the indole unit of
another (Figure 4e and Tables S6-S8). The distance between
the centroids of NI and indole is 3.63 A, suggestive of a n—n
interaction (Figure 4e). The intermolecular face to face
stacking interaction between the NI and the indole is most
logically responsible for the observed quenching of the
fluorescence (Figure 4b). The packing diagram shows a
supramolecular arrangement of NI chromophores (Fig-
ure 4f) and in agreement with the spectroscopic studies
(Figure S46).

SEM imaging of the monoalkynes showed formation of
vesicles (Figure S47). Addition of water to ACN solutions of
L-MA and W-MA (9:1) resulted in the fusion of vesicles,
whereas a rod like morphology was observed for F-MA
(Figure S47).

The dialkynes and monoalkynes contain peptide bonds,
hence hydrogen bonding could play pivotal roles in the
aggregation process. To investigate this, amide linkages
were replaced with ester bonds. The UV/Visible spectra of
these ester derivatives (L-EMA and L-EDA) in DMSO
showed two bands at 338 and 353 nm. In the 90 % H,O/
DMSO mixtures, a bathochromic shift of AA~5nm was
observed (Figure S48), which suggests the aggregation in the
presence of water. The emission spectrum of monoalkyne L-
EMA in DMSO showed a very weak emission band at
390 nm at A, 345 nm, which corresponds to unassociated NI
units and indicating that these are molecularly dispersed in
solution. Addition of water, resulted in an enhanced
intensity of the emission band at 390 nm with slight red shift.

The L-EDA is almost non-emissive in DMSO, while
presence of water caused the appearance of a new band at
470 nm corresponding to the excimer of NI. This indicates
the AIE behavior to be present in the ester derivative as
well and to be promoted by water (Figure S48¢). The CD
spectra of L-EDA in DMSO did not show any band,
whereas in 90 % H,O/DMSO, a negative band at around
360-365 nm (NI) with crossover point nearly corresponding
t0 Amax (UV absorption) of NI indicating left handed helical
arrangement of NI units (Figure S48f). The CD results are
similar to that of L-DA. In DMSO, the L-EDA is in
monomeric state, whereas in 90 %H,0/DMSO it changes to
chiral J-aggregates. This clearly shows that hydrophobic
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Figure 4. Fluorescence spectra of a) F-MA and b) W-MA in DMSO and 90% H,O in DMSO (conc. 2x10° M), c) X-ray crystal structure of F-MA
showing the interactions between two molecules. d) Helical structure of F-MA, e) X-ray crystal structure of W-MA showing hydrogen bonding
between indole NH of Trp and amide carbonyl (red dots) and the intermolecular -7 interaction between NI and Trp (green dashed lines), f) The
packing of W-MA, showing non-covalent interactions between naphthyl units are shown.

interactions play the dominant role in the aggregation
process, and not hydrogen bonding.

The CD and microscopic analyses had revealed that in
DMSO and in ACN, the dialkyne molecules are molecularly
dispersed. Addition of water to DMSO solution, causes the
on-start of hydrophobic interactions leading to aggregation.
The sequestering of hydrophobic side chain of amino acid in
presence of water is the cause for the observed fusion. The
point chirality of amino acid induces an emergent chirality
to the hydrophobically driven assembly. The role of water
on the self-assembly process is depicted in Scheme 1. This
hydrophobically driven assembly is the cause for inducing
the fluorescence, as presented in the earlier section.
Presence of water in the medium, causes the segregation of
hydrophobic groups resulting in the aggregation leading to
AIE.

The helical supramolecular polymers have several appli-
cations in chiral guest binding, asymmetric catalysis and in
material science." The chiral supramolecular systems could
act as dopants by binding with and directing the matrix
molecules, thereby tuning their material properties.

The chiral AIE molecules as dopants to liquid crystalline
material are desirable choices since they could induce chiral
phases with high luminescence intensity in their aggregation
state.” Therefore, such AIE luminogens (AIEgens) are
excellent materials for the development of full-color pho-
tonics and dual-mode display devices.’**! The doping based

Angew. Chem. Int. Ed. 2022, 61, €202209806 (5 of 8)
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Scheme 1. Self-assembly pathways of diacetylene molecules in ACN
and dimethylsulfoxide (DMSO) upon modulation of solvent and
concentration conditions.

on the supramolecular approach is an efficient way to tune
material properties, which pave the way for future materials.
In order to investigate the utility of these self-assembling
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dialkynes as a dopant, we analyzed various mixtures of
dialkynes and LC. The induction of chirality and lumines-
cent properties into the LC material can serve in the
development of advanced optical materials.*>"

To test the dialkynes as chiral dopants, we used 4-cyano-
4'-pentylbiphenyl (5CB) as a non-chiral LC host. We
prepared various mixtures of 5CB and F-DA dialkyne. The
addition of 0.2 and 0.5 wt% of F-DA to the SCB showed
almost no effect on the isotropic to nematic phase transition
temperature (Ty;). At higher F-DA concentrations (0.75-
Swt%), the Ty value reduced from 34.5 to 30.5°C (Fig-
ure S49a). The textural investigation was performed for
various mixtures of SCB and F-DA at room temperature
after cooling from the isotropic to nematic state (Figure 5).
The pure S5CB exhibits the Schlieren texture with curved
dark brushes.” The mixtures at concentrations from 0.2 to
1 wt% of F-DA exhibit fingerprint textures which are the
characteristic feature of helical cholesteric phases. At 1 wt%
and higher concentrations of F-DA, the texture of 5CB
changed from Schlieren to broken fans with fingerprints
(Figure 5). The F-DA dopant induces the helicoidal choles-
teric structures in the achiral nematic phases of the LCs
(Figure 5j). The pitch of the induced cholesteric phases has
been calculated by measuring the distance between the two
neighboring extinction dark striations of cholesteric
fingerprints.?**! Via the amount of doping agent, we could
control the pitch of the helix. The helical twisting power (B)

Figure 5. The POM micrographs of 5CB doped with F-DA chiral agent
on untreated glass slide a) 0 wt% b) 0.2 wt% c) 0.5 wt% d) 0.75 wt%

e) 1 wt% f) 2 wt% g) Magnified-2 wt% h) 5 wt% i) Magnified-5 wt%,

j) Representation of the chiral amplification to achiral LC by addition of
F-DA compound.
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remains invariant at lower concentrations of chiral
dopants.”! A high value of p=20.57 um~' (Figure S49) is
obtained for F-DA. These dialkynes may find applications
in solar cell concentrators, bioprobes, chemosensor and
imaging techniques.”®*! The addition of non-chiral Aib-
based dialkynes (B-DA) showed no effect on the textural
features of SCB.

The handedness of the helix was ascertained by a
miscibility test and by analyzing the sense of rotation of the
double spiral formed under spherical wedge geometry.P!
For the miscibility test, the three commercially available
chiral dopants 4-Cyano-4'- (2-methylbutyl)-biphenyl (CB15),
S-(+)-2-Octyl 4-(4- hexyloxybenzoyloxy) benzoate (S811)
and cholesteryl oleyl carbonate (COC) are used. The S811
and COC are known to induce left-handed, while CB15
show right-handed cholesteric phases. The mixture of 3 wt%
F-DA with SCB and CB1S doped SCB showed continuous
contact (Figure S50a) in POM imaging indicating the
induction of the right-handed helix in the cholesteric phase.
On the other hand, S811 and COC doped 5CB showed a
discontinuous boundary at the contact region (Figure S50b—
c). The miscibility test confirms that F-DA induces a right-
handed cholesteric phase. Apart from the miscibility test,
the sense of rotation of the double spiral (Figure S51)
further confirms the handedness. These self-assembling
dialkynes are new class of chiral dopants with high potential
for developing novel optical materials.

The higher B of F-DA than commercially available
dopants such as CB1S, S811, and COC indicates promising
future for these designer dopants. Peptide-based compounds
are likely to have better biocompatibility, unlike other
synthetic dopants. These chiral molecules could also serve as
dopants to other liquid crystals. The newly engineered
peptides with the AIE characteristics allow us to fabricate
luminescent liquid crystals with a high dichroic ratio.
Attaching switchable moieties to these dopants, is another
avenue for engineering stimuli responsive LCs. Apart from
supramolecular chirality and AIE features, the cholesteric
LC based systems may have potential applications in
biosensing.P?!

In conclusion, we have presented the hydrophobically
driven self-assembly of diacetylene pseudopeptide com-
pounds that showed strong AIE behavior. Amino acids
provide innumerable opportunities for designing hydro-
phobically driven self-assembled materials. Detailed spectro-
scopic and crystallographic studies revealed chiral
supramolecular organization. Microscopic analyses of these
diacetylene compounds revealed that increasing concentra-
tion leads to vesicular self-assembly in ACN, while addition
of water changed the morphology to fibers with AIE.
Replacing amide linkages with ester, retained the AIE,
giving the evidence that hydrophobic interaction is the
predominant contributor to aggregation. The AIE peptides
serve as excellent dopants for modulating the properties of
liquid crystals. These compounds, which themselves are not
liquid crystalline, could be used as a director of LC
organization in an unprecedented fashion. This opens up
innumerable avenues for the design of supramolecular
dopants. Overall, we designed and synthesized a novel set of
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molecules that assemble to chiral aggregates driven by
hydrophobic interactions and with chiral information con-
trolled by the appended amino acids. These molecules are
found to act as excellent dopant to LC with high helical
twist. This work highlights that self-assembling dialkynes are
new class of dopants that have high potential for developing
new optoelectronic materials.
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