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ABSTRACT: Two-component uorescent hydrogels have been diSCOVEred, [cmporer 1: Noz-peptide Bole-ampniphie %
containing the mixtures of naphthalene diimide (NDI)-conjugated peptide- K(\(\g.;&&&w

functionalized bola-amphiphile and primary amines with long alkyl chains at {&‘& Cev

physiological pH 7.46. The aggregation-induced enhanced emission associated [, ... %

with an NDI-appended peptide in aqueous medium is rare, as water is known to
be a good quencher of uorescence. In this study, an NDI-containing gelator
peptide forms a highly uorescent aggregate in aqueous medium. Absorption and
emission spectroscopic techniques reveal the formation of J-aggregates among
the chromophoric moieties in their aggregated state in aqueous medium.
However, this NDI-containing peptide does not form any gel in aqueous
medium. In the presence of the primary amines with long alkyl chains in the
bu er solution, it forms two-component uorescent hydrogels exhibiting bright
yellow uorescence under a UV lamp (365 nm). Probably, the acid amine
interaction between the amines and the bola-amphiphile triggers the gel
formation, as evident from Fourier transform infrared data, indicating the presence of a carboxylate group ( COO ) and an
ammonium species (NH5*) in the coassembled two-component gel system. Low- and wide-angle powder X-ray di raction and
small-angle X-ray scattering further support the fact that the coassembled state in the gel form is produced by the supramolecular
interaction between the NDI-based bola-amphiphile and the long-chain amines. Field-emission scanning electron microscopy
and high-resolution transmission electron microscopy images reveal that the -conjugated coassembled hydrogels exhibit
nano brillar network morphologies. Interestingly, the coassembled hydrogels exhibit an enhanced uorescence emission, excited-
state lifetime, and quantum yield when compared with those of the NDI-containing amphiphile alone in its self-assembled state
in aqueous medium. Moreover, the thermal stability and mechanical strength of these gels have been successfully tuned by
varying the alkyl chain length of the corresponding amine. Moreover, these NDI peptide-conjugated soft materials exhibit
semiconducting behavior in their respective coassembled states. This holds future promise to use these peptide-appended NDI-
based coassembled soft materials for applications in optoelectronic and other devices.

lAss:mny in water

NDI-peptide
Two-Component
Fluorescent Hydrogel

Gel Fibrillar Network

J-aggregation of NDI in aqueous medium

INTRODUCTION

Supramolecular soft materials *° have become a rapidly
expanding area in current research for the last few years.
Among these soft materials, low-molecular-weight hydro-
gelators™ *® are currently nding potential applications in
drug delivery, tissue engineering, biosensing, and in other-
related elds."” *® Most of these gels are obtained from a
single-component gelator molecule in aqueous medium. There
are several examples of two-component gels?” ° that provide
better diversity and tunability when compared with that of
single-component gels. In these cases, the gelation property as
well as the thermal and mechanical properties can also be easily
controlled by changing the molar ratio of these two
components or by varying one of these two components.
This o ers great promise to design and construct new
supramolecular soft materials with structural diversity and
tunable functional properties.

7 ACS Publications  © 2016 American Chemical Society

Over the past two decades, signi cant e orts have been
devoted to understand the structure function relationship of
organic -conjugated n-type semiconducting material building
blocks owing to their various applications in organic electronic
devices such as in photovoltaics, eld-e ect transistors, and

uorescent bioprobes.*® * Among several -conjugated
organic building blocks, molecular planarity, high -acidity,
and their characteristic photophysical behavior made NDIs an
important candidate when compared with the higher analogue
of rylene dyes in supramolecular research.** “* Recently,
naphthalene diimide (NDI) peptide conjugates have been
proven advantageous to make new functional supramolecular
soft materials with interesting applications because of their
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ability to self-assemble using various noncovalent interactions
including interactions, van der Waals interactions,
hydrogen-bonding interactions, and so forth.”* *° Because of
their very weakly uorescent behavior, NDIs have a limited
capacity to exhibit good optical properties in their monomeric
states.”® However, the supramolecular assembly of the NDI-
based systems has been studied with great interest because of
their interesting photophysical characteristics, such as J-
aggregation, excimer emission, aggregation-induced enhanced
emission (AIEE), and so forth. AIEE is an e ect of the
particular assembly of the NDI-based system, and the
aggregated species (generally the J-aggregate) exhibits
enhanced emission compared with the molecules in their
respective monomeric states.*’” °* However, these organic
conjugated molecules (rylene dyes) generally show non-
uorescent behavior in water because of the aggregation-caused
quenching phenomena.>® Because of the reduction in photo-
luminescence (PL) e ciency and intrinsic hydrophaobicity of
the aromatic core, the optical study of the NDI-derivatives in an
aqueous environment has been limited.** Several previous
studies have been directed to explore the assembly of NDI
derivatives in aqueous medium,**>* and there are only a few
reports on the assembly of NDI/peptide-conjugated soft
materials®>® in aqueous medium. Parquette and co-workers
have reported the formation of an NDI dilysine peptide-based
self-supporting hydrogel.”” There are a few reports on the
formation of NDI-based hydrogels under physiological
conditions and on the hydrogelation of NDI/amino acid
conjugates.®® ®° However, none of these examples include the
self-assembly of an NDI-appended peptide that not only forms
two-component hydrogels with long-chain amines but also
promotes aggregation-induced uorescence in an agueous
medium. To the best of our knowledge, this is the rst
example of an NDI-appended peptide-based two-component
hydrogel (with long-chain alkyl amines) that has shown
aggregation-induced uorescence in an aqueous medium. The
merit of this two-component system is to tune the thermal,
mechanical, and photophysical properties of the assembled
NDI system by varying the chain length of the alkyl amine.
Interestingly, uorescence properties (i.e., uorescence inten-
sity, quantum yield, and uorescence lifetime in the excited
state) of this NDI-based moiety are remarkably changed in the
two-component gel system compared with that of the self-
assembly of NDI-based peptide alone in water. Encouraged by
the intriguing photophysical properties of NDI moieties, we are
curious to study the e ect of the self-assembly of the
chromophoric moiety on the electrical conductance of NDI-
based functional soft materials.

In this study, utilizing a rational design, we report an
unprecedented two-component uorescent hydrogel system
based on an NDI-conjugated dipeptide-functionalized bola-
amphiphile P and long-chain primary alkyl amines in
physiological phosphate bu er solution at pH 7.46 (Figure
1). The NDI-based bola-amphiphile has been chosen in such a
way that it can be self-associated utilizing interactions
involving the NDI core, hydrogen-bonding interactions using
the intervening amide ( CONH) moieties, van der Waals
interactions from the intervening polymethylene units of the
NDI-based peptide and from the long fatty acyl chain, and
electrostatic interactions between the carboxylate ( COO )
group and ammonium ( NH;*) species of the long-chain
amine. This newly formed hydrogel is uorescent and emits a

(0] H\j.L
(a) o Y e
0 ’ ‘ (0]
HO\[I/\?{JH?“N

o p

HoN HoN

2!
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Figure 1. (a) Chemical structures of the peptide (P) and amines
decylamine (C10) and dodecylamine (C12). (b and ¢) Photographs of
two-component hydrogels P10 (P with C10) and P12 (P with C12) at
a 1:2 molar ratio of peptide/amine in daylight (left side) and under
UV lamp (right side) (365 nm), respectively.

bright greenish-yellow color on illumination under the UV
lamp (365 nm).

EXPERIMENTAL SECTION

L-Alanine (L-Ala), 12-aminododecanoic acid, and 1,4,5,8-naphthalene-
tetracarboxylic dianhydride were purchased from Aldrich. Decylamine
(C10), dodecylamine (C12), 1-hydroxybenzotriazole, N,N -dicyclo-
hexylcarbodiimide, and all solvents were purchased from SRL, India.
Details on the synthetic procedures of gelator peptide, instrumenta-
tion, and spectroscopic analysis are given in the Supporting
Information.

RESULTS AND DISCUSSION

Gelation Study. The NDI-based peptide P did not form
gels by itself in the phosphate bu er solution at pH 7.46;
however, the combination of both peptide P and one of these
long-chain amines (C10 or C12) provided a two-component
hydrogel. The gel is stable in the pH range 7.0 85, and it is
also thermoreversible in nature. The gelation properties of this
two-component system were studied in the bu er solution by
dissolving peptide P with each amine by changing their
proportions. The stable molar ratio of peptide P and amines
was found to be 1:2. Interestingly, any coassembly with the
molar ratio of peptide P/amine = 1:1 did not form stable
hydrogels in the bu er solution (pH 7.46), but a viscous
solution was observed (Figure S1). Only when the molar ratio
was increased to 1:2, a transparent hydrogel was obtained
(Figure 1). For the other combinations such as peptide P/
amine = 1:3 and 1:4, the systems were also unable to form any
gel in the bu er solution at pH 7.46 (Figure S1). The gelation
ability of peptide P was examined using di erent primary long-
chain amines such as n-octylamine, n-decylamine, n-dodecyl-
amine, and n-tetradecylamine. It is worth noting that the
gelation occurred only for decylamine and dodecylamine.
However, the other two long-chain amines failed to form such
gels under the same conditions. The mixture of peptide P with
n-octylamine formed a soluble aggregate, whereas the mixture
obtained from tetradecylamine was very hard to dissolve and
gave a precipitate under the same conditions. This fact shows
that the gel formation is dependent on the chain length of the
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corresponding alkyl amine. The gelation properties of the two-
component systems were also studied with di erent amines
including secondary amines, tertiary amines, cyclic amines, and
aromatic amines, but the gelation occurred only with long-chain
aliphatic primary amines. In this paper, a detailed study of the
gel properties for decylamine containing the two-component
aggregate (P10 hydrogel) (Figure 1b) and dodecylamine
containing the two-component aggregate (P12 hydrogel)
(Figure 1c) is included, at 1:2 ratio of peptide P and the
corresponding amine. Minimum gelation concentration
(MGC) values were found to be 0.07% (w/v) for gel P10
and 0.04% (w/v) for gel P12. The MGC values were calculated
with respect to peptide P. The gel melting temperatures (T)
of these hydrogels were found to be 40 and 47 °C for gels P10
and P12, respectively, at 1.25 mM concentration. This indicates
the modulation of thermal stability by the variation in the alkyl
chain length of the corresponding amine in two-component
hydrogels (Table S1). This type of trend was also previously
observed in two-component dendritic organogels.?®
Morphological Study. To obtain a clear overview of the
morphological features of the two-component hydrogel system,
high-resolution transmission electron microscopy (HR-TEM)
and eld-emission scanning electron microscopy (FE-SEM)
experiments were carried out. The HR-TEM images (Figure
2ab) and FE-SEM images (Figure 2c,d) of the xerogels

Figure 2. (a and b) HR-TEM and (c and d) FE-SEM images of the
xerogels obtained from hydrogels P10 and P12 (at a 1:2 molar ratio of
peptide/amine).

(obtained from hydrogels P10 and P12 at pH 7.46) show the
nano brillar morphologies for both of these hydrogels. These
images reveal that these aggregates are composed of numerous
nano bers that are elongated to several micrometers in length.
These nano bres are entangled with each other in a long range
to form a nano brillar gel network structure that entraps the
water molecules to form a self-supported gel. Careful inspection
of the FE-SEM image reveals that the nano bres are 50 60 nm
in width and twisted in nature, although some of them are
bundled up to form bers with relatively more thickness. The

di erent strategies for the preparation of samples for FE-SEM
and HR-TEM studies may be the reason for the di erence in
the appearance of these bers in di erent morphological
studies.

Rheological Study. To obtain the fundamental mechanical
properties and ow behavior of the two-component hydrogels,
rheological experiments have been carried out at a constant
oscillatory frequency of 1 Hz at room temperature (25 °C). Ina
frequency sweep rheological experiment presented in Figure 3,

g_ 0—0—_4 0 g
NELE MR R OT N
O —a—G' (P10) R
4 —o—G" (P10) 4
10" 4 —n—G' (P12) 10
—e—G" (P12)
107 — x 107
10 10

Angular Frequency (rad/s)

Figure 3. Log log plot of storage modulus (G ) and loss modulus
(G ) vs angular frequency of hydrogels P10 and P12 (at a 1:2 molar
ratio of peptide/amine) at 2.5 mM concentration.

it is observed that the storage modulus (G ) values are higher
than the loss modulus (G ) values for both hydrogels P10 and
P12 (at a 1:2 molar ratio of peptide/amine) at 2.5 mM
concentration of the respective peptide. In these experiments,
G and G did not cross each other (G > G ) and they are
found to be almost parallel to the angular frequency applied
throughout the experimental region. These observations
suggest the formation of a soft “solid-like” gel phase. It is
evident from the plot that the coassembled hydrogel P12 with
longer alkyl chain amines has a 6-fold increase in the G and G

values when compared with those of hydrogel P10 with
relatively shorter alkyl chain amines. The longer aliphatic chain
of C12 probably allows the assembly of bola-amphiphile P with
C12 in a more sterically favorable conformation than that with
C10, and this makes hydrogel P12 more robust than hydrogel
P10.”® Rheological studies were performed in other two
concentrations (2 and 3 mM) to explore the possibility of
variance in storage and loss moduli of these coassembled gels
P10 and P12 (Figure S5). It was found that both storage and
loss moduli of these two gels were dependent on the
concentration.

Time-Correlated Single-Photon-Counting Study.
Time-correlated single-photon-counting (TCSPC) experiments
were performed to get insights into the aggregation-induced
change in the emission properties of peptide P. In
tetrahydrofuran (THF), the excitation monochromator was
set to 340 nm and the emission was recorded at 410 nm for
peptide P. Short-lived decay was noticed with an average
lifetime of 721 ps, arising for the monomeric NDI uorophore
because of the fast intersystem crossing to the close-lying triplet
state. Similar experiments were performed for peptide P in
aqueous medium (bu er solution of pH 7.46) with an
excitation at 340 nm, and the emission was monitored at 527
nm. At 527 nm, a triexponential decay was observed with a
substantially longer average lifetime of 1.99 ns (Figure 4). The
concentration of peptide P was kept constant at 0.05 mM
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——P (in THF) in the system. The concentration of peptide P was kept
10004 — P (in buffer) constant at 0.005 mM throughout the experiment. In Figure 5,
. (a) 0.20, Peptide:Amine
e 1:2
3 . 0.15 ::1) =
© Q| —m H
104 % o =
) Wil .e 0.10 05 T 15 20
360 660 960 8 Concentration (mM x 10™°)
Time /ns 2 0.054
Figure 4. TCSPC decay pro les obtained from peptide P (in THF and
bu er solution), two-component aggregates P10 and P12 (at a 1:2 0.00 . :
molar ratio of peptide/amine) at 0.05 mM concentration. 350 400 450
Wavelength (nm)
throughout the experiment. For the experiments conducted (® 0207, .
. Peptide:Amine
using coassembled aggregated systems P10 and P12, on 1:2
excitation at 340 nm, the emissions were recorded at 529 and 04511 g"
531 nm, respectively. In these cases, the resultant decay pro les @ [T—noe 3
also show a triexponential decay with a substantially longer 2 - 2.
average lifetime of 3.18 and 3.33 ns. These observations also Jo.10 =
suggest that the excited-state complexes of P10 and P12 are o) e onceniration (raM X 10%.
signi cantly more stable than that of peptide P alone in 8 0.05.
aqueous medium. Notably, the quantum yield of peptide P was <
found to be 3.6% in aqueous medium using quinine sulfate as a 0.004
reference dye. However, the quantum vyields for the two- 3%0 400 420

component aggregated systems P10 and P12 were found to be
4.2 and 5.4%, respectively, using the same reference dye
(quinine sulfate). The detailed data for the TCSPC study and
quantum vyield are tabulated in Table 1. These observations

Table 1. Quantum Yield ( ) and Fluorescence Lifetime in
Excited State (with Time Components 4, ,, and 3)
Obtained from TCSPC Measurements of Peptide P (in THF
and Bu er Solution) and for Two-Component Aggregates
P10 and P12 (at a 1:2 Molar Ratio of Peptide/Amine)

quantum 1 (%) 2 (%) 3 (%) average lifetime
sample yield (%) ns ns ns ag (%) s
peptide P 0.046 0.011 0.015 0.072
(in THF) (99.0) (0.8) (0.2)
peptide P 36 0.910 0.936 0.149 1.99
(in water) (735)  (252) (131
P10 42 0.961 1.295 0.922 3.18
(232) (155) (6133)
P12 54 1.036 1.703 0.596 333

(669)  (285)  (46)

may be due to the fact that the aggregation of the coassembled
system is more profound in the two-component aggregated
system than the aggregation of the self-assembled NDI-based
peptide P alone in aqueous medium. Moreover, the
coassembled aggregate P12 with comparatively long alkyl
chain amines induces the assembly of the NDI uorophore
more than the aggregate P10 with an amine with the shorter
alkyl chain length.

Spectroscopic Study. To get an overview about the
aggregation pattern of the two-component coassembled system,
a photophysical study was performed in the self-associated state
of peptide P. For this purpose, UV vis spectroscopic study of
peptide P was performed to examine the aggregation pattern
from the monomeric chromophore to the aggregated state by
changing the solvent from THF to bu er solution (pH 7.46)
and then by systematically increasing the amine concentration

Wavelength (nm)

Figure 5. (a) Absorption spectra obtained from monomeric (in THF)
and aggregated states (in bu er solution) of peptide P and two-
component P10 aggregates (at 1:1 and 1:2 molar ratios of peptide/
amine). (b) Absorption spectra obtained from monomeric (in THF)
and aggregated states (in bu er solution) of peptide P and two-
component P12 aggregates (at 1:1 and 1:2 molar ratios of peptide/
amine). Insets of gures: absorbance at 389 nm with the increasing
concentration of P10 and P12 aggregates at a 1:2 molar ratio of
peptide/amine. The concentration of peptide P was 0.005 mM for all
of these cases.

peptide P shows well-resolved sharp absorption bands in the
range of 300 400 nm in THF. This arises due to a *
transition along the long axis of the chromophore in the
monomeric state. In THF, peaks appeared at 379 and 359 nm
with a shoulder around 340 nm. However, when the solvent
system was changed from THF to bu er solution, peptide P
tends to form aggregates in aqueous medium. This is evident
from the bathochromic shift (11 nm) and about a 60% decrease
in the lowest-energy absorption peak (379 nm), as shown in
Figure 5. For the two-component complex P10 (at a 1:2 molar
ratio of P and C10), a similar type of change in peak position
was observed that shows a bathochromic shift of 11 nm and a
59% decrease in absorbance for the lowest energy peak (Figure
5a). However, the peak position for P12 aggregate was slightly
di erent from that for P10 aggregate. For P12 aggregate (at a
1:2 molar ratio of P and C12), there was a 6 nm red shift and a
68% decrease in the absorbance upon aggregation (Figure 5b).
However, at a 1:1 molar ratio of peptide P and C12, an 8 nm
red shift and a 64% decrease in absorbance of the lowest energy
peak was observed. The red shift and remarkable decrease in
the lowest-energy absorption peak in all aqueous media suggest
that the J-aggregated stacking is present in the aggregated
state of the chromophore.”*** The concentration-dependent
UV vis spectroscopy were performed at a 1:2 molar ratio of
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peptide/amine for both P10 and P12 aggregated systems
(Figure S6) at a 0.005 mM concentration of peptide P. The
peaks appeared at the similar position (389 nm), and the
absorption was observed with a regular increase with increase in
the concentration of peptide P (Figure 5, inset).

To get more insight into the optical property of the two-
component coassembled system, a PL study was carried out for
peptide P in both THF and bu er solution (pH 7.46) at 0.5
mM concentration. The solvent change from THF to bu er
solution can signi cantly alter the aggregation pattern followed
by a drastic change in the uorescence behavior. In THF, a very
small emission band was observed at 410 nm because of the
nonaggregated state of the chromophore at an excitation of 340
nm. It exhibits a very weak emission in THF but emits a strong
greenish-yellow uorescence with more than a 300-fold
increase in the emissive intensity upon aggregation in the
bu er solution (pH 7.46). For this case, the emission spectra
showed two prominent bands centered at 460 and 550 nm, as
apparent in Figure 6ab. An intense peak around 527 nm

Peptide:Amine
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Figure 6. (a) Emission spectra obtained from monomeric (in THF)
and aggregated states (in bu er solution) of peptide P and two-
component P10 aggregates (at 1:1 and 1:2 molar ratios of peptide/
amine) upon excitation at 340 nm. (b) Emission spectra obtained from
monomeric (in THF) and aggregated states (in bu er solution) of
peptide P and two-component P12 aggregates (at 1:1 and 1:2 molar
ratios of peptide/amine) upon excitation at 340 nm. The
concentration of peptide P was 0.5 mM for all of these cases.

accompanied by a broad emission band around 435 460 nm
suggests the AIEE of NDI-based peptide P in aqueous medium.
After the addition of C10 to make a 1:1 proportional mixture
with peptide P, the peak intensity around 529 nm was gradually
increased (Figure 6a). At a 1:2 molar ratio of P and C10, this
peak intensity was further increased. The PL spectrum of this
two-component aggregate P12 is quite di erent from that of
the aggregate P10. At a 1:1 molar ratio of P and C12, an
enhancement of the peak intensity was noticed around 430 nm
accompanied by a broad peak around 529 nm (Figure 6b). The
intensity of these peaks gradually increased while changing the
molar ratio from 1:1 to 1:2. In addition to that, a broad
emission band around 530 560 nm was also noticed for P12
aggregate at a 1:2 molar ratio of peptide P/amine. Therefore,
the two-component coassembled systems P10 and P12 emit
greenish-yellow uorescence under the UV lamp (365 nm).
Powder X-Ray Di raction and Small-Angle X-Ray
Scattering Studies. The internal packing arrangement of
the self-assembled hydrogel was investigated using both wide-
angle and low-angle powder X-ray di ractions (PXRDs) for the
xerogels obtained from hydrogels P10 and P12 at the molar
ratio 1:2 of peptide P and amine. In the low-angle region
(Figure 7ac), distinct peaks at 2 = 2.2° (d = 4053 A) and
181° (d = 4888 A) were observed for P10 and P12,
respectively. These values matched well with the calculated
molecular length (44.28 R) of peptide P on its own. In the
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Figure 7. (aand c) Low-angle PXRD and (b and d) wide-angle PXRD
patterns obtained from the xerogels of hydrogels P10 and P12 (at a 1:2
molar ratio of peptide/amine).

small-angle X-ray scattering (SAXS) data for hydrogel P12, a
peak appeared corresponding to a d-spacing value of 43.47 A,
also in good agreement with the length of the molecule P
(Figure S7). A broad peak corresponding to a d-spacing value
of 67 A (2 =1.34°) and 70.64 A (2 = 1.25°) was observed
for P10 and P12, respectively, from low-angle PXRD, and for
both cases, these values are close to the calculated total length
of peptide P (74.84 A) with two amines (C10 and C12) in the
assembled structure as depicted in a tentative model in Figure
8. The re ection peaks appeared at 2 =3.8° (d = 23.33 A) and
394° (d = 2241 A) for P10 and P12, respectively, which
correspond to the second-order peaks from a structure with a
spacing equal to the molecular length of P. In the wide-angle
region (Figure 7b,d), the peaks are observed at 2 = 9.02° and
18.64°, which correspond to the d-spacing value of 9.8 and 4.7
A respectively, for P12 indicating a sheet-like assembly in the
gel state.’" A peak at 2 = 25.94° with a d-spacing value of 3.43
A was observed for P10, which is the characteristic peak for the

stacking of the NDI core. A similar characteristic peak also
appeared at 2 = 26.0° with the corresponding d-spacing value
of 3.42 A for P12.

FTIR Analysis. In the solid state of peptide P, a
characteristic peak due to C O stretching frequency
corresponding to carboxylic acid ( COOH) was observed at
1707 cm 1, whereas, in the xerogel state, the intensity of this
peak is diminished (Figure 9). In the gel state, peaks due to the
C O stretch band of carboxylate anions appeared at 1584 and
1392 cm * for hydrogel P10. For hydrogel P12, these peaks are
at 1582 and 1408 cm . This observation suggests that in the
gel state, the gelator molecules are present in the carboxylate
( COO ) form. The presence of peaks corresponding to the
N H stretching frequency at 3307 and 3308 ¢m ! and the
amide carbonyl stretching frequency at 1640 and 1646 cm * for
P10 and P12, respectively, indicate the hydrogen bond
formation in the gel state. The peaks at 3414 and 3418 cm !
can be assigned as the NH-stretching frequency of ammonium
species of the amine part of the two-component gels in their
assembled state.

Current Voltage Study. Although there are several
reports of semiconducting behavior of NDI-based soft materials
mainly obtained from organic solvents,°” a water-processable
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Figure 8. Tentative model for the molecular packing arrangements among the gelator molecules in the two-component coassembled system
obtained from Fourier transform infrared (FTIR), PXRD, and SAXS data. The molecular length of dodecylamine (C12) has been used to calculate
the total molecular length in the two-component coassembled structure.

Figure 9. FTIR spectra of the xerogels obtained from hydrogels (a)
P10 and (b) P12 (at a 1:2 molar ratio of peptide/amine).

NDI-based soft material that shows semiconducting behavior is
yet to be explored. Therefore, in this study, the bulk electrical
conductivity of peptide-containing NDI materials with the
corresponding amines in their coassembled states has been
measured by the current voltage study. It is evident from the
IV plot (Figure 10) that the increment of current with respect
to the voltage applied follows a linear relationship in the low-
voltage region for both P10 and P12 xerogels (at a 1:2 molar

Figure 10. | V characteristics shown by the two-component xerogels
obtained from hydrogels P10 (blue line) and P12 (red line) at a 1:2
molar ratio of peptide/amine.

13231

ratio of peptide/amine) in their respective coassembled states,
con rming the development of ohmic interactions (V/1 = R).
However, in the higher voltage region, the | V curves show
deviation from the linearity. This indicates the semiconducting
nature of these two-component systems. The conductivity of
both P10 and P12 xerogels has been calculated to be 55 6 x
10 © S cm L These observations demonstrate an excellent
electrical semiconducting behavior for the two-component
NDI-based systems in their xerogel states.

CONCLUSIONS

In summary, two-component uorescent hydrogels have been
made from the peptide-appended NDI moiety and long-chain
primary amines in aqueous medium. These gels have been
thoroughly characterized by FTIR, XRD, SAXS, TEM, and
rheological experiments. Interestingly, thermal and mechanical
strengths of the gels have been nicely tuned by varying the alkyl
chain length of the primary amines. Moreover, these two-
component coassembled gels exhibit appreciable semiconduct-
ing properties, as evident from their | V characteristics. The
discovery of NDI-based highly uorescent two-component new
soft materials in an ecofriendly solvent (water) opens up future
directions for the development and construction of smart
materials for their applications in optoelectronic devices,
uorescence biosensors, and other purposes.
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