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ARTICLE INFO ABSTRACT

Keywords: A new class of N-glycosyl naphthalimide ricinoleate (NGNR) amphiphiles were generated using environmentally
Molecular assembly friendly reaction conditions in good yields. To investigate the potential applications of NGNR amphiphiles within
Gels the realm of supramolecular materials, molecular self-assembly experiments were conducted extensively across a
Naphthalimides

diverse range of solvents and oils and observed the gel formation. Molecular-level interactions and assembly
patterns were investigated by employing FTIR, SAXRD, UV-vis, and fluorescence spectroscopy, and a plausible
assembly mechanism was proposed. The morphology of the supramolecular architecture was identified by
scanning electron microscopy. Additionally, rheological studies provided insight into these soft materials’
strength and processability. Further, in the process of fabricating a triboelectric nanogenerator (TENG) device,
silicone rubber serves as an electron acceptor and assembled NGNR serves as an electron donor. The developed
TENG demonstrated a significant improvement in performance over TENG made with amorphous NGNR, with
output voltage, current, and power density of 410 V, 100 pA, and 5.1 W/m?, respectively, highlighting the
importance of the assembly process. Furthermore, TENG is used to continuously power up small electronic device
(calculator), which is useful in building self-powered electronic devices. Lastly, due to its high sensitivity and
stability, the TENG was used to detect the humidity of the environment in the food processing, textile, and
agriculture sectors. The change in TENG response is notably significant up to 70 % relative humidity (RH). This
work showcases the development of self-powered humidity sensors.

Triboelectric nanogenerator
Self-powered electronics

1. Introduction motion frequencies, strong scalability, lack of pollution, and with

lightweight fabrication [7-10]. It has the ability to generate electricity

The era of the Internet of Things (IoTs) is uprising with the overall
development of artificial intelligence technology [1,2], fifth-generation
networks [1,2], portable electronics [3,4], and sensor networks [5,6],
which require abundant energy and greater precession. To fulfill the
requirements of IoTs, universally sustainable, reliable, and abundant
power supplies are necessitated, wherein Triboelectric nanogenerators
(TENG) display several merits, including low-cost manufacturing, a
broad selection of materials, high energy conversion efficiency at low

by harvesting random mechanical energy from the surroundings based
on contact electrification and electrostatic induction phenomena
[11,12]. Basically, contact electrification, or triboelectrification, is a
physical phenomenon that explains the transfer of electrons between
two materials when they come into physical contact, which is based on
the electron affinities of the materials used. In particular, materials with
higher electron affinity act as electron acceptors, whereas other mate-
rials act as electron donors. However, in the fabrication of TENG,
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naphthalimide amphiphiles; GRAS, Generally Recognized as Safe; FDA, Food and Drug Administration; WHO, World Health Organization; FAO, Food and Agriculture
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Tg, Sol-to-gel transition temperature; HLB, Hydrophilic Lipophilic Balance; ATR-FTIR, Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy; XRD,
X-Ray diffraction; UV, Ultraviolet; AIE, Aggregation Induced Emission; SEM, Scanning electron microscopy; LVE, Linear viscoelastic region; PMMA, Polymethyl
methacrylate; FEP, Fluorinated ethylene propylene; AC, Alternating Current; DC, Direct current; RH, Relative humidity.
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materials selection plays a vital role in expanding the scope of green
energy harvesting technologies and gaining maximum output perfor-
mance with mechanical stability upon repetitive contact [13-15]. In
2012, Wang and co-workers developed the first TENG [16]; later,
various groups utilized synthetic, natural polymers, and inorganic ma-
terials, including MOFs, metal oxides, and metals. The comparison of
different materials based on TENG and their output performance is
shown in Table S1.

Even though TENG was used for various applications [17], its utility
in the fabrication of self-powered sensors is in huge demand. In the
recent past, various materials [18-23] were used for the fabrication of
sensors for environmental and safety monitoring, wearable electronics,
and diagnostic devices [24-30]. However, the use of assembled small
molecules in the fabrication of sensor devices using TENG is limited. It is
worth mentioning that great progress has been made in selecting ma-
terials for the fabrication of TENG, and the potential use of assembled
organic materials has been explored the least. Recently, our research
group first reported the use of self-assembled supramolecular gel
derived from naphthalimide-based amphiphiles in the fabrication of
TENG [31]. Later, Mallik and co-workers derived n-electron-rich amino
acids based amphiphiles and demonstrated them as a promising power
source [32]. In assembled organic systems, molecular design and the
resultant electron density generated by the bottom-up assembly process
play a significant role.

In general, nature utilizes carbohydrates, proteins, and fats, which
are widely abundant, for the generation of required energy [33-35].
Supramolecular assembly of these classes of molecules generates nano
energy in nerves and muscles, which are crucial for movement, memory,
and many other physiological processes [36,37]. However, among these,
carbohydrates are an interesting class of molecules having several chiral
centers existing in living organisms, such as glycolipids, glycoproteins,
proteoglycans, etc., and perform various brilliant tasks [38-41]. Spe-
cifically, the functions of such systems are related to architecture, energy
metabolism, and molecular interactions [42-45]. For the fabrication of
next-generation molecular materials, carbohydrates play an indispens-
able role as building blocks because of their biocompatibility, natural
abundance, and biodegradability [46,47]. By considering the salient
features of carbohydrates, in this work, we have used carbohydrates, in
particular monosaccharides, to synthesize N-glycosyl naphthalimide
ricinoleate amphiphiles (NGNRs). The selection of naphthalimide as an
aglycon part is because of its immense applications in molecular mate-
rials. 1,8-Naphthalimides have been widely used in materials and
medicine because of their excellent structural stability, extended
conjugation, high fluorescence quantum yield, photo-stability, and large
stroke shift [48-53]. Utilizing these assembled organic materials in the
fabrication of TENG opens up new avenues for energy harvesting tech-
nology. Recently, in one of our reports, we have demonstrated the use of
self-assembled gluconolactone conjugated naphthalimide amphiphiles
(GCNA) as an electron donor layer in combination with the PDMS as an
electron acceptor in TENG, which generated an output voltage, current,
and power density of 250 V, 40 pA, and- 622 mW,/m? respectively [31].

For constructing bottom-up assembled energy materials, molecules
displaying a precise combination of hydrophobic and hydrophilic units
are essential. Based on our expertise in molecular assembly, we have
carefully designed the synthesis of NGNR by choosing monosaccharides
as the hydrophilic part, naphthalimide core as n-n stacking unit, and
ricinoleic acid, generally referred to as 12-hydroxy-9-cis-octadecenoic
acid obtained from castor oil, as a hydrophobic part. Monosaccharides
and Ricinoleic acid are Generally Recognized as Safe (GRAS) by the
Food and Drug Administration (FDA). In particular, the World Health
Organization (WHO) and the expert committee of the Joint Food and
Agriculture Organization (FAO) have approved a daily intake of castor
oil, a precursor of ricinoleic acid, up to 0.7 mg/kg body weight [54].
Consequently, NGNR used for the fabrication of TENG is derived from
environmentally friendly resources using a simple synthetic strategy. A
TENG was constructed by a bottom-up assembly process using the
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molecular gelation concept through a more sustainable pathway that
would open a gateway to green energy harvesting. The modification in
hydrophilic and hydrophobic part rendered a significant enhancement
in output voltage, current, and power density of 410 V, 100 pA, and
5100 mW,/m?, respectively. The influence of molecular structure in the
fabrication of assembled organic energy materials has not reported to
date and our research group is exclusively working on the fabrication of
assembled organic nano energy harvesting devices.

In this paper, we have synthesized a series of NGNR using a sus-
tainable protocol in good yields, whereas the literature reported
methods involve multi-step synthesis, use of highly complex protection
and deprotection strategies, limited substrate scope, involves column
chromatography purification, and ended up with poor yields. Molecular
self-assembly studies of synthesized NGNRs in various solvents using
non-covalent interactions such as hydrophobic interactions, hydrogen
bonding, n-n interactions, and van der Waals forces generated a 3D-
fibrillar network, wherein the solvent is trapped and formed a gel.
Most importantly, from the application point of view, the bottom-up
assembly mechanism of NGNR is proposed based on the FT-IR,
SAXRD, UV-vis, and fluorescence techniques. Inspired by nature’s en-
ergy harvesting using the molecular assembly phenomenon, we have
demonstrated a novel energy harvesting and utilization strategy. In
general, the naphthalimide core is reported as an electron acceptor [52].
In contrast, in the present report, molecular assembly significantly
enhanced the electron density in the naphthalimide and turned into an
electron donor, as evidenced by our studies. This work offers new insight
into the fabrication of organic TENG based on the bottom-up assembly
process and shows promising potential for self-powered electronics and
a humidity sensor application.

2. Results and discussion

Initial optimization of reaction conditions: Naphthalimides are one
of the most versatile cores displaying unique optoelectronic properties
[52]. Modifying naphthalimides by integrating varieties of structural
units and functional groups was significant among the researchers
[55,56]. Recently, our group has optimized the reaction condition
suitable for the synthesis of N-glycosyl naphthalimides using batch
process using conventional methods. However, the research of alterna-
tive, simple, and environmentally friendly approaches for the synthesis
of chemicals of industrial significance is essential. In this report, a
continuous flow reactions have been performed to obtain 3-amino-N-
(ricinoleic acid hydrazide)-1,8-naphthalimides (3), from 3-nitro-1,8-
naphthalic anhydride (1) with methyl ricinoleate hydrazides (2),
which includes condensation followed by in situ reduction using Fe in
AcOH. In organic synthesis, control of temperature and pressure is a
critical factor in achieving the requisite activation energy, leading to the
effective desired product formation. In order to overcome the limitations
faced in the conventional batch process, we have adopted a flow
chemistry method by integrating the condensation and reduction pro-
cesses. By harnessing the high temperature and high-pressure flow re-
actions in the heterogeneous phase using Fe catalyst, we were able to
generate the desired compound 3 in good yields. Fig. S1 represents the
response of the product with respect to the temperature and time.
Initially, the reaction was carried out at 80 °C, 2 bar pressure with a flow
rate of 100 pL, and observed a 60 % conversion. With this interesting
result on hand, we were curious to optimize a continuous generation of
compound 3 in high yield using a high temperature and high-pressure
flow reactor. For high-temperature and high-pressure applications, the
stainless-steel coil reactor is the obvious material of choice.

By fixing the flow rate of substrates at 100 pL/min, 2 bar pressure, we
have tuned the temperature and investigated the % of conversion into a
product. The subsequent increase in the temperature of the flow reactor
from 80 °C to 300 °C with an increment of 20 °C generated a steady rate
of increase in the reaction with a maximum conversion rate of 94 %. By
increasing the retention time of the reactants in the steel coil flow
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reactor by reducing the flow rate up to 100 pL/min at 200 °C, 2 bar
pressure generated a continuous production of compound 3 with traces
of polar impurities, which were purified using recrystallization in EtOH.
It is worth mentioning that in the condensation reaction using a flow
reactor, the unsaturation present in the ricinoleate moiety did not
interfere, and further reduction of the nitro group was also facilitated
smoothly (Fig. 1).

3-amino-N-(ricinoleic acid hydrazide)-1,8-naphthalimides 3 with
various monosaccharides 4 using (NH4)2SO4 as a catalyst in methanol
was performed in a batch reactor at a higher temperature. Reactions
performed at 80 °C furnished the desired product after the prolonged
reaction time of 24 h in moderate yields (Fig. 1). Further, an increase in
temperature up to 120 °C rendered the desired product in excellent yield
within 4 h. It is worth stating that a further increase in temperature
results in a decrease in the yield of the desired amphiphile 5, which is
attributed to the Amadori rearrangement. This type of non-enzymatic
Amadori rearrangement occurs at high temperatures due to sugar car-
amelization, which is an undesired and uncontrolled event. Overall, the
key features of our optimized condition involve no protection and
deprotection of sugars, formation of exclusively p-anomeric product, no
formation of undesired products in the entire reaction sequence, and the
only side products obtained is one molecule of oxygen and two mole-
cules of water with an excellent yield of desired product without any
complicated workup and column chromatographic purification (Fig. 1).

All the synthesized NGNRs were well characterized using NMR, FT-
IR, and mass spectral techniques. Generally, the anomeric proton of a
sugar moiety displays a coupling constant of J < 4 Hz for a-anomer, and
J > 4 Hz for p-anomer. The calculated coupling constant J = 5.2 Hz for
the anomeric proton of NGNR 5a resonating at 4.21 ppm as a doublet in
the deuterium exchange 'H NMR spectrum confirms the formation of
B-anomeric product.

Self-assembly of carbohydrates is an important process generally
observed in all living organisms, which can produce a variety of
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Fig. 1. (a) Synthesis of N-glycosyl-3-amino-N-(ricinoleic acid hydrazide)-1,8-
naphthalimides (NGNRs) from 3-nitro-1,8-naphthalic anhydride and methyl
ricinoleate hydrazides. (b) Pictorial representation of optimized flow reactor.
The reproducibility of the optimized chemical process is checked with various
substrates and gram scales.
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nanostructures with unique properties and have a key role in biological
signal transmission, cell recognition, and cell-cell communication. The
gelation abilities of synthesized NGNR compounds were studied in a
wide variety of solvents and oils (Table S2).

The formation of the gel was identified using “the stable to inversion
of container” method at room temperature. Gelation studies revealed
that the synthesized NGNRs could able to form organogel in xylenes and
hybrid hydrogel in DMSO-H50 in the ratio of 4:6 (v/v). Organogel
formed in xylenes displayed good strength, whereas the hybrid hydro-
gels were soft with the CGC 6 %; even a little shaking could break the
gel. We were very curious to investigate the gelation capability of
NGNRs in o-xylene, m-xylene, and p-xylene. At this juncture, the orga-
nogel formed by NGNRs in m-xylene is stronger than the gel formed in o-
xylene and p-xylene, which is ascribed by gel-to-sol transition temper-
ature. All six NGNRs 5,6,7(a&b) furnished an opaque yellow gel in m-
xylene on cooling to room temperature and were stable at room tem-
perature for more than three months. The critical gelation concentration
(CGC) of NGNR 5a, 6a, and 7a in m-xylene is 1.5 %, and 5b, 6b, and 7b
is 1 % (wt/v), respectively. The representative images of the gel formed
by NGNR 5b, 6b, and 7b are given in Fig. 2a. Interestingly, NGNR 5b-7b
without unsaturation in the hydrophobic unit displayed better gelation
ability of 1 % wt/v, whereas the compounds 5a-7a having unsaturation
in the hydrophobic unit formed a relatively higher CGC of 1.5 % wt/v.

Further, we have examined the thermo-reversible nature of the
organogel through repeated heating and cooling cycles. Remarkably,
even after 25 cycles, these gels remained stable because of the reversible
intermolecular interactions. To ascertain the strength of the gel, we
meticulously identified the sol-to-gel transition temperature, Tg, for
organogel formed by NGNR 5,6,7(a &b). The designed amphiphiles
possess ricinoleate unit as a hydrophobic tail, naphthalimide as a n-n
stacking component, and monosaccharides as hydrophilic head groups,
respectively. It is observed that the organogel formed from 5b, having
mannose as a hydrophilic unit, displayed a higher T; = 102 °C, when
compared to its epimer 7b, derived from glucose (87 °C). In addition,
NGNR 6b, derived from galactose, exhibited Ty = 91 °C, which is also an
epimer of compound 7b. These interesting results strongly indicate that
the process of epimerization has the potential to significantly modify the
gel strength through intermolecular interactions, which directly reflects
on supramolecular architecture. Investigation on gelation ability and Ty
revealed that 5b, 6b, and 7b, possessing a similar Hydrophilic Lipophilic
Balance (HLB) level, create a gel with the same CGC. However, the
strength of the gel differs due to the orientation of the —OH groups
within the 3D lattice, affecting the intermolecular H-bonding. Mea-
surements of the concentration-dependent T, exhibited a gradual rise
and reached a plateau once the NGNRs solution reached the saturation
point (Fig. S2, S3). Among the various NGNRs synthesized, 5b with
higher Tg = 102 °C and CGC of 1 % (wt/v) has been considered as a
model substrate for further investigation and represented as NGNR 5b.

To understand the self-assembly mechanism, molecular-level in-
sights are necessitated. Various intermolecular interactions such as
hydrogen bonding, n-r stacking, anionic —x and cationic —r and van der
Waals displayed by a molecule play a crucial role in the assembly
mechanism. Hydrogen bonding is ubiquitous in nature and plays a vital
role in the structure and function of various supramolecular architecture
including the assemblies of DNA and RNA helices. Fourier transform
infrared spectroscopy is the best tool to study the intermolecular in-
teractions with respect to the functional groups. We have recorded the
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR) spectrum for the needle-like crystalline NGNR 5b and its
xerogel (Fig. 2b). NGNR 5b in crystalline state displayed peaks for -OH
and -NH stretching at 3350 cm ™' and 3234 cm ™! respectively. During
the process of gelation, owing to the entrapment of solvent and flexible
fibrillar aggregation, both ~OH and -NH stretching frequencies dis-
played a shift towards a higher wavenumber region and were observed
at 3458 cm™ L. In the crystalline state, stretching frequencies of carbonyl
group, amide 1, amide 2, -C = C-, and bending frequencies of C-H
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Fig. 2. (a) Images of the gel formed by NGNR 5b-7b in m-xylene under normal and UV light (CGC = 1 % wt/v). (b) A comparison of FT-IR spectra of NGNR 5b in
xerogel state (red), and amorphous state (black). (c) The XRD pattern of a xerogel was obtained from NGNR 5b. (d) UV-vis, and (e) fluorescence titration of NGNR 5b
dissolved in gelling solvent xylene [Aex = 289 nm]. (f) A schematic representation of bottom-up assembly of NGNR 5b to generate J-type aggregated intertwined

lamellar sheet structure.

appeared at 1728, 1677, 1465, 1631, and 778 cm™ !, whereas in the
xerogel state, all these peaks displayed appreciable shift and observed at
1743, 1710, 1462, 1625 and 723 cm™! respectively. FTIR analysis
clearly reveals the involvement of various groups in molecular self-
assembly via intermolecular interactions. It is worth mentioning that
the peak corresponds to the stretching frequency of aromatic —C = C-
appeared at 1631 cm ™! in the crystalline state displayed a shift to lower
wavenumber region revealed the involvement of aromatic moiety of
naphthalimide in n-n stacking. FTIR analysis disclosed that the molec-
ular arrangement in the crystalline state is different from the xerogel
state.

Predicting the molecular arrangement within the supramolecular gel
is exceptionally challenging, as the structure and characteristics depend
on the geometry and arrangement of building blocks in a three-
dimensional lattice. Nonetheless, by understanding the intermolecular
interactions among gelators from FTIR analysis, we can predict the
packing through the small angle-XRD (SAXRD) technique. The xerogel
obtained from NGNR 5b displayed 20 = 2.4°, 4.7°, 7.2°, 9.8° corre-
sponding to the interplanar spacing (d-spacing) at 3.6, 1.8, 1.2 and 0.9
nm, respectively. XRD peak analysis revealed the Bragg’s reflection
following a consistent pattern of 1, ', 1/3 and 1/4 (Fig. 2c). Peaks
displayed at 19.9°, 21.1°, 21.9°, and 26.0° corresponds to the n-n
stacking arrangement. Intermolecular interactions facilitate the molec-
ular self-assembly, creating a 3-D fibrillar network architecture
measuring a length of 3.6 nm as determined by XRD, which is higher
than the end-to-end molecular length of NGNR. The end-to-end molec-
ular length of NGNR 5b is 2.5 nm, calculated from the energy-minimized
structure of NGNR 5b. This result suggests the presence of a double layer
stabilized by intermolecular H-bonding.

UV absorption and fluorescence characteristics are integral in the

design and functionality of a broad spectrum of electronic devices; these
properties enable fine-tuned color control, data transmission, energy
conversion, and substance identification. A detailed investigation on
absorption and emission characteristics of a conjugated molecule opens
a pathway to establish the efficiency and performance of electronic
devices. Absorption spectra of NGNR 5b in gelling solvent, m-xylene is
given in Fig. 2d. In the UV-visible spectra, three distinct and well
resolved peaks centered at 289, 337 and 438 nm are observed, and these
bands can be ascribed to the n—n* transition of the amide group, n-n*
transition of the naphthalimide, respectively. Notably, as the concen-
tration of the gelator increases, the peak centered at 289 and 438 nm
displayed a redshift to 293 and 443 nm respectively. The red shift dis-
played by NGNR 5b upon increase in concentration clearly indicates the
emergence of J-type aggregation results in supramolecular organization.

Aggregation Induced emission (AIE) is a distinctive photophysical
phenomenon exhibited by specific conjugated organic molecules. Unlike
the conventional behavior of fluorophores, which becomes less emissive
upon aggregation, AIE molecules exhibit increased enhanced emission
when they aggregate into an assembled state. Assembled materials dis-
playing AIE are instrumental in a wide array of applications, including
printed circuit boards, electronic gadgets, security, bio and chemical
sensors, energy harvesting, and electronic communication systems.
Fig. 2e represents the emission behavior of NGNR 5b in gelling solvent
m-xylene at various dilutions. Upon increasing the concentration, a
gradual increase in the emission intensity suggests the existence of AIE.
Based on the FTIR, SAXRD, and UV absorption studies, we have pro-
posed the molecular self-assembly mechanism, which is given in Fig. 2f.

After understanding the assembly mechanism of NGNR 5b and its
photophysical behavior, we examined the gels’ morphology using
scanning electron microscopy (SEM), as shown in Fig. 3a-c. The gel
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Fig. 3. SEM images of the xerogel formed by NGNR 5b in various magnifications (a, 10 pm; b, 5pm; ¢, 2pm), and 6b (d, 10 pm; e, Spm; f, 2pm) in m-xylene. (g)
angular frequency, and (h) strain amplitude dependency of G’ and G” of the gel formed by NGNR 5b in m-xylene. (i) Thixotropic behavior investigation using
continuous strain ramp-up and ramp-down measurements of the gel formed by NGNR 5b in m-xylene.

formed by NGNR 5b in xylene displayed intertwined lamellar sheet-like
morphology obtained by intermolecular interactions. It is worth
mentioning that SEM analysis of another NGNR, 6b in xylene, generated
an intertwined globules sheet (Fig. 3d-f). Morphological analysis clearly
revealed that even changes in the orientation of sugar hydroxyl groups
can drastically affect the morphology, reflecting on the material per-
formance. As per the literature, surface morphology plays a crucial role
in TENG fabrication [57-59], since the device efficiency, reliability, and
versatility depend on how the surface characteristics are designed and
engineered. This surface characteristics of materials enable TENGs to be
adapted for various energy harvesting applications [60-62]. It is worth
mentioning that NGNR 5b displayed better performance than 6b, as
indicated by preliminary TENG studies.

The key consideration when utilizing gel materials to fabricate
TENGs is their ability to be flexible, mechanical strength, and versatile
enough to satisfy the demands of TENGs as flexible wearable electronics.
The Mechanical strength is an important parameter of the materials used
in TENG fabrication because it should not undergo deformations while
processing, such as stress or stain, frequency, or temperature. Rheology
is the best tool to measure the processability of gels and can provide
important information on the strength and thermoreversibility. The

frequency sweep experiment of gel formed by NGNR 5b in m-xylene
furnished a greater value of storage modulus G’ compared to the loss
modulus G” throughout the range of analysis disclosed its strength
(Fig. 3g).

Stress or strain sweep experiment was conducted by varying the
amplitude of input signal at constant temperature and frequency, a
slight fold or deformation in supramolecular structure is observed
beyond the critical strain (y.) value of 0.002 %, and complete gel to sol
transition was observed at y = 0.038 %, the greater value of G’ compared
to the G” within the linear viscoelastic region (LVE) suggest a good
mechanical strength of the gel (Fig. 3h). Thixotropic nature of the gel
formed by NGNR 5b was investigated by a continuous step-strain
experiment (Fig. 3i). On applying a constant strain (100 %), G’ is
found to be lower than the G”, indicating the deformation of 3D su-
pramolecular network in organogel. Upon reducing the strain to 1 %, the
greater value of G’ compared to the G”, revealed the rapid recovery
nature of the gel to its original form by reconstructing the supramolec-
ular network. Thixotropic nature of the gel was consistent even after
three cycles, which clearly supports the good strength and processability
of the gel for the use as a triboelectric layer in the fabrication of TENG. It
is worth mentioning that the gel displayed thixotropic behavior on
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simple shaking and resting. The hypothesis for the thixotropic behavior
of the gel is the gelator makes the stronger hydrogen bonding interaction
between the sugar molecules, establishing the one-dimensional aggre-
gate, and weak van der Waals interactions between the long aliphatic
chain form the three-dimensional architecture. The shear strain pro-
duced breaks only the weak van der Waal interaction but not the
hydrogen bonding, which results in gel deformation. Upon releasing the
shear strain, three-dimensional networks regenerate through the re-
covery of intermolecular interactions, thereby gel gets regenerated.
TENG device fabrication: Fig. 4a shows the schematic of the TENG
and its components. The TENG device was fabricated using NGNR 5b
film and silicone rubber deposited on aluminium as triboelectric layers
and aluminium as electrodes for TENG. These two triboelectric layers
were attached to two cardboards sheets on top of each other and sepa-
rated with sponge spacers to operate TENG in vertical contact separation
mode (VCS), as shown in Fig. S4. Finally, both electrodes were con-
nected with electrical wires, and the electrical outputs of the TENG were
measured using a digital oscilloscope (GW-instek, GDS —1102B) and low
noise current preamplifier (SRS, SR 570). Further, additional TENG
devices were fabricated for fixed NGNR 5b film and variable opposite
frictional layers such as aluminium, polymethyl methacrylate (PMMA),
and fluorinated ethylene propylene (FEP). The stability of the TENG
device was performed using an in-house developed tapping machine. It
is worth mentioning that the TENG developed with amorphous NGNR
5b displayed low output because of the absence of molecular assembly.
The electrical characteristics of TENG devices, utilizing a fixed
NGNR 5b film against various opposing triboelectric layers, are depicted
in Fig. 4b. Among these configurations, the highest performance was
achieved with a device comprising a NGNR 5b film on an aluminium
substrate paired with silicone rubber, achieving an open-circuit voltage
of 410 V and a short-circuit current of 100 pA. This specific pairing was
selected for additional measurements of the device. The differential
response of the TENG devices can be attributed to the electron-accepting
and donating properties of the materials involved in frictional contact.
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The NGNR 5b film acts as an electron donor due to its chemical bonding
and surface characteristics. Consequently, the output is relatively low
when the NGNR film is combined with another electron-donating ma-
terial, such as aluminium. However, pairing the NGNR 5b film with an
electron-accepting material, like silicone, significantly enhances the
device’s output. This behavior underscores the electron-donating attri-
bute of the NGNR 5b film.

Further, a switching polarity test of the TENG device was performed,
and the results are presented in Fig. 4c-d. This confirms that the voltage
and current output are generated from TENG alone, not any noise signal
from the instrument. Fig. 4e presents the variation of voltage and cur-
rent output of the TENG at different load resistances. The voltage in-
creases with load resistance and reaches saturation level after 10 MQ,
while the current decreases with load resistance and gets saturated after
10 MQ. The observed load characteristics of TENG are similar to the
existing reports [63-65]. The instantaneous power density of the TENG
was calculated using the P = V*I/A formula, and the results are pre-
sented in Fig. 4f. The TENG reaches a maximum power density of 5.1 W/
m? at a load resistance of 10 MQ, from the maximum power transmission
theorem, which can be considered as an impedance matching condition
[66].

Moreover, the TENG device underwent a stability and durability test
involving a consistent tapping force applied by a machine for 10,000
cycles, demonstrating remarkable stability (SI, Video V1). Following
this, the device was subjected to manual tapping for an additional 600
cycles, with the outcomes showcased in Fig. 4g. Impressively, the TENG
device maintained its initial output level even after 10,600 total cycles,
underscoring its durability. Furthermore, images of the NGNR 5b film,
both prior to and following the 10,000-cycle test, are displayed in
Fig. S4. These visuals confirm the NGNR 5b film’s mechanical resilience
and strong adhesion to the aluminium substrate, with no evidence of
cracking observed on its surface. Further, we used a bridge rectifier
circuit to convert the AC signal produced by the TENG into a DC signal,
as shown in Fig. 4h. A 100 pF capacitor was charged to 1.25 V in 280 sec
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using a linear motor. Later charged voltage was utilized for the contin-
uous operation of the calculator (Fig. 4h), and the capacitor was
simultaneously charged by TENG (SI, Video V2). This demonstration
shows the potential of TENG in building self-powered systems.

TENGs have a wide range of applications due to their ability to
convert low-frequency mechanical energy into electricity. Further,
TENGs output is very sensitive to the surface condition of the frictional
layers, making them suitable for applications in sensing chemicals,
gases, and humidity [67-69]. TENG can be used as a sensor to make
them low-maintenance and cost-effective [70]. The present report ex-
plores TENG in humidity sensing applications using an in-house devel-
oped sensing setup, as depicted in Fig. 5a. During the experiments, the
TENG device was manually tapped while introducing water vapor from
a humidifier into the testing chamber in a controlled manner (SI, Video
V3). The electrical output of the TENG was measured across different
relative humidity levels ~ 47 %, 58 %, 69 %, 78 %, 88 %, and 95 % and
the findings are presented in Fig. 5b. The results clearly indicate a
gradual decrease in the voltage output from 142 to 11 V as the humidity
level increases (Fig. 5¢), illustrating a linear correlation between the
output voltage and varying levels of humidity.

This linear relationship underpins the potential of TENGs as self-
powered humidity sensors. Fig. 5d shows the photographs of the LEDs
powered by TENG under different humidity conditions, and it clearly
indicates the decrement in the output voltage with humidity (SI, Video
V4). Typically, the performance of a humidity sensor is characterized by
the electrical response (such as resistance, voltage, or current) of the
device, as given by the formula [71,72].

(Vo — Vin)
o

Response = x 100% (€8]

where V() is TENG output at low RH value (47 %) when external no water
vapor is introduced into the test chamber and Vgy is TENG output under
different humidity conditions. The TENG humidity sensing response is
presented in Fig. Se.

The effect of humidity on the TENG response is well reported in the
literature [73]. In most cases, the decrease in the TENG output is
attributed to the neutralization of surface charges on the triboelectric
layers by adsorbed water molecules and same can be applied for the
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present study. [67,71,74-77]. Additionally, the presence of hydrophilic
functional groups on the surface of the triboelectric layers tends to in-
crease water adsorption, thereby improving the device’s sensitivity to
humidity. It has been observed that the change in TENG response is
notably significant up to 70 % relative humidity (RH) and becomes less
pronounced beyond this point. This pattern can be explained by the
increased number of water molecules adsorbed on the triboelectric
layers fabricated by using assembled NGNR 5b. At higher humidity
levels, the assembled NGNR 5b experience a decreased electron density
because of in situ tuning of pattern, followed by the reduction in elec-
trostatic charges generated during contact electrification (Fig. 5f).

3. Conclusion

We have developed a continuous flow method for the generation of
N-glycosyl naphthalimide ricinoleate (NGNR) amphiphiles in good yield
using an environmentally friendly chemical process. Inspired by na-
ture’s energy harvesting using molecular assembly phenomenon, we
have demonstrated a new strategy for energy harvesting and utilization.
An important aspect of the demonstrated system is the up-conversion of
electron-deficient naphthalimides into electron-rich species by molec-
ular assembly. Using the fabricated nanogenerator, a large potential can
be generated and used for operating self-powered electronic devices. In
addition, the device fabricated from assembled organic material is low-
cost, stable, reliable, and easy to fabricate, making it potentially ad-
vantageous for practical applications. The self-powering nature avoids
the use of an external power supply, and its highly sensitive molecular
architecture facilitates the detection of relative humidity in the food
processing, textile, and agriculture sectors.
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