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ABSTRACT: Single-molecule localization microscopy (SMLM) is
a powerful technique to achieve super-resolution imaging beyond
the diffraction limit. Although various types of blinking
fluorophores are currently considered for SMLM, intrinsic blinking
fluorophores remain rare at the single-molecule level. Here, we
report the synthesis of nanographene-based intrinsic burst-blinking
fluorophores for highly versatile SMLM. We image amyloid fibrils
in air and in various pH solutions without any additive and
lysosome dynamics in live mammalian cells under physiological
conditions. In addition, the single-molecule labeling of nascent
proteins in primary sensory neurons was achieved with azide-
functionalized nanographenes via click chemistry. SMLM imaging
reveals higher local translation at axonal branching with

Nascent proteins|ifFieuron etk
X *

Conventional

X

Axonal segment

Blinking in ) ;
PBS. in a - Branching point

condition
culture medium 1 um

unprecedented detail, while the size of translation foci remained similar throughout the entire network. These various results
demonstrate the potential of nanographene-based fluorophores to drastically expand the applicability of super-resolution imaging.

B INTRODUCTION

Optical super-resolution microscopy (SRM) has emerged as a
powerful tool to visualize nanostructures below the optical
diffraction limit in life science"” and material science’ . An
increasing number of single-molecule localization microscopy
(SMLM) techniques are currently being developed to
construct super-resolved images, including photoactivated
localization microscopy (PALM),® stochastic optical recon-
struction microscopy (STORM),” and second-generation
optical super-resolution imagin§ techniques, i.e., MINFLUX,®
SIMFLUX,” and MINSTED." All of the SRM techniques
mentioned above share the same basic principle of separating
and localizing adjacent fluorophores in a diffraction-limited
area by their different time-dependent behavior, known as
blinking. Thus, the development of blinking fluorophores that
are able to automatically switch between fluorescent and
nonfluorescent states under measurement conditions is key to
the improvement of SRM methods.

In addition to organic fluorophores and fluorescent proteins,
different types of fluorescent nanoparticles, such as semi-
conductor quantum dots (QDots), carbon-based nanodots
(CDots), polymer dots (PDots), and fluorescent nano-
diamonds (FNDs), have been extensively investigated as
blinking fluorophores with higher brightness and stability.'""*
Among them, CDots have emerged as one of the most

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

promising candidates with unique optical properties that are
advantageous for SMLM imaging.'>~"" CDots can be very
small (~2 and 5 nm) and demonstrate the so-called burst-
blinking with a long and complete off state, which are crucial to
achieving SRM imaging of high-density labeling samples.
Moreover, CDots display buffer-independent fluorescence
properties, enabling SRM imaging under a wide range of
conditions, such as imaging of materials in air, live-cell imaging
under physiological conditions,*~"” and potentially correlative
light-electron microscopy (CLEM) in vacuum and hydro-
phobic environments.'® Precise control of the chemical
structures of CDots, which are typically heterogeneous and
mostly undefined at the molecular level, however, remains
challenging and constitutes a hurdle for the unambiguous
elucidation of their structure—property relationship and
fluorescence mechanism,'"'>"” thus prohibiting an accurate
control of their optical properties. Furthermore, conjugation of
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Figure 1. Synthesis and optical characterization of DBOV-OTEG. (a) Chemical structure and synthesis of DBOV-OTEG. (b) UV—vis absorption
and emission spectra of DBOV-OTEG in aqueous solution. (c) Single-molecule fluorescence time trace of DBOV-OTEG in PBS solution. (d)
Histogram of detected photons per switching event and single-exponential fit of DBOV-OTEG in PBS solution. (e) On—off duty cycle of DBOV-
OTEG in PBS solution. (f) Detected photons per switching event of DBOV-OTEG in solutions of various pH.

CDots to biomolecules remains challenging at the single-
molecule level,'"'*"” restricting their applicability in bioimag-
ing and biosensing of specific targets.

In this work, we report the synthesis of nanographene-based
biocompatible fluorophores for super-resolution bioimaging
under a wide range of imaging conditions, which have real-life
applications for studying biological systems. Nanographenes,
namely, large polycyclic aromatic hydrocarbons with nanoscale
graphene structures, can be bottom-up synthesized with atomic
precision by synthetic organic chemistry. Some nanographenes
have recently been shown to have outstanding burst-blinking
properties,'”*® similar to CDots, although their application in
SRM bioimaging has remained elusive.”' Through the
decoration of nanographene with hydrophilic side groups, we
achieved the SMLM imaging of amyloid fibrils both in air and
in various pH solutions. We also imaged lysosome dynamics in
live cells under physiological conditions without any additive
or irradiation with ultraviolet (UV) light. Finally, we achieved
super-resolution imaging of nascent polypeptides in primary
sensory neurons using O-propargyl-puromycin (OPP) and
azide-functionalized nanographenes. Using these data, we were
able to document at the single-molecule level how local
translation is unevenly distributed along the axonal network,
with axonal branching displaying higher levels of translational
activity. These results highlight the exciting potential of
functionalized nanographenes as intrinsic burst-blinking
fluorophores for expanding SRM applications.

B RESULTS AND DISCUSSION

Synthesis and Photophysical Properties of DBOV-
OTEG. We chose dibenzo[hi,st]ovalene (DBOV) as the
blinking nanographene for this study, considering its highly
stability, well-resolved absorption and emission bands like

those of best-performing organic dyes, and red emission with
photoluminescence quantum yield of ~80%."”** To synthesize
hydrophilic and biocompatible nanographenes for the
bioimaging, six hydrophilic tetraethylene glycol (TEG) chains
were introduced onto the DBOV core (DBOV-OTEG).
DBOV-OTEG was synthesized through the Suzuki coupling
of dibromo-DBOV 1*° and boronic ester 2 in 88% yield
(Figure la), unambiguously characterized by nuclear magnetic
resonance (NMR) spectroscopy and high-resolution mass
spectrometry (HRMS) (see the Supporting Information (SI),
Figures S1—S9). DBOV-OTEG could be molecularly dissolved
in dimethyl sulfoxide (DMSO) as confirmed by fluorescence
correlation spectroscopy (FCS) measurements”* while the
presence of small aggregations with a size of ~10 nm was
indicated in PBS (Figure S18). Since the aggregates are
sufficiently small, the impact on the performed SRM imaging is
negligible.

UV—visible (UV—vis) absorption and emission spectra of
DBOV-OTEG were measured in aqueous solution, exhibiting
maxima at 658 and 667 nm with a Stokes shift of 205 cm™" and
full width at half-maximum (fwhm) bandwidths of 40 and 38
nm, respectively (Figure 1b). For SMLM imaging, two key
blinking properties, photon numbers (detected average photon
numbers per blinking event) and on—off duty cycle (fraction of
time a molecule resides in its fluorescent state), are crucial for
securing high-quality images. While high photon numbers
provide better localization precision, a low on—off duty cycle
enables better localization accuracy with high labeling
density.”® Unlike other organic fluorophores that can only
blink under optimal blinking buffer conditions or irradiation
with UV light, DBOV-OTEG blinks in air and aqueous
environments, such as PBS, which are often used in biological
applications (Figures lc and S19). Using single-molecule
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Figure 2. SMLM images of amyloid fibrils labeled with DBOV-OTEG in air and various pH solutions. (a) Reconstructed SMLM image of amyloid
fibrils labeled with DBOV-OTEG from 15,000 frames in air. Inset: bright-field image of amyloid fibrils. (b) Magnification of yellow box (top) and
the corresponding conventional wide-field fluorescence image (bottom). (c) Cross-line profiles of localization, corresponding regions lined in
yellow in (b). (d) Distribution of photon counts per single switching event at S0 ms exposure time in air, with its average value. (e) Distribution of
localization precision per single switching event at SO ms exposure time in air, with its average value. (f) Reconstructed SMLM image of amyloid
fibrils from 15,000 frames in various pH solutions. (g) Distribution of photon counts per single switching event at SO ms exposure time in various
pH solutions, with their average values. (h) Distribution of localization precision per single switching event at S0 ms exposure time in various pH

solutions, with their average values.

fluorescence analysis, high photon numbers of ~3000 per
blinking event (Figure 1d) and low on—off duty cycle of 107°
(Figure le) with a blinking time of approximately 71 ms were
revealed with a 642 nm laser at a laser density of 5 kW/cm?,
which are comparable to the gold standard Alexa647 under
optimized special blinking buffer conditions."”

In addition, the blinking properties of DBOV-OTEG were
measured over a wide range of pH (from pH 1 to 13) and no
obvious change was observed (Figure 1f), indicating that
DBOV-OTEG is pH-insensitive and can be used in various pH
environments. Unlike most photoswitchable/blinking fluoro-
phores,z‘s’27 DBOV-OTEG can, therefore, be used in a wide
range of environments, including acidic microenvironment
inside lysosomes (pH 4.5—5),”® and can withstand sample
preparation conditions for hydrogel used in expansion
microscopy (pH 7) and surface functionalization of nano-
carriers, e.g,, for drug delivery (pH 2.7—-11).”"*

Nanographenes for SMLM Imaging of Biomaterials in
Different Environments. Amyloid fibrils, the aggregates of
peptides and proteins, are essential elements in biosystems

with various physiological functions.”’ To demonstrate the
robustness of DBOV-OTEG under different environments, we
performed SMLM imaging of amyloid fibrils (Af1—42) in air
as well as in aqueous solutions with various pH values (Figure
2). DBOV-OTEG was conjugated to the amyloid fibrils via
physisorption (see the SI for details of sample preparation).
The formation of DBOV-OTEG-labeled amyloid fibrils was
confirmed by bright-field image (Figure 2a, inset) and verified
by co-staining of Thioflavin T (ThT). This commonly used
fluorescent dye binds specifically to amyloid fibrils (Figure
$20) and showed a good colocalization with DBOV-OTEG
(Pearson correlation coefficient = 0.71). SMLM imaging of
amyloid fibrils was then performed in air without imaging
buffer or illumination with UV light and reconstructed (Figure
2a and Supporting Video 1). SMLM could resolve amyloid
fibrils labeled with DBOV-OTEG with high resolution and
high signal-to-noise ratio, which are difficult to distinguish in
the conventional wide-field image (Figure 2b,c). Note that the
SMLM image displays a clear gap (Figure 2b), whereas
conventional wide-field image shows a continuous fluorescence

https://doi.org/10.1021/jacs.3c11152
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_010.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_010.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_010.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_001.avi
https://pubs.acs.org/doi/10.1021/jacs.3c11152?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11152?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11152?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11152?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c11152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

signal, which might be due to the on/off time and high density
of emitters where the SMLM analysis algorithm sorts out
overlapping emitters. The image quality of SMLM is typically
limited by the fluorophore’s brightness (number of photons)
and on—off duty cycle, together with its labeling density.”> The
high average photon number of 2360 and a remarkable average
localization precision of around 20 nm per frame were
achieved at 50 ms exposure time for the SMLM image
reconstruction of amyloid fibrils (Figure 2d,e). Furthermore,
DBOV-OTEG-labeled amyloid fibrils could be imaged in
aqueous solutions of various pH values ranging from pH 1 to
13 (Figure 2f and Supporting Videos 2, 3, 4, S, 6, 7, and 8)
with photon numbers and imaging localization precision
comparable to those measured in air (Figure 2gh). These
results demonstrate the versatility of DBOV-OTEG and its
advantages over environment-dependent fluorophores, such as
CyS$, which requires a special blinking buffer’* and spiropyran,
which is only applicable in air with UV illumination.”’
Nanographenes for SMLM Imaging of Lysosomes in
Live Cells. Live-cell super-resolution imaging is critical to
studying the dynamic biological processes, avoiding the
introduction of structural artifacts due to cell fixation. SMLM
is capable of imaging subcellular structures/organelles in living
cells with nanoscale resolution as long as their speed of
movement is slow compared to the imaging speed. For live-cell
SMLM imaging, the fluorophores should have low toxicity and
good cell permeability in addition to optimal blinking
properties.”’ We confirmed the low cytotoxicity of DBOV-
OTEG using an MTT assay (Figure S21), indicating the
possibility of long-term live-cell imaging. DBOV-OTEG was
also able to cross the plasma membrane in U20S cells and
selectively accumulated into lysosomes after endocytosis,”’
which was confirmed by co-labeling with commercial dye
LysoTracker Green (Figures 3a and S$22). Lysosomes are
multifunctional organelles inside cells that play crucial roles in
mediating cellular metabolism and signaling,3 but their acidic
microenvironments (pH 4.5—5) prevent SMLM imaging with
the typical pH-sensitive fluorophores. Notably, the pH-
independent blinking properties of DBOV-OTEG enabled
SMLM imaging of lysosomes in live U20S cells in a standard
cell culture medium without any additives or irradiation with
UV light under physiological conditions suitable for live-cell
studies (Figure 3b). The dynamic movement as well as the
change in morphology of lysosomes were monitored in 30 s
time intervals (Figure 3c). The time sequence super-resolution
images of three subareas within one cell clearly revealed the
diversity of lysosomes’ movements at a nanoscale. These
results highlight the advantages of DBOV-OTEG over state-of-
the-art lysosome markers for SMLM,”® achieving 1.5 times
improvement in localization precision and 7 times brighter
fluorescence, and a substantially enhanced accuracy in the
imaging localization and lysosome dynamics analysis enabled
by a lower duty cycle. The pH-independent blinking properties
also potentially allow for the simultaneous targeting and
imaging of multiple organelles in addition to lysosomes by the
proper functionalization of other nanographenes.
Nanographenes for SMLM Imaging of Global
Nascent Proteins in Neurons. Single-molecule imaging of
specific targets (e.g., DNA, RNA, proteins) in complex cellular
environments is very desirable and allows for unprecedented
insights into biological systems. To achieve site-specific
labeling of DBOV, we designed DBOV-azide with three
triethylene glycol chains to ensure water solubility and an azide

b Conventional SMLM

60-90s 90-120 s 120-150 s

0-150s 0-30s 30-60s

vt

Figure 3. SMLM imaging of lysosomes with DBOV-OTEG in live
U20S cells. (a) Colocalization of DBOV-OTEG and LysoTracker
Green. (b) Conventional wide-field fluorescence image of lysosomes
and corresponding SMLM image of lysosomes. SMLM imaging was
performed in DMEM (supplement 10% FBS) at room temperature,
with 642 nm laser of 1 kW/cm? and 23 ms per frame. A total of 6,500
frames were acquired to reconstruct the SMLM image. (c) Time
sequence super-resolution images of lysosomes at 30, 60, 90, 120, and
150 s. Three lysosomes were selected in (b), and corresponding
SMLM images were reconstructed every 30 s. Scale bars: 20 ym for
(a), S um for (b), and 200 nm for (c).

residue suitable for the click reaction. For the synthesis of
DBOV-azide, dibromo-DBOV 1 was subjected to a Suzuki
coupling with two different boronic esters 3 and 4, which
statistically gave DBOV bromide § in 25% yield (Figure 4a).
DBOV bromide § was then reacted with sodium azide to afford
DBOV-azide in 85% yield (see the SI for details). The blinking
properties of DBOV-azide were found to be similar to those of
DBOV-OTEG (Figure S23).

Local protein synthesis is critical in cells with extreme
morphology, particularly neurons that transport, localize, and
translate mRNAs in axons during axonal development.**°
Local mRNAs are crucial to axonal homeostasis, allowing for
fast and localized on-demand translation,>” which enables
spatial and temporal regulation of the axonal protein content,*®
and rapid response to external and/or internal stimuli. Thus,
axonal protein translation plays a crucial role in axonal
development and homeostasis,”” as well as in response to
stimuli’’ and nerve injury.*' Axonal local translation has also
recently risen to prominence in the context of neuro-
degenerative diseases.”” To study axonal translation, bio-
chemical labeling and imaging of nascent synthesized proteins
has been performed in neurons and even in vivo in mice,***
but current fluorescence imaging of nascent proteins based on
confocal microscopy is restricted by the diffraction limit."'

To gain a deeper insight into the synthesis of nascent
proteins by SMLM imaging, we labeled newly synthesized
nascent polypeptides in dorsal root ganglia (DRG) sensory
neurons via the incorporation of O-propargyl-puromycin
(OPP)* and subsequent click reaction with DBOV-azide,
based on the copper-catalyzed azide—alkyne cycloaddition
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Figure 4. SMLM imaging of global nascent proteins labeled with DBOV-azide in DRG neurons. (a) Reaction schematic illustrating the synthesis of
DBOV-azide and the labeling of global nascent proteins in neurons via click chemistry. (b) Reconstructed SMLM image of global nascent proteins
in neurons. Imaging was performed in PBS solution. (c) Magnification of SMLM image and conventional wide-field fluorescence image for the
yellow box region in (b), respectively. (d) Cross-line profiles of SMLM image and conventional wide-field fluorescence image lined in yellow in (c).
(e) Distribution of the first-rank density (single-molecule localizations/um?”) of global nascent proteins in (b). The inset shows one representative
protein cluster by the Voronoi diagram segment (the red line is the estimated outline of this protein cluster). (f) Cluster size distribution for global
nascent proteins in (b) (~2900 clusters). (g) Conventional wide-field fluorescence image of networks in neurons (left) and corresponding Voronoi
diagram image (right) of the same position. The red arrow in (g) (left) indicates the linear axon, and the light blue arrow in (g) (left) shows the
branching point (intersection between multiple axons). The white arrow in (g) (right) indicates one puncta in linear axon in reconstructed SMLM
image. (h) Number of puncta (cluster)/um” of axonal segments and branching points in neuron networks. (i) Cluster size distribution of axonal
segments and branching points in neuron networks. Scale bar: 5 ym for (b), 1 ym for (g), 200 nm for (c), SO nm for (e).
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(CuAAC) (Figure 431).46 Conventional wide-field imaging
showed that a fluorescence signal was homogeneously
distributed within the neuronal cell body and axons (Figure
S24). DBOV-azide on its own did not react with other
biomolecules in neurons, confirming the high selectivity of
DBOV-azide to the cytosolic protein and OPP. Little labeling
could also be observed when neurons were treated with
anisomycin, another antibiotic that stops ribosome translation
and competes with OPP prior to the treatment with OPP and
the subsequent click reaction with DBOV-azide, confirming
the high labeling selectivity of OPP to nascent proteins.

One of the unique advantages of SMLM over other
fluorescence imaging techniques is its inherent capability to
detect individual blinking events of single molecules. These
events can be used to investigate, e.g., protein clustering.
However, the quantification of exact protein numbers in
clusters is difficult due to over- and undercounting of
molecules.””~* SMLM imaging of nascent proteins in neurons
could be achieved in PBS solution without any additives,
providing super-resolved images after the reconstruction
(Figure 4b and Supporting Video 9). Notably, SMLM imaging
enabled us to clearly distinguish three protein clusters in a
branch of an axon, which could not be resolved in its
corresponding wide-field image (Figure 4c,d). To obtain a
detailed map of nascent proteins in neuronal axons, we further
performed the cluster analysis of all localization data based on
Voronoi diagrams,”® which could effectively segment protein
clusters and calculate the local density and diameter of global
nascent proteins (Figure 4e,f). The Voronoi cluster analysis
revealed a mean cluster size of 50 nm in diameter with an
average density of 2.5 X 10* localizations/um?. Although the
conventional wide-field fluorescence imaging revealed that the
extent of local translation at branch points is greater than the
one in axonal fragments between branches (Figure 4g (left)
and Figure S25), it could not provide an accurate analysis of
the number of translation foci and their cluster size distribution
due to the diffraction limit. In contrast, with cluster analysis of
SMLM images, the average number of puncta/um’ at the
branch points (intersection between multiple axons) could be
calculated (5.1 punctas/um?®) to be around 2.8 times that of
the axonal fragments in between (1.8 punctas/um?, Figure 4h).
On the other hand, the cluster size and density of translation
foci in branching points are comparable with those puncta in
axon fragments (Figures 4i and S25b). These results suggest
that local translation at axonal branching is higher in terms of
the number of synthesized proteins, while the sizes of
translation foci remain similar throughout the network. This
technology offers the opportunity to obtain a detailed map of
translationally active foci in neuronal axons at a resolution that
was not possible before and could help shed new light on the
phenomena of axonal translation, which has broad implications
on both neuronal injury and neurodegenerative diseases.
Taken together, our data demonstrate the potential of
DBOV-azide for studying axonal translation and other cellular
metabolism.

B CONCLUSIONS AND OUTLOOK

In summary, hydrophilic, biocompatible, and functionalized
nanographenes were synthesized as intrinsic burst-blinking
fluorophores for SRM applications, successfully deployed for
amyloid fibrils imaging both in air and various pH conditions
as well as live-cell imaging under physiological conditions, as a
proof of concept. DBOV-OTEG displayed an excellent

intrinsic blinking behavior, uncoupled from imaging buffer
conditions, irradiation of UV light, and pH, making it suitable
for super-resolution imaging in various applications, ranging
from materials to live/fixed cell imaging, and with the potential
to further explore the relationship of functions and structures
of materials as well as the interaction of materials and
biosystems. Furthermore, we performed SMLM imaging of
global nascent proteins of neurons labeled with DBOV-azide
via click chemistry in a PBS solution. The unique cluster
analysis of SMLM enabled a detailed map of translationally
active foci in neuronal axons at the single-molecule level. This
kind of resolution has not been achieved before for the
visualization of global local translation in sensory neuron
axons, and it allows for much greater mechanistic insights into
this biological phenomenon, which is critical to axonal
physiology and pathology. Thus, this technology could help
us better understand local translation in response to internal
and external stimuli.

While DBOV-OTEG and DBOV-azide serve as excellent
prototypes of DBOV-based blinking fluorophores, the
synthetic protocol that we have established also allows for
the introduction of other functional groups for various
bioorthogonal reactions from the literature®’ or conjugation
with nanobody or antibody used in immunofluorescence, as
well as ligands for specific tags, such as SNAP-tag, Halo-tag,
and Clip-tag, for directly targeting specific proteins and
subcellular structures in the live-cell SMLM. We also envision
that multicolor SMLM imaging using nanographenes is
enabled by the readily tunable absorption and emission
wavelengths by tuning the spatial extent of the aromatic
structures. >

Besides the conventional SMLM imaging presented here,
the intrinsic blinking properties of nanographenes may also be
compatible with second-generation optical super-resolution
imaging techniques, e.g, MINFLUX, SIMFLUX, and
MINSTED, to achieve ultrahigh-precision localization (1—3
nm) of individual molecules. Furthermore, the robust chemical
structures and intrinsic blinking properties of nanographenes
may contribute to their potential applications in CLEM,"®
which combines the advantages of optical fluorescence
microscopy and electron microscopy in the long term. Overall,
the intrinsic burst-blinking fluorophores based on nano-
graphenes have clear advantages and substantially expand
new possibilities for super-resolution imaging in materials and
life science.
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CONSPECTUS: The invention of solvent-free organic liquids Polymerizable
(SOLs) was serendipitous. However, the curiosity-driven research pelics 50""””‘““" a”‘f“q”"‘ y_/> Solvent- Trevolgmu Liguids

\f\l
in the later stage delivered new soft materials with exciting optical, ON Wy
and optoelectronic properties along with appealing physical character-
istics suitable for the futuristic applications. A slight change in the (

molecular design resulted in a drastic change in the physical state of
molecules demonstrating monomer-like features in the bulk. The . @

basic idea of core isolation has been successful in delivering new a High processabllity
SOLs with attractive functional properties. The unique fluid matrix > e i bt

associated with SOLs offers a tremendous opportunity for making s oL atmeriani

LargeArea’
Limited processability . blending HybridSOLs heating  Films

hybrid materials by simple mixing. The chance to study the [ hirtiow :

n‘-b_' - e

fundamentally important electron transfer, energy transfer, charge g

transfer interactions, triplet-state emissions, and even detailed NMR

experiments in the solvent-free neat state is the major attraction of SOLs. Usually, solvents and their polarity control such molecular
properties, and in the case of SOLs, it avoids the use of solvents to study such fundamentally important properties. Besides, SOLs
protect the triplet emitters and excited state processes involving triplet states from quenchers and make the analysis possible under
ambient conditions.

Our effort in this direction was focused on tuning the ground and excited state properties by transforming conventional organic
molecules to SOLs and further value addition by preparing the hybrid SOLs. We developed a series of hybrid SOLs, exploring room-
temperature phosphorescence, thermally activated delayed fluorescence, charge or energy transfer between donor and acceptor
SOLs, selective explosive sensing, etc. A slight variation in the chemical structure or optoelectronic properties of the individual
components imparted exciting optical features for the hybrid SOLs. It includes nonemissive charge transfer, tunable emission
exciplex, room temperature phosphorescence, and thermally activated delayed fluorescence SOLs. The liquid matrix of donor SOLs
accommodated varying amounts of acceptor SOLs to tune the ground and excited state features. In all examples of donor—acceptor-
based hybrid SOLs, even a low amount of acceptor, such as a donor—acceptor ratio of 1000:1, can cause pronounced optical
properties. Hence, the evaluation of the optical properties of SOLs, especially, in the absence of solvents is so special that it avoids
the interference of solvent molecules. Still, the major drawback of SOLs remains unsolved until we report polymerizable SOLs.
Although a large variety of SOLs have been reported in the literature, the long-lasting problem of surface stickiness of SOLs was
resolved by polymerizable SOLs. It enabled the development of flexible, foldable, and stretchable large-area luminescent films
suitable for lighting and display devices. In this Account, we summarize our work on SOLs, hybrid SOLs, polymerizable SOLs, and
the application of SOLs in selective sensing of explosives. Finally, an outlook on the feasibility of luminescent polymerizable SOLs in
futuristic applications is provided.
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a) Variation of Physical Nature through Control of Non-covalent
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Figure 1. (a) Schematic of the molecularly isolated solvent-free organic liquids and aggregated Supercooled Liquids. (b) Chemical structure of the
representative examples of types of glycol, siloxane, or alkyl chains used to achieve stable SOLs.

luminescent “exciplex liquid” efficient in selective sensing
application.

e Nidhankar, A. D.; Goudappagouda; Kothavade, P. A,;
Dongre, S.D.; Veer, S. D.; Dash, S. R.; Rajeev, K.; Unni, K.
N. N,; Shanmuganathan, K; Babu, S. S. Thermally
Activated Delayed Fluorescent Solvent-free Organic
Liquid Hybrids for Tunable Emission Applications.
Chem.— Asian J. 2023, 18, €202300276.” SOLs exhibiting
cyan to red thermally activated delayed fluorescence with
luminescence quantum yields up to 80% and lifetimes
between 10 to 45 us.

e Wakcahure, V. C.; Veer, S. D.; Nidhankar, A. D.; Kumar,
V.; Narayanan, A.; Babuy, S. S. Polymerizable Solvent-free
Organic Liquids: A New Approach for Large Area Flexible
and Foldable Luminescent Films. Angew. Chem., Int. Ed.
2023, 62, €202307381.* Here we demonstrated polymer-
izable SOLs. Thermal polymerization of SOLs delivered
stable, nonsticky, flexible, foldable, and free-standing
large-area films with reasonably high quantum yield.

1. INTRODUCTION

In recent years, room-temperature (RT) solvent-free organic
liquids (SOLs) gathered wide attention as a new soft matter.” ™’
The most efficient way to generate SOLs is to regulate
intermolecular interactions of functional chromophores by
attaching low-viscosity, flexible linear/branched side chains as
an integral part of the molecule.'® An efficient wrapping by the
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bulky side chains around the 7-core controls the physical state of
the molecules.'' The fine-tuning of functional properties by a
delicate balance of intermolecular interactions such as
interchromophoric 77— interactions and the interchain van
der Waals (vdW) forces have realized a new soft material called
SOLs (Figure 1a). Otherwise, it will result in supercooled liquids
that transform into solid aggregates upon storage due to the
strong w—n stacking between the aromatic units and vdW
interaction between the chains (Figure la)."” In the develop-
ment course, SOLs composed of various side chains such as
branched/hyper-branched alkyl/glycol/siloxane chains have
been reported (Figure 1b)."*~'° A general selection rule for
components of SOLs is not applicable due to a limited structural
correlation between the 7 and alkyl parts of SOLs, and the
choice of the alkyl chains mostly varies from case to case. At the
moment, only the trial-and-error method is valid for selecting
the alkyl part. The chain length and branching, use of dendritic
wedges to incorporate more chains, etc. are taken into
consideration after selecting the s-core. Literature reports
show that among a series of different 7-cores, SOLs with both
short and long-branched chains solidify over time. Hence
retaining a stable liquid feature at RT depends on various facts
such as the type of 7-core and alkyl chains and the ratio between
them, planarity of the z-core, symmetry of the molecule, etc. In
short, a slight enhancement in 7—7 or vdW interactions in SOLs
results in the aggregation of molecules and subsequent loss of
the liquid feature. However, an overview of the selection of the

https://doi.org/10.1021/acs.accounts.3c00670
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chains is as follows. SOLs of small planar z-conjugated
molecules can make use of glycol, siloxanes, and small branched
alkyl chains. As the size of the 7-unit increases long branched
alkyl chains and alkoxy phenyl-based dendritic wedges can be
used. For instance, molecules with a high tendency for
aggregation such as fullerenes or dyes (diketopyrrolopyrrole,
porphyrin) dendritic alkyl wedges are preferred. Figure 1b
displays the representative examples of various types of chains
used to achieve stable SOLs. It is expected that in the future,
more comprehensive investigations coupled with theoretical
modeling will enable the molecular design of SOLs.

The physical characteristics of SOLs can be measured by
various characterization methods such as rheology, differential
scanning calorimetry (DSC), X-ray diffraction (XRD), etc. For
SOLs, the rheology experiments demonstrate that the loss
modulus G” surpasses the storage modulus G’ across the range
of angular frequencies, ® = 0.1—100 rad s™*."” DSC helps to
determine the glass transition temperature (T,) of a molecule,
which signifies the temperature at which the material transform
from a rigid, glass-like state to a more fluid, viscous state. T, of
SOLs always remains below RT, and the lower the T, the better
the fluidity of SOLs.'® The amorphous state of SOLs evident
from XRD analysis is due to the presence of bulky side chains
surrounding the chromophore, preventing 7— stacking.'”

SOLs ofter a host of advantages beyond their straightforward
preparation, positioning them as a compelling choice in the
realm of organic materials. One of their notable merits lies in
enhanced stability, attributed to the bulky side chains
enveloping the chromophore. This protective shield mitigates
photoinduced side reactions, air oxidation, and other quenching
processes.”” Additionally, their fluidic nature enhances process-
ability, enabling SOLs to adapt to diverse shapes under bending,
twisting, and stretching conditions. The liquid behavior of SOLs
also makes them accommodating hosts for various useful
dopants. Moreover, the fluid matrix opens new avenues for
investigating molecular-level interactions in bulk without the
need for solvents. SOLs facilitate the characterization of
functional properties in bulk, ushering in a transition from
solution-based analyses to solvent-free conditions, thus avoids
the influence of solvents and their polarity. Furthermore, the
fluid matrix fosters efficient donor—acceptor interactions,
facilitating charge and energy transfers (CT and ET). Finally,
their free-flowing nature makes SOLs a versatile, paintable
material for coating on various substrates such as glass, wood,
paper, and more, enabling the creation of continuous, large-area
thin films.

Liquefaction of conventional photoluminescent organic
molecules has proven to be an efficient method to minimize
concentration caused quenching originating from 7—7 stacking
and thereby offers an intense monomer-like emission in the bulk
liquid.*® Hence most of the reported SOLs were exploited as
luminescent organic liquids with reasonably high luminescence
quantum yield (QY) in the solvent-free state. These emissive
liquids have found substantial use in low-cost, low-energy,
flexible light-emitting devices.”' In most solution-processable
devices, color stability and purity are unattainable to a large
extent as solvent evaporation after film casting often leads to
molecular assemblies and random aggregates.22 In this context,
luminescent SOLs with stable emission and processability offer
new opportunities.”””* Many attractive SOLs of tetrazine,
naphthalene, anthracene, pyrene, carbazole, and tetraphenyle-
thene (TPE), exhibited reasonably high QY and stability. The
mono and disubstituted tetrazine derivatives remain liquid at

672

least down to —60 °C and display very low viscosities (28 mPa-s
for mono, 58 mPa's for di)*> and are used for a unique
application in determining local friction measurements.”®
Carbazole is one of the strongest candidates in this category
and many carbazole-based SOLs have been investigated for their
hole mobility and light-emitting features in the liquid state.”” >
In 2018, Mizuno and co-workers reported a wide-energy-gap
naphthalene-based semiconductor as a host for liquid deep-blue
OLEDs.”" Circularly polarized luminescence of chiral chain
appended naphthalene” and siloxybinaphthyl SOLs** are also
reported. Besides, a full-color luminescence tuning was achieved
by dye doping to 9,10-diphenyl anthracene SOLs.'” Adachi and
co-workers fabricated a degradation-free liquid OLED by taking
advantage of the capillary action of the pyrene liquid emitter.”
In the case of tetraphenylethenes (TPEs), the viscous nature
favored the restriction of the molecular motion, and the isolated
TPE molecule was found significantly responsible for the
enhanced photoluminescence compared to the solid TPE
derivatives.”

One of the widely exploited features of SOLs is the availability
of the fluid matrix and its use for blending with other suitable
candidates to develop new hybrid functional materials, which are
otherwise not possible to prepare using the corresponding solid
counterparts. The blending experiments in the solid state mostly
failed due to the noncompatibility of the dopants with the host
material. Hence a rational choice on the compatibility of fluid
matrix and dopant is highly required. In SOLs, the fluid matrix
enables doping with a variety of external dopants. However, the
crystalline dopants limited the shelf life and performance of the
hybrid liquids due to phase separation. SOLs provide a low
viscous fluid matrix suitable for doping with other functional
components through simple physical mixing to develop new
hybrid materials. Without altering the liquid nature of SOLs, a
tiny amount of dopants adds extra functionality to this hybrid
liquid. Even multicomponent hybrid liquids can be developed
with these SOLs and provide an added advantage to creating
various functional materials. A careful selection of dopants and
reasonably controlling the doping ratio will deliver hybrid
liquids for different applications.*® Compared to conventional
functional organic materials, SOLs are known for their many
unique molecular properties and the recent developments in
SOLs are quite promising; however, the shortcomings have to be
corrected.

This account discusses the salient features of SOLs as an
efficient fluid matrix to develop hybrid materials with attractive
features. Moreover, it will provide an overview of the most
recent advancements in this field, with a particular focus on the
significant contributions made by our team. To be more precise,
this review comprises five sections: charge transfer SOLs (CT-
SOLs); exciplex SOLs (E-SOLs); room temperature phosphor-
escence SOLs (RTP-SOLs); thermally activated delayed
fluorescence SOLs (TADF-SOLs); polymerizable SOLs (P-
SOLs). Furthermore, potential avenues for future research on
SOLs are addressed in the concluding section.

1.1. Charge Transfer Solvent-free Organic Liquids
(CT-SOLs)

Delving into the realm of optoelectronically active materials
reveals that donor—acceptor (D—A) assemblies offer distinct
advantages.37 Within this context, the utilization of charge
transfer (CT) interactions emerges as a sophisticated approach
for constructing these assemblies.*® Among various D—A
combinations explored, the pair of dialkoxynaphthalene
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(365 nm) lights.

ppm

3.0

35

4.5

Absorbance

50

55

::‘J 6.0
i = = i =
’ —— | I,u les
450 500 550 800 650 1:0.05 o = . T = ,
Wavelength (nm) » ) ’ !
—
—
T - ° I - |7°
] T 80 T
78 77 76 75 ppm 78 77 76 75 ppm
h)
Hg HZ
Hb
Ha
Hy
He
Hc
Hy
Hq
HE™"
Hy 3 Hq

Figure 3. (a) Absorption spectral variation of DAN with increasing equivalents of NDI (5 mg on 1 X 1 cm? area of quartz) and (b) the corresponding
daylight photographs of CT-SOL. (c) Photographs of CT-SOL (1:1), stored at —20, 30, and 90 °C, (d) showing stability even at 150 °C (D:A ratio of
1:1 (left) and 1:0.001 (right)) and (e) eluting as a single band in column chromatography separation. 2D-NMR spectra (f) NOESY and (g) ROESY at
250 ms mixing time, showing intermolecular cross-peaks in the CT liquid with D:A ratio 1:0.1S. (h) Possible stacking interactions in the CT-SOL
(1:1). Reproduced with permission from ref 40. Copyright 2019 Royal Society of Chemistry.

673 https://doi.org/10.1021/acs.accounts.3c00670
Acc. Chem. Res. 2024, 57, 670—684


https://pubs.acs.org/doi/10.1021/acs.accounts.3c00670?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00670?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00670?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00670?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00670?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00670?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00670?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00670?fig=fig3&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

a) Cbz:NDI-1
—— 1:0.001
0.4+ —— 1:0.01
o 1:0.1
3] — 102
= —_— 1
o
o
% 0.2-
Q
<
0.0 - '

500 600
Wavelength (nm)

1:0.01

0

C) Hd Hb Ha Hc Cl) Hd Hb Ha He
L]
£
o
&8
He _u
Ha F
Hb i
|10
_w
Hd o
_h
H1 i
0
~
BB S A B e e e S LI o e T s )
75 7.0 6.5 F2 [ppm] 75 7.0 6.5 F2 [ppm]
Hd Hb Ha Hc Hd Hb Ha Hc
L N i SVaXVan W
& 3 » 3
E | ' 53 | Lo
0® =il x- .
37 i 5
EE 373
I T[T
74 72 70 68 66 64 62 F1 [ppm) 74 72 10 68 66 64 62 F1 [ppm]

Figure 4. (a) Absorption spectral variation of Cbz with increasing equivalents of NDI (S mg on a 1 X 1 cm? area of quartz) and (b) corresponding
photographs of CT liquids. 2D-NMR spectra (c) NOESY and (d) ROESY spectra of Cbz:NDI (1:0.2) at 250 and 100 ms, respectively, recorded at 318
K. Intermolecular cross-peaks are indicated by arrows. Reproduced with permission from ref 41. Copyright 2022 Royal Society of Chemistry.

(DAN) as a donor and naphthalenediimide (NDI) as an
acceptor has proven successful.’” However, CT in solution is
normally controlled by concentration, solvents and their
polarity, temperature, etc. In contrast, here the CT within a
SOL has been studied, specifically their D—A interaction.*’

As a first example of CT-SOLs, the CT interactions between
the donor DAN and acceptor NDI (Figure 2) were studied.*'
To exclude any impact of solvents and their polarity on CT
interactions, a solvent-free method was demonstrated by
utilizing DAN and NDI derivatives and DAN was mixed with
varying amounts of NDI. A pronounced red-brown hue
indicative of CT complex formation emerged when DAN and
NDI were manually mixed with a spatula, with evidence of CT
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formation even at the lowest acceptor concentration, i.e., 0.001
equiv (Figure 3ab). The low melting point of NDI and the
liquid nature of DAN facilitated the dissolution of the acceptor
within the donor matrix. Remarkably, even at a 1:1 D—A ratio,
the resulting mixture maintained its fluidic state at RT.

The significant advantages of this solvent-free approach were
evident, notably in the enhancement of D—A interactions, even
at minimal acceptor concentrations, where only one acceptor
molecule was present for every 1000 donor molecules. The CT
complex remains stable across a range of temperatures, and the
intensity of its characteristic CT band color was sustained even
after many years (Figure 3c). Impressively, the CT liquid
exhibits exceptional stability even at the elevated temperature of
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150 °C (Figure 3d). Additionally, it elutes as a single band in
column chromatography, as shown in Figure 3e.

To gain an insight into the D—A interaction within the CT
liquid at the molecular level, detailed NMR experiments were
carried out. By introducing varying quantities of NDI into the
DAN liquid, chemical shifts of DAN protons were observed.
These shifts allowed us to calculate the “interaction constant” (K
= 1.32 ML™') between DAN and NDI. Besides, 2D NMR
experiments helped to explore the intricate interactions between
DAN and NDI. Both nuclear Overhauser effect spectroscopy
(NOESY) (Figure 3f) and rotating frame Overhauser effect
spectroscopy (ROESY) (Figure 3g) revealed intra- and
intermolecular cross-peaks. The intermolecular cross-peak
intensities in the ROESY spectrum supported a staggered face-
to-face stacking orientation between DAN and NDI in the CT-
SOL, as illustrated in Figure 3h. This stacking arrangement
closely matched the theoretical model derived from atomistic
molecular dynamics simulations.

In another example of CT-SOLs, exploring a slight difference
in the electron affinity of the donor, the same acceptor delivered
RTP.* In this work, the focus was on the D—A interaction of
carbazole (Cbz) with NDI derivatives in the SOL state (Figures
2, 4). The absorption spectra of both Cbz and NDI do not
exhibit any peaks at wavelengths greater than 400 nm, as
depicted in Figure 4a. Similar to the first example, the formation
of the CT complex is evident even at the minimal acceptor
loading, specifically at 0.001 equiv (Figure 4b). A strong reddish-
brown coloration was observed in the CT liquid when the donor
Cbz was mixed with varying ratios of NDI under neat conditions
(Figure 4b). Even in a 1:1 D—A ratio, the low melting solid
acceptor NDI featuring a long-branched alkyl chain maintained
its liquid feature supportive of the CT liquid at RT.
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NMR spectroscopy has been used to gain a deeper
understanding of the molecular-level interaction between the
donor and acceptor in the CT liquid. The 2D NMR spectra of
Cbz:NDI exhibit broader signals (Figure 4c,d) and it suggests
that Cbz:NDI experiences slower exchange dynamics and a
longer lifetime for the D—A pair. When comparing the spectra of
the complex to that of Cbz, it becomes evident that the signals of
Cbz in the complex undergo a downfield shift, providing
evidence for a stronger stacking interaction. Furthermore, the
intensity pattern of the cross peaks supports a more face-to-face
orientation of the aromatic ring planes in Cbz:NDL. It came to
our attention that the Cbz:NDI hybrid in a 1:1 ratio is only
slightly emissive when in solution. However, under solvent-free
conditions, the same CT complex exhibits emission, and that
will be discussed in the later section. In contrast to the solution
state, where the effective CT is hindered at high temperatures
and lower concentrations due to the rapid motion of solvated
molecules, the CT liquid remains stable and exhibits high
efficiency. This can be attributed to the low-polarity, viscous
environment provided by the liquid donor scaffold to NDI.

1.2. Exciplex Solvent-Free Organic Liquids (E-SOLs)

An exciplex is formed when two different molecules interact in
an electronically excited state.*” This interaction creates a
temporary, unique species with distinct electronic properties
and energy levels compared to the individual molecules.
Exciplexes play a vital role in applications such as photochemical
reactions, OLEDs, lasers, and molecular spectroscopy.43 The
examples of E-SOLs highlighted the advantages of transitioning
from materials in solid or solution to SOLs, showcasing their
ability to achieve extraordinary optical properties that are
otherwise unattainable using the former forms (Figure Sa). As
mentioned previously, the interaction between DAN and NDI
leads to CT, however, decreasing the acceptor strength by using
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NM], resulted in an emissive exciplex in the liquid state (Figure
5b).” Notably, there was no observable CT band when
monitoring the absorbance of DAN and NMI in the solvent-
free state. Furthermore, DSC analysis confirmed the uniform
distribution of D—A molecules in this hybrid liquid as the
heating trace of the DAN-NMI composite liquid showed T at
—58.9 °C and melting point (T, ) at 23.1 °C (Figure 5c). E-SOL
has proven to be practically useful as it can be applied as a
coating on filter paper strips and glass surfaces (10 X 10 cm?)
without altering its optical properties (Figure Sd,e). More
importantly, the solid counterparts of both the donor and
acceptor molecules failed to exhibit exciplex formation.

NMR investigations showed the chemical shift variations in
the alkyl (—OCH,) groups and it helps us to estimate an
“interaction constant”, denoted as K (0.61 ML™"). This value is
notably lower than that observed in CT liquids of DAN and
NDJ, indicating a comparatively weaker D—A interaction in the
E-SOL. Furthermore, 2D NMR results provide support for the
stacking arrangement of DAN-NMI pairs in a staggered
configuration within the neat liquid. The 2D spectra revealed
the presence of both intra- and intermolecular cross-peaks and
the intensities in the ROESY spectrum suggest an average
aromatic ring separation of 4.0—4.5 A between DAN and NMI
(Figure 5f,g). Additionally, this emissive exciplex liquid has been
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effectively employed for exclusive dual-mode sensing, both
colorimetric and fluorometric, of explosives in direct contact
mode (Figure Sh). Detecting and distinguishing trinitrotoluene
(TNT) from other nitroaromatic compounds is challenging due
to similar fluorescence signal responses. However, the E-SOL
demonstrates dual-mode sensing of TNT, and further analysis
indicated its high selectivity toward TNT compared to other
nitroaromatic and nitro group containing nonaromatic
explosives.

A similar exciplex formation was observed when the donor
was changed to Cbz and this exciplex emission in the solvent-
free state is noticed even in the low amount of NMI (Figure
6a,b). A noticeable increase in the emission lifetime (26 ns) of
the E-SOL (1:1) is observed when compared with the individual
components, as depicted in Figure 6¢c. An extended lifetime and
the red-shifted broad emission strongly suggest the formation of
E-SOL. NMR techniques were employed to investigate the
molecular-level interactions between Cbz and NMI within the
E-SOL. In the presence of donor Cbz, the NMI acceptor signals
exhibit a shift toward the upfield, indicating the presence of 7—nx
stacking interactions between Cbz and NMI To gain a more
comprehensive understanding of this interaction, 2D NOESY
and ROESY experiments were conducted at a temperature of
318 K (Figure 6d,e). These experiments revealed strong
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intermolecular cross-peaks in the NOESY spectrum, suggesting
proximity between the protons of Cbz and NMI in E-SOL. The
findings from the 2D NMR analyses indicate that the aromatic
rings of Cbz and NMI are not parallel to each other but are tilted
relative to one another. Recently, Isoda and co-workers also
reported a pyromellitic diimide-based SOL, which delivers
exciplex after dissolving with electron-donating solid naph-
thalene.**

1.3. Room Temperature Phosphorescence Solvent-Free
Organic Liquids (RTP-SOLs)

Advanced synthetic methodologies in organic chemistry have
been extensively used to develop many new emissive organic
compounds with high quantum yield.*”~** Organic phosphors
are one such class of compounds that have undergone drastic
developments in the past decade.*”*’
in this area have delivered numerous RT phosphorescent (RTP)
molecules with longer lifetimes and afterglow properties,
enabling them in a wide range of applications.”

The recent advancements

However,
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RTP has been primarily displayed in the crystalline form until
SOLs with RTP properties came into existence.' The
substituted naphthalene monoimide derivatives exhibited
RTP®' and minor alterations in the molecular design resulted
in distinct material properties.”> Toward developing a SOLs
with RTP in air, our group introduced a branched alkyl chain on
bromonaphthalimide (NMI-Br, Figure 7a), the long bulky alkyl
chains of NMI-Br led to alow T, (<—38.7°C) and behaved as a
liquid at RT. The phosphorescence spectrum of NMI-Br
revealed a shifted peak at 4, of 594 nm (Figure 7b) at RT,
which closely matches that of the 2-methyltetrahydrofuran
(MTHE) solution at —196 °C. This finding supports that NMI-
Br is exhibiting RTP despite lacking a crystalline molecular
arrangement in its design. The phosphorescence lifetimes of
NMI-Br were 5.7 ms at RT with QY of 0.1% (Figure 7c). This
work marks as the first report demonstrating RTP in a SOL.
Normally, the absence of molecular ordering in noncrystalline
materials support nonradiative decay and reduce triplet
emission. However, in the case of NMI-Br, its viscous nature
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Chemistry.

plays a crucial role in regulating nonradiative decay processes
and enhancing triplet emission. Furthermore, the significance of
weak Br--O halogen bonding becomes evident in facilitating
RTP even in the presence of air. Time-dependent density
functional theory (TD-DFT) confirmed isoenergic singlet—
triplet energy levels that help with intersystem crossing.’
Utilizing supramolecular two-component assemblies has proven
to be a highly effective strategy for enhancing RTP.>” In line with
this, we introduced guest molecules, benzene-1,4-dialdehyde
(A2) and benzene-1,3,5-tricarboxaldehyde (A3), into NMI-Br
SOL (Figure 7a). The resulting NMI-Br:A2 hybrid in a 1:1 ratio
exhibited notable improvements in both phosphorescence
lifetime (7.1 ms) and QY (2%) (Figure 7d,e). These
enhancements were attributed to the formation of a halogen
bond between NMI-Br and A2. Further a liquid phosphor
hybrid was developed by mixing NMI-Br with A2 (1:1), and this
combination was used to generate a large-area (10 X 10 cm?®)
paintable material with improved RTP (Figure 7e, inset).
Recently, some more efforts have been made to achieve RTP-
SOLs materials. Tani and co-workers reported the photo-
induced crystal-melt transition followed by phosphorescence
emission of an unsymmetrical heteroaromatic 1,2-diketone-
based RTP supercooling liquid.”* Another example of RTP-
SOLs is CT-assisted triplet emission from the CT-SOL of
Cbz:NDI hybrid.*" The hybrid liquid displayed a red emission
that extends into the near-infrared region (Figure 8a)b).
Notably, after monitoring CT emission at both RT and 77 K,
we observed an increase in emission intensity specifically at 640
nm. This enhanced emission arises from the ability to control
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nonradiative decay due to restricted vibrational and rotational
movements within the complex at 77 K. Furthermore, the
closely matching emission spectra of CT-SOL at RT and 77 K
suggest that both emissions likely stem from the decay of the
triplet excited state. The excitation spectrum of Cbz:NDI (1:1)
monitored at 620 nm highlights a significant contribution from
the CT peak. In the case of CT-SOLs, its phosphorescence
spectrum at RT exhibits a single broad peak spanning from 490
to 720 nm, with the peak maximum at 640 nm (Figure 8c). The
concordance between the phosphorescence spectrum of CT-
SOL and the corresponding emission spectra at both RT and 77
K confirms RTP. Moreover, increasing the acceptor loading
from 0.01 to 1 equiv leads to enhanced RTP, characterized by
longer lifetimes ranging from 326 to 485 ms. This extended RTP
lifetime, coupled with the improved processability of the RTP-
SOL, supports CT-assisted RTP-SOL for large-area red-
emitting lighting and display applications.

1.4. Thermally Activated Delayed Fluorescence
Solvent-Free Organic Liquids (TADF-SOLs)

Interest in organic luminescent materials exhibiting TADF
materials has increased tremendously in the past few years due to
their longer lifetime than conventional fluorescent materi-
als.>* ™" Besides, small singlet—triplet energy gap (AEgr) of
these materials facilitates reverse intersystem crossing from
triplet to singlet state and thereby leads to 100% internal
quantum yield in the electroluminescence process.””*” TADF
materials often suffer from severe aggregation-induced quench-
ing (AIQ) due to strong 7—7 stacking.”® Given the difficult
nature of molecular packing in the crystal state, blocking
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Figure 9. (a) Chemical structures of TADF-SOLs 1-4 and fluorescent SOL S. (b) Photographs of thin films and neat SOLs of 1—4 (4, = 365 nm). (c)
ET studies of 1 with increasing equivalents of 4 and (d) white light emission achieved by 1+4. (e) Photographs of thin-film of 1—4 with PLA and the
3D printed objects using PLA-TADF SOL (1 wt %) hybrids under UV light (1, = 365 nm). (f) Current density (J)-voltage (V)-luminance (L)
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multiple AIQ channels is key. And limitations of existing
crystalline luminescent materials such as solubility, self-healing
properties, etc., are making challenges for existing organic
materials.>® In this context, current interest has turned to SOL-
based emitters.

Electron D—A dyads of naphthalimide with different donors
connected through flexible and rigid linkages have been explored
for TADF features.’”®' Based on that our group in the year 2023
reported a series of TADF liquid naphthalimide derivatives 1—4
(Figure 9a).3 A comprehensive investigation was carried out for
molecule 1 to understand the role of the liquid medium in
facilitating TADF. A similar spectral feature was noticed for 1 in
the steady-state emissions at 298 and 77 K. This similarity, along
with the substantial overlap between the fluorescence and
phosphorescence spectra, serves as confirmation of a minimal
AEgr. Even in the presence of oxygen, the emission spectra and
lifetime of molecule 1 exhibited minimal changes, indicating that
the liquid medium functions as a protective barrier.
Furthermore, the temperature-dependent decay profile of 1
revealed the typical TADF behavior, with an increase in lifetime
(trapr) as the temperature was raised from 77 to 298 K.
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Additionally, we observed a linear correlation between the
intensity of delayed fluorescence and excitation power for
molecule 1, providing clear evidence that the emission is
attributed to TADF rather than triplet—triplet annihilation.
Similarly, other molecules 2—4 show TDAF, and these
derivatives were prepared to diversify the emission features by
structural modification with emission spanning from green to
red (Figure 9b), with luminescence QY up to 80% and lifetimes
between 10 and 45 us. The involvement of the CT state in
TADF liquids was confirmed by the presence of solvatochrom-
ism. More importantly, all molecules exhibited reasonably high
optical stability upon direct irradiation with UV light for S h.
TADF emitter 1 exhibited ET with various TADF, RTP, and
fluorescent dopants (Figure 9a) to achieve tunable and white
light emissions (Figure 9¢,d).*® The use of a liquid matrix made
it easy to blend with polylactic acid (PLA), a biodegradable
polymer, producing solid filament materials suitable for 3D
printing applications. The optimized condition required only
minimum SOL content (1 wt %) to achieve satisfactory
luminescent characteristics with high QYs in thin films (Figure
9e). The excellent compatibility of SOLs in PLA enabled the
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creation of new TADF-based 3D printable materials. Interest-
ingly, SOL-PLA hybrids displayed outstanding thermal stability
and processability. Additionally, these TADF-SOLs have been
employed in OLED devices, demonstrating reasonably good
performance. The device prepared from 3 achieved a maximum
luminance of 653 cd/m? at 17 V with a current density of 73
mA/cm? showcasing the suitability of SOLs as an emitter in
OLEDs.

1.5. Polymerizable Solvent-Free Organic Liquids (P-SOLs)

. . 62,63, -
While the recent advancements in SOLs are fascinating,””"” it is

essential to appropriately address their current limitations,
including surface stickiness and the potential irreversibility of
film curing. To overcome these challenges while preserving the
physical and photophysical attributes of SOLs, one promising
approach is the creation of luminescent polymer films through
the design of polymerizable SOLs (P-SOL). The concept of P-
SOLs holds the potential to surmount numerous hurdles
associated with luminescent organic materials. In this context,
our group developed polymerizable luminescent SOLs and
investigated the suitability of a fluid matrix for other dopants to
fine-tune the luminescent properties.” Ultimately, the polymer-
ization of this hybrid liquid is uniform and gives large-area thin
films that deliver both stable mechanical and optical properties
(Figure 10).

In this study, we have opted for mono/di vinyl and mono/di
allyl functionalized chromophores as P-SOL luminophores. As
the blue-emitting donor P-SOL, liquid divinyl carbazole (Cbz1)
and monovinyl carbazole (Cbz2) have been chosen. While as
acceptor polymerizable dopants, diallyl diketopyrrolopyrrole
(DPP1), mono allyl diketopyrrolopyrrole (DPP2), and allyl
naphthalene monoimide (NMI-NR) have been selected (Figure
10). To enhance the versatility of our films and broaden their
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applicability, the cross-linkers (CLs), namely, 1,3,5-tris-
(allyloxy)benzene (CL1) and the commercially available
divinylbenzene (CL2) were selected. These cross-linkers, CL1
and CL2, facilitate the formation of cross-linked polymer
structures with the SOLs.

UV light-assisted free-radical polymerization delivered a
stable film of Cbzl, however, the Cbzl-based SOL films were
brittle and challenging to peel off from glass surfaces due to their
highly cross-linked network formed by the bifunctional
monomer (Figure 10b). Similar observations were noticed for
the hybrid films of Cbz1, DPP1, and CL1/CL2. To overcome
this, we selected new liquid monomers, Cbz2, NMI-NR, and
DPP2, exhibiting intense blueish-green, green, and red
emissions, respectively (Figure 10c). This modification
improved film quality and produced free-standing, flexible,
foldable, and transparent luminescent films with high QYs. Since
all attempts to photochemically polymerize Cbz1 resulted in the
production of brittle films with low QYs, a thermochemical
polymerization in an inert atmosphere for Cbz2 was carried out.
After a series of optimizations, it was determined that heating at
100 °C for 1 h was sufficient to produce a self-supporting
luminescent film of Cbz2, as illustrated in Figures 11a,b. The
time-dependent FT-IR spectral changes of Cbz2 were
monitored during the thermochemical polymerization to
confirm the complete conversion of monomers (Figure 1lc).
Subsequently, the ratio of NMI-NR and DPP2 was further
optimized to achieve white light emission from the polymer film
(Figure 11d). By combining Cbz2-CL2-NMI-NR-DPP2 in a
hybrid liquid, we successfully created a flexible, transparent, and
large-area white light-emitting film (Figure 1le,f). This film
exhibited a reasonably high QY of 34% and possessed CIE
coordinates of x = 0.32 and y = 0.30. In short, we demonstrated a
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Copyright 2023 Wiley-VCH Verlag GmbH & Co. KGaA.

groundbreaking approach to developing emissive polymers
suitable for large-area device applications by introducing the

novel concept of P-SOLs.
In a related concept of liquid polymer, Shinohara et al.

reported viscoelastic conjugated polymers of a z-conjugated
backbone by incorporating bulky and flexible alkyl side chains as
internal plasticizers and further utilized as mechanoelectric

generator and electret.®*
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2. CONCLUSIONS AND OUTLOOK

In this account, we highlighted the emergence of a new soft
material called “organic solvent-free liquid”, which can also serve
as a fluid matrix for introducing new hybrid materials through
doping. Since the design concept of SOLs is based on z-core
isolation, the initial developments were limited to luminescent
liquids. Later, the advancement in this area displayed the
potential of the SOLs to achieve success in responsive materials,
light-harvesting, selective sensing applications, etc. Besides, it
explored the molecular properties such as charge transfer, energy
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transfer, room temperature phosphorescence, thermally acti-
vated delayed fluorescence, etc. in the liquid matrix. The
inevitable support of the liquid matrix is the key to achieving
efficient hybrid materials. The most attractive feature of these
hybrid liquids is the synergism to deliver exceptional properties
that are otherwise unattainable by the individual components.
The new concept of polymerizable SOLs is expected to address
the significant challenges posed by the inherent limitations of
SOLs. This innovative approach paves the way for the
development of alternate emissive materials that are well-suited
for use in large-area flexible, foldable, and stretchable devices,
offering promising prospects for advancements in the field.
Besides, the concept of polymerizable SOLs can be extended to
other functional properties and develop new hybrid materials. As
a new functional material, SOLs exhibited remarkable improve-
ment and the coming years will witness more advancement in

the field.
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Abstract

Termites are social insects belonging to the order Isoptera; it exhibits polymorphism and showing various ecologically
important activities along with some destructive activities as they usually feed upon wooden structures. The present
investigation yielded in recording of 2 different species of termites belonging to the genus Odontotermes (Family: Termitidae)
namely, Odontotermes wallonensis and Odontotermes brunneus from Gulbarga University campus, Kalaburagi. Soil samples
collected from the mounds represented by Odontotermes wallonensis of different soil types were analyzed for Physio-chemical
parameters such as elemental analysis and pH was also recorded. During the study, analysis of 40 termite mounds where done
which showed the dominance of Odontotermes wallonensis in the taken study area.

Keywords: Ecology, Termites, Kalaburagi, Physio-Chemical characters, Mount soil sample

Introduction

Termites are small, white or brownish terrestrial social
insects exhibiting very well-organized polymorphism,
categorizing into fertile caste (workers, soldiers, king, and
queen) and the sterile caste belonging to order isopteran
originated nearly 100 million years ago. Termites are often
known as ‘kashtaharika' or wood-feeders as per the ancient
Sanskrit literature, also termites are commonly named as
white ants, ‘Udai' or ‘deemak'. A total of 3106 species of
termites have been described (Sudipta et al., 2017) 4 of
which only 371(12.4%) have been reported as destructive
and only 104 (3.5%) are considered as serious pests. Bose
(1994) reported 95 species of termites belonging to 5
families from southern India. Termites are usually known
for their destructive nature as they cause severe damage to
the wooden structures but they play vital role in ecosystem
by recycling of plant nutrients because of their detritivore’s
nature and consuming dead plant materials at any level of
decomposition (Pooja et al., 2017). Economically termites
are not only the serious pests of agriculture and plantations
but also, they cause enormous damage to structural wood in
different types of houses in all tropical and subtropical
countries (Bignell and Eggleton, 1998 & 2000; Qaseem
2015) 12 Subterranean termites foremost harmful wood
tormentor within the world, build their colonies within the
soil and frequently work their means on top of the bottom to
achieve wood or any other cellulose source.

Present investigations carried out in the campus of the
Gulbarga University, Kalaburagi from Jan 2018 to May
2018 to determine the termite diversity and distribution
which also involved the analysis of physio-chemical
parameters of the mound.
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Materials and methods

Study area

The Gulbarga University campus is situated on 860 acres of
land 6 kilometers east of Kalaburagi city at an elevation of
1556ft., (17°18'46” N latitude and 76°5232” E longitude).
The study area exhibits dry deciduous type of vegetation
were temperature ranges from 20°C to 45°C with average
rainfall of about 750mm.The study area was divided into 5
blocks (Fig 1) such as:

Figure 1: Study Site

Fig 1: Study site

Block 1: University 1% gate to boy’s hostel surrounding
area.

Block 2: Administrative block to Arts department and
Sports department surrounding

area.

Block 3: Girls Hostel front and back area.

Block 4: Guest House and quarters surrounding area.
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Block 5: Botanical Garden and surrounding departments
Chemistry, Botany, Physics,
Microbiology, Biochemistry,
science and USIC

Biotechnology, —material

Department

Collections were carried out weekly from Jan 2018 to May
2018 by Quadrate method and Lines transect sampling
method (Plate 1-3). Termites were collected and preserved
in 70% alcohol for further identification. Later different
casts from each species were photographed by stereo zoom
microscope.

Analysis of Physio-chemical parameters of termite
mounts soil

A total of 3 representative mounds were selected based on
nesting soil type (Red, Black and Grey) of Block 1 and 2.
Later pH of the soil samples from different mounds
determined electrometrically using glass electrode pH
meter. The elemental analysis of termite mound soil was
carried out at USIC department, Gulbarga University,
Kalaburagi.

www.entomologyjournals.com

Results

Survey and distribution of termites: There are 2 different
species of termite’s namely Odontotermes wallonensis and
Odontotermes brunneus belonging to family Termitidae
were dominantly found in different sites of the campus
(Plate 4-8). During the present study worker, soldier and
queen were observed and recorded. The percentage of
occurrence was more with Odontotermes wallonensis
(57.5%) followed by Odontotermes brunneus (42.5%) from
the forty recorded nest. The measurements of termite mount
were made to analyze variation in nest formation and
species specificity (Table 1).

Analysis of Physio-chemical parameters of termite
mounts soil: The physio-chemical parameters of different
termite mound soil varied with respect to pH, K, Mg and
Mn. Manganese was highest in all type of soil samples
compared to potassium and magnesium. The pH of all the
soil samples is towards basic ranging between7.92 to 8.23
(Table 2).

Plate 1: Vertical section of the mound of O.wallonensis showing scattered fungus Combs
And royal chamber with queen in the base of the mound.

RC = Raoyal chamber; Q = Queen; H = Holes

Plate 2: Showing vertical section of the royal chamber with queen inside. Royal
Chamber of the termite O. wallonensis shown with an arrow mark.
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Plate 3: Showing nymphs of the reproductive caste of the termite O. wallonensis.
Showing small wing pads to the nymph

Plate 4: Showing nursery vaults excavated from the established nests of the
Termite O. wallonensis

Plate 5: Nest of O. brunneus with scattered turrets having open holes on the Turrets,
Gulbarga University Campus, Gulbarga
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Table 1: The height, diameter and temperature of the mound nest
of the termites.

Sl.no. Height (FT) | Diameter(FT) | Temperature(’)
1 5.5 20 31
2 4 155 29
3 3.5 25.5 30
4 4 17 32
5 3.6 15 30
6 6 30.5 31
7 1 33 30
8 2 12.5 32
9 2 22 33
10 15 11 34
11 6.6 21.6 34
12 5 17 27
13 3 6.7 26
14 4 8 29
15 3 6.8 29
16 15 3.5 31
17 3 7.6 32
18 4.5 15 28
19 3.5 8 29
20 4.6 10 31
21 4 9 30
22 3.5 7 31
23 4 7 31
24 5 11.7 33
25 6 13 30
26 5.5 18 31
27 5 11 32
28 3 7.6 33
29 4.9 28.5 33
30 0.5 11.6 34
31 7 35 33
32 5 27.6 33
33 4.5 27 31
34 2 14 31
35 15 10 30
36 5 18 30
37 7 31 29
38 7 20 31
39 5 16 31
40 4 18 30

Table 2: Analysis of Physio-chemical parameters of different
termite species soil samples.

sl. No ngg'g:'et: Soil type | pH [K(mg/l)| Mn(mg/t)|Mg(mg/1)
1 Odontoter | Red soil [7.92| 8.772 | 23.539 4,134
' mes  |Black soil|8.11| 8.427 | 23.539 4173
wollenses | Grey soil [8.23| 8.768 | 23.539 4.202
Discussion

In Gulbarga university campus there are several types of
termite mound were identified such as dry and moist
mounds. Termites act both beneficial and harmful to the
environment. The harmful effects are they damage crops,
properties, and trees; they are beneficial to the ecosystem
which enriches the soil fertility. The study area is one of the
best places for the termites as it provides a good habitat for
the termites. It provides food and shelter for the termites. It
is because the atmospheric moisture throughout the year is
around 60-80%, additionally plenty of food in terms of
cellulolytic material is available. Only 2 species were
identified. Observations made on the physicochemical
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characters of the mounds nest and graphical representation
is shown as Graph No. 1- 7. Difference in the height and
diameter of mound also depends on the disturbance caused
by human beings, rainy winds, foraging domestic and wild
herbivore, which destroys these mounds, consequently they
reproduce again and again by the workers. As the termite
gueen grows year by year in length and weight, her
fecundity is also enhanced. Thus, the growth of the queen
and the enhancement of the fecundity year by year are the
root cause of the increase in the population and resultant
changes in the dimensions of mound nest and weight of the
fungus comb. The mother queen during copulation stores a
large number of sperms in her sperm theca and uses them
whenever required.

In the present study area, a total of 5 transects were
surveyed for the termite mound. The mounds belong to
Odentotermes wallonensis are constructed largely on the
earth surface among these nests maximum mounds were
witnessed in botanical garden and minimum at guest house.
It may be because botanical garden is a fully vegetative area
with loose soil and undisturbed. It protected by fencing
hence number of mounds were recorded in contrast.
Whereas the guest house area is hilly terrain with
disturbance by the devotees, staff, and guest hence a smaller
number of mounds was recorded in the entire study. A
single wood-boring mound was noticed. A future study on
the species of the termites in the study area is required.

Conclusion

In the Gulbarga university campus, the habitat changes have
led to the strong modifications of the termite community in
terms of the species richness, species composition, biomass,
and density. As the sampling in this study was restricted to
the soil, the species richness in this report is probably
underestimated to a certain extent. Sampling from various
niches within the habitats like logs, busy landmass, and etc.
anthropoid disturbance strongly affects the functioning of
the natural ecosystem through modifications of vegetation,
soil properties, and soil fauna communities.

Our synthesis is intended to identify knowledge gaps
regarding the controls on termite abundances and
distributions and to put into perspective why an
understanding of their abundances is needed to project
vegetation and function accurately. The Odontotermes
wallonensis is dominant and distributed throughout the
campus. The Physio-Chemical parameters of various termite
mound nest soil varied with respect to the different soil type.
Mn is comparatively higher than other constituents K and
Mg. pH was basic and Potassium content was in normal
range with respect to soil fertility. A key conclusion is that
the lack of data on the ecology of termites in dry regions is a
barrier to generalized, major conceptual advances for this
insect guild. Thus, we must emphasize the critical need for
further study of these species in non-urban, intact
ecosystems, with a particular focus on their assistance
identifying termites.
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Abstract. An unsteady 2D MHD enhanced Carreau hybrid nanoliquid over a stagnation region of
poignant needle with chemical reaction is studied numerically. The governing PDEs are condensed into system
of nonlinear ODEs and attained equations are tackled by using bvp5c MATLAB scheme. Moreover, the impacts
of numerous physical factors over the flow fields are confer and expressed through plots. Numerical results of
Nusselt and Sherwood number, wall friction are inspected and displayed thru tables. The main motive of this
investigation is to examine the thermal and mass transmission mechanism of Carreau hybrid nanoliquid under
the action of magnetic effect and in the absence of magnetic effect. Results obtained reveals thatthe needle
thickness factor is capable of diminishing fluid flow, heat transfer and enriching concentration description. The
Weissenberg number diminishes the rate of flow whereas the reverse trend isobserved for thermal
distribution. Evidently, heat transport mechanism is highly influential in magnetic effects rather in the absence
of magnetic effect.

Key words: MHD, thin needle, chemical reaction, hybrid nanoliquid, uneven heat source

1. Introduction

The transference of heat through a diverse medium has tremendous applicability in recent developments.
Industries and engineering activities needs heat transference to accumulate inventions of daily desires.
Numerous authors haveperformedcritical studies on heat transfer process to help industrial growths. The present
paper also tries to convey the importance of heat in several areas. It cooperate the nano and hybrid nano liquids
drive thru stretching sheet. Basically, nanoliquids (it contains single nano-sized particles) are noble conductive
property to transference heat and avoid the losses of energies. It concoctions base liquids and
conductive/inductive metals to rheostat heat performance. Nanoliquids are applied in solar energy procuring
devices [1], oil recovery [2], cooling of electronic devices, nuclear reactor, power generation etc. Samrat et al.
[3] examined the Casson nanofluid flow thru stretching sheet in presence of thermal radiation. They reveal that
the viscidness of liquids has tendency to control the flow and enhance the conduciveness. Dogonchi et al. [4]
studied the nanoliquid and its heat flow feature between parallel plates with MHD and radiation. Later,
Sulochana et al. [5] elaborated the MHD radiative nanoliquid flow thru a rotary plane with Soret effect. Maboob
et al. [6] examined the nanoliquids under the effects of MHD, viscidness and stretching parameter. It is
perceived that magnetic effect leads to decrease momentum and increase temperature of the liquid.

During the rapid development and computations in heat transfer nanoliquids do not fulfil the industrial
requirement. It’s due to oxide and metallic nanoparticles were differently used and the conductive efficiency
were diverse, extremely volatile and unstable. So that hybrid nanofluids is implemented to resolve these
requirements. Elattar et al. [7] discussed the computational work on hybrid-nanoliquid with hall current over a
slender stretch area in the occurrence of chemical reaction. Nadeem et al. [8] reported that hybrid nanoliquids
gains higher heat transfer rate as related to nanoliquids. Zainal et al. [9] considered magnetic effects on hybrid
nanoliquids flow thru vertical smooth plate. They reported that fluid momentum increases by rising magnetic
effects while converse act see in thermal profile. Tlili et al. [10] explained the Brownian movement’s impacts to
enhance the thermal field and dissipative accelerate both velocity and thermal profile. Waini et al. [11]
investigated that stable flow of (HNF) hybrid nanofluid above a porous surface. They have fixed Al,Oz volume
fraction and varied the other nanoparticles volume fraction and discussed the dual solutions. Alsaedi et al. [12]
analysed numerically that flow of hybrid nanoliquid among two coaxial cylinders with magnetic effect. Results
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showed that higher volume fraction of Cu leads to decay the thermal profile. Tlili et al. [13] studied the hybrid
nanoliquid flow over irregular dimension surface with slip effect.

The flow of nano or hybrid nanoliquid thru moving needle has been studied. It has very helpful in experimental
studies to determine velocity and heat transfer behaviour. Soid et al. [14] studied the unnatural convection flow
over uninterrupted thin needle in a nanoliquid. The property of needle size on thermal and momentum outline
were investigated. The stability analyse of convective flow to a poignant needle engrossed in a nanoliquid were
reported by Salleh et al. [15]. Sulochana et al [16] was studied boundary layer analysis of moving thin needle in
a nanoliquid with the influence of MHD and joule heating. Waini et al. [17] considered Cu and Al203 as
nanoparticles and H,O as a base liquid flow over poignant thin needle. They investigated that the Brownian
movements leads to enhance concentration of hybrid liquid. Afridi et al. [18] studied irreversibility analysis of
hybrid nanoliquid past a thin needle with dissipative effects.

An unsteady 2D MHD enhanced Carreau hybrid nanoliquid over a stagnation region of moving needle with
chemical reaction is studied. The governing PDEs are condensed into system of nonlinear ODEs. The bvp5c
MATLAB software is used for tables and graphical representation. Moreover, the effects of numerous physical
factors over the flow fields are confer and expressed through graphs. Numerical results of Nusselt and Sherwood
number, friction factor is inspected and displayed thru tables. We have got good results with comparing the
existing literature.

2. Mathematical formulation
Presume a time independent two dimensional MHD flow of Carreau hybrid nanoliquid under the stagnation
region of poignant needle, as depicted in fig. 1. We suppose that (X, I') signifies the axial and radial axis in
cylindrical coordinate system, respectively, where Cis the needle width. The magnitude of needle is as small as

the boundary layer formed on it. Also, we assumed Uy is a uniform velocity of the needle operating in horizontal

direction and U_, is the mainstream velocity. A uniform magnetic field strength Bo is imposed parallel to the
path of motion as revealed in figure. The temperature of needle near boundary is greater than the ambient fluid
temperature i.e.T0 >T_. Simultaneous solutions are deployed for with magnetized effect and without
magnetized effects and irregular heat source effect and radiative impacts are taken into consideration.

Fig. 1: Flow geometry

Under the above conventions, we formulated the following governing equations

0 0
—(ru)+—(rv) =0, 1
8x( ) ar( ) )
ou  ou 10/( éu ,(ouY ,
U—+Vv— |= Z|r=|3(n-Dr2| — -0, Bl, 2
phnf( o 8I‘j Hit I‘@I‘( GI‘J ( ) (arj Ot Bo 2
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the appropriate boundary restrictions are,

u=u, v=0,T=T,C=C, at r:R(x)} -
u—u,T—>T,,C—>C as r=w ’

where U,V are the velocity components along X, Y direction, respectively, R(X) is the needle dimension.

In the energy equation (3) Q"= (kaO I xv, ){A(TW —-T_ )f'+B(T=T,)}, is the irregular heat

source/sink parameter, in which A and B are the coefficients of space and temperature dependent heat source
and sink respectively. The similarity variables in eq. (6) used to reduce the equations (1) - (4) to the non-
dimensional form and the effective nanofluid parameters are described in (7) as

U, r? T-T, C- vV XC
E=voxt (n)in=—2—su=Yrv="Ye6(y) = () = JR(X) = e
VX r r T,-T, CW
Hine 1 Pt _ Ps,
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ey Y ¢>+pf¢< )
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K (ke =k )+ 2k, +k ke 2k, (K, -k, )+,
; ()

(pcs),,  (p05), (pc,)

"o = = ¢2+(l_¢1)(1_¢2)+$¢1(1_¢2)'
<'0Cp)f (’Ocp)f (pCp)f
Ot — |1+ 3051¢51 +¢sz (752 _¢0f

O-sl(l_¢sl)+o-sz (1_¢SZ)+(2+¢)Gf

In the above equation (6) and (7) we notice that, &,I=R(X),®, p,u,k,o and ¢ describes the stream

function, magnitude of the needle, volume fraction, density, viscosity, thermal conductivity, electrical
conductivity and specific heat. The suffixes hnf and f represents the hybrid nanofluid and base liquid case.

The non-dimensional equations are obtained by using eq. (6-7) given by:

O

2 A&(3(n EURDIWWIENY j+A2(ff "~ AMF ) =0, ®)
2A,(76"+6")+ A Pr f0'+(Af '+ B6) =0, ©)
W"n+r//'+SC(Krl//+fTWj:0 (10)
k C

where A = Hrrt A = Phnt A = Ot A = hnf A = (o p)hnf : 1)

P O K (pcp)f
transformed boundary restrictions are
f(c )—— fi(c )—— 0(c)=1 w(c)=latn=c

(12)

. a-4). A, y) ’
f (77)—>T1 9(77)_)5’ W(U)*E as 7 — o

where prime denotes the differentiation with respect to 77 and the dimensionless parameters namely, magnetic
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field, Prandtl number, chemical reaction, ratio of needle velocity to the composite velocity and composite
velocity, respectively are given as

C
: _ (pey)s ;Krzﬂﬂ:u—o;uozuo+um’ , (13)
2U0,0f kf U UO

The physical entities of engineering interest are skin friction coefficient C; , local Nusselt number NUX and local

2
_ Ot B

Sherwood number Sh, which are given as

4cv A (3(n-1) .
Cy, = Rei,z( S We'(f (c))3j
1/2
Nu, = —(ZRCE—_UAZ‘“JH'(C), , (14)
2c'’D, |
Sh, = {TMBJW (c),

where Re, =U x/v, .

3. Conversation of outcomes

In this fragment, the impact of apposite non-dimensional parameters like magnetic field (M ), non-uniform
heat source( A, B)), Weissenberg number(We ), nonlinearity index(n), needle thickness (c)and chemical

reaction (Kr) on f'(77),0(7n)and w (r)are deliberated by plotting the curves and C, Nu, and Sh,
through tables. For the purpose of computational justification, the non-dimensional parameters are assigned the
values asM =2,A=B=0.541=1¢c=0.1,Sc=3,Kr=0.2,n=3We =0.3,¢, ¢, =0.05. The main

drive of this research is to deliberate the comparative outcomes of heat and mass transport mechanism for with
and without magnetic field effect cases.

Figs. 2, 3 & 4 unveil the response of needle thickness on momentum, energy and concentration fields. It depicts
that the rise in needle thickness decreases the flow rate and energy profile whereas concentration fieldsare
enriched. This happens because the needle size perturbs the free stream resulting in the drop of velocity as well
as thermal fields. Figs. 5 - 6 illustrate the reverberations of nonlinearity index on velocity and temperature
profiles. It is documented rise in velocity and fall in temperature. The sway of Weissenberg number is portrayed
in the plots 7 and 8. The fluid velocity decays with extending values of Weissenberg number, while a reverse
trend is experienced in case of thermal distribution. Increasing magnitude of We upsurges the relaxation time
by decreasing fluid velocity. Figs. 9 and 10 put forward the consequences of non-uniform heat source parameter

on thermal distribution respectively. The cumulative values of A and B demonstrate the relation of heat source,
which direct the temperature field to rise.

The graphical trend of y (77) with chemical reaction is displayed in fig. 11. It is noticed that the elevation of
the Kr turns dOWﬂl//(?]). This happens because the molecular diffusivity reduces as the chemical reaction
parameter enhances, resulting in the decline of 1//(77) .Figs. 12 and 13 set forth the impression of ¢l,¢2 on

f'(17)and@(n). The upliftment of the volume of nanoparticles lowers the f '(77)and hikes the 8(77).
Hike in temperature is same for both the cases of magnetic and without magnetic field.

The thermophysical properties of the nanoparticles Nimonic 80 A, Ti6AI4V and the base fluid water are
enlisted in table 1. Further, tables 2, 3 and 4 inscribes the influence of prominent non-dimensional parameters on

C Nu,and Sh, with and without magnetic field cases respectively. Clearly the skin friction factor is

augmented function of nand We, while it is decreasing function of cand ¢, ¢, for both the cases.By table 3
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we reckon that N, C,\Weenhance the rate of heat transfer whereas A, Band ¢,,¢, descends it. Further, it is

noted from table 4 that C,n,We and ¢ amplify the rate of mass transfer while Kr tend to dwindle it for both

with and without magnetic effect cases. Table 5 portrays the validation of the present result for nonlinearity
index upon local Nusselt number with the published literature for limiting cases and we discern a good
agreement between them.
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Table 1 Physio-thermal characteristic of nanoparticles and the base liquid

Physical Property

Nimonic 80A | Ti6Al4V

Water
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C,(J / KgK) 448 0.56 4179
o(S/m) 8.8x10° 58x105 | 21x10°
p(Kg/m?) 8190 4420 997.1
k(W / mK) 112 7.2 0.613

Table 2 Variation in C,, with magnetic effect and without magnetic effect cases

cln|we]| ¢ Cs
M=2 M=0
0.1 -1.317710 | -0.930325
0.2 -1.879418 | -1.338487
0.3 -2.321275 | -1.667191
1 -1.391434 | -0.929356
2 -1.348550 | -0.926519
3 -1.317558 | -0.924020
0.1 -1.234116 | -0.915190
0.2 -1.113789 | -0.896626
0.3 -1.056486 | -0.885359
0.02 | -1.317558 | -0.809218
0.04 | -2.403155 | -0.924020
0.06 | -5.189737 | -1.061504

Table 3 Variation in Nux with magnetic effect and without magnetic effect cases

c|n|We | A|B @ Ny,
M =2 M=0
0.1 1.134889 0.906750
0.2 1.720297 1.385072
0.3 2.249101 1.823452
1 0.854506 0.902346
2 0.876781 0.922604
3 0.898648 0.942840
0.1 0.864666 0.903232
0.2 0.876181 0.925913
0.3 0.882957 0.937388
0.5 0.871793 0.920714
1.0 0.852075 0.893902
15 0.832358 0.867092
0.5 0.895339 0.935331
1.0 0.839310 0.885942
15 0.776377 0.832203
0.02 | 1.462437 1.524467
0.04 | 1.437439 1.516795
0.06 | 1.418020 1.509340

Table 4 Variation in Sh, with magnetic effect and without magnetic effectcases.

c|n|we |K| ¢ Sh,
M=2 M=0
0.1 0.658825 | 0.670567
0.2 0.953467 | 0.969497
0.3 1.194456 | 1.213405
1 0.647406 | 0.662285
2 0.647985 | 0.662365
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3 0.648463 0.662438
0.1 0.650034 0.662721

0.2 0.653173 0.663435

0.3 0.655122 0.663949

0.1 0.648463 0.662438

0.2 0.580375 0.598628

0.3 0.492582 0.518940

0.02 0.648463 0.662318

0.04 0.649703 0.662438

0.06 0.652818 0.662639

Table 5 validation of results for Nusselt number for power law index parameter

n Nu,
Sulochana et al.[19] Present Results
1 1.498468 1.49845
2 3.020768 3.02075
3 4.538099 4.53812
4 6.053664 6.05367

4. Concluding Remarks

Beholding the improved heat transfer ability of the nanofluids the current research article emphasis the
impression of chemical reaction and dissipative effects on MHD nanofluid flow consisting alloys of Nimonic 80
and Ti6AIl4V across needle surface for both with and without magnetic effect cases. Further Matlab bvp5c
software is employed to tackle the occurring set of ODE’s with associated boundary constraints.

The needle thickness is capable of diminishing fluid flow, heat transfer and enriching concentration
description.

The non-linearity index revamp the fluid flow and deteriorate thermal transmission of the nanofluid for
both the cases

The Weissenberg number diminishes the rate of flow whereas the reverse trend isobserved for thermal
distribution.

An impact of magnetic field leads to condense velocity of the flow and enhance thermal field.

Thermal transfer performance of the hybrid nanoliquid is tremendous in the magnetic field effect case
than without magnetic field case.
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