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ABSTRACT. We've developed a molecular assembler, capable of crafting nanowires that exhibit
programmable fluorescence across a broad spectrum of colors, yet in a precisely quantized manner.
The assembler is a dendritic box of a 4™ generation PAMAM dendrimer, P, doped it with Nile red
fluoropore as controller C of PAMAM dynamics and N-terminals of PAMAM molecules are
connected by double ratchet motors, M. Individual PCM assemblers have broad fluorescence band,
but their self-assembled nanowires generate quantized cyan-green, yellow, and orange-red light
emission in the spectra. PCM oscillators yield a versatile photonics applications like bio-imaging
and energy harvesting. As nanowire modulates of photonic bandgaps causing a longer red shift in
solid-phase PCM fluorophores that holds promise for drug delivery and cell separation like infra-
red sensitive operations.
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1. Introduction

To achieve the emission of multiple colors from a single nanowire at different conditions, it is
essential to consider the tunability and programming of the nanowire. This can be achieved through
the use of nanowires with efficient second harmonic generation, acting as frequency converters,
allowing the local synthesis of a wide range of colors via sum and difference frequency generation
(Nakayama et al., 2007). Additionally, the use of nanowires with strong second harmonic
generation response has been observed, indicating the potential for achieving fluorescence at
different color bands in a quantized manner (Rervik et al., 2011). Furthermore, the ability to
encode emission fluorescence enhancement in the structure of nanowires is of high relevance for
achieving the emission of multiple colors from a single nanowire (Zhao et al., 2016).

It is important to note that the behavior of cells on vertical nanowire arrays can impact the
emission of different light colors from a single nanowire. For instance, fibroblast behavior on
vertical nanowire arrays has been shown to reduce cell motility and proliferation rate (Persson et
al., 2013). Additionally, the ability to induce cells to disperse nickel nanowires via integrin-
mediated responses promises to advance applications of magnetic nanoparticles in drug delivery
and cell separation, which could be relevant for achieving the emission of multiple colors from a
single nanowire (Sharma et al., 2015).

Achieving the emission of multiple colors from a single nanowire at different conditions requires
the use of nanowires with efficient second harmonic generation, tunability, and programming
capabilities. Additionally, understanding the behavior of cells on nanowire arrays is crucial for
optimizing the emission of different light colors from a single nanowire. However, for an efficient
multi-color emission, aggregation-induced emission (AIE) and dual-state emission (DSE) of
fluorophore substances are needed for lowering bandwidth and making emission sharp. Currently,
there are attempts to develop single fluorogen polymers that can emit multi-color fluorescence in
the aggregate state to achieve color-tuneability of the systems.?"*AIE is a beneficial strategy for
generating highly effective solid-state molecular luminescence without suffering losses in
quantum yield (Wang et al., 2019). This phenomenon involves nonemissive or weakly emissive
chromophores in solution exhibiting enhanced luminescence in the aggregated states (Tajima et
al., 2019).

The mechanism of AIE is related to restricted intermolecular rotations in the aggregated state that
limit the nonradiative energy decay pathways (Liow et al., 2017). Therefore, if some fluorophores
have dynamics of molecular machines, then the interaction is tunable, and the system can have a
prolonged lifetime profile (see supporting information, PCMS lifetime graph).!*** This molecular
engineering will allow the complex interplay between excitons and charge transfer species in the
solid state. PCM is a donor-acceptor (D-A) based engineered organic oscillator developed from
PAMAM dendrimer (P), Nile red controller (C), and molecular motor (M). While designing our
fluoropore, PCM (Figure 1a), we have attached molecular motors all around its surface. When



subjected to an electrocatalytic synthesis, PCM produces a white powdery solid (deposited from
water) as shown in Figure 1b. The microstructure analysis of this powder was found to have
resulted from an assembly of thread-like nanowires. The solid-state fluorescence analysis of these
nanowires shows the prominent association of cyan-green, yellow, and orange-red light emission
in the spectra. When multiple PCM would bind to form nanowire, molecular rotors of individual
PCM molecules would face each other inside the nanowire.

In a multi-band emission, the system emits electromagnetic radiation through a range of
wavelengths. Each band spectrum has distinct wavelengths, and each emission band can result
from various intermolecular electronic processes in the fluorophores and their dynamics, too. AIE-
based fluorophores have weak fluorescence in dispersion but exhibit strong emission in the
aggregate state, overcoming the aggregation-caused quenching (ACQ) effect (Wang et al., 2015).
Furthermore, AIE materials emit more efficiently while in an aggregated state or solid state (Wang
2022) rather than in a dispersed state (Zhang et al., 2013). Here, in PCM, the absence of the Nile
red fluorophores (Aex 580 nm, Aem 650 nm in aqueous solution) in the vacant dendritic core of P
turns the entire molecule into oscillator PM (Aex 350 nm, Aem 410 nm in aqueous solution). Our
developed double ratchet motor (DRM)**?° is the molecular motor connected to the dendrimer's
N-terminals. The DRM itself produces blue fluorescence and has been designed to perform at
ambient conditions in both solid and solution states, whereas the motor-integrated PCM oscillator
in the aqueous solution produces a long-range fluorescence band (Aex 340 nm, Aem 430 nm), see
Figure 1c. This characteristic broad emission band of PCM covers an extended spectrum from blue
to red lights (360 — 700 nm), while none of its constituent molecules characteristically show such
emission.

AIE molecules also demonstrate fluorescence emission in the aggregation state together with
excellent dispersibility, high resistance to photobleaching, and biocompatibility (Ding et al., 2019).
Additionally, AIE materials have been developed that emit with multiple bands both in the solution
and aggregated state, which is rarely reported (Zhang et al., 2022). The AIE phenomenon has been
considered an effective way to overcome the notorious ACQ effect (Xu et al., 2011).

Moreover, the opposite photophysical phenomenon, aggregation-caused quenching (ACQ),
refers to the phenomenon where fluorophores exhibit reduced emission in the aggregated state
compared to the dispersed state (Sun et al., 2023). The development of materials that realize high
emission efficiency through ACQ-to-AlE transformation has been explored (Sun et al., 2023). The
study of AIE and DSE of fluorophore substances has expanded the family of AIE-exhibiting
fluorophores, opening up new possibilities for various applications in optoelectronics, materials
science, and chemistry.

1.1. Emission bands of different fluorophores can overlap to generate new intermittent
emission bands near their photophysical spectral overlaps



The primary condition of efficient energy transfer in the PCM based nanowire is the close
overlapping of the D emission energy bands with the absorption energy bands of the A. We have
described energy transmission pathway inside PCM.Reerence However, designing a complex
arrangement of D-A is possible where two or more different fluorophores have distinct excitation
and emission bands, forming a resonance energy transfer network. Some fluorophore absorbs and
emits energy from the triplet states at characteristic wavelengths

L oV +
EMF induced |
PCM aggregation
DO 00
I 1 111 f‘é\; | Before
I | { EMF
Q%W applied

d\{}“?}?f? Hl

Microparticle deposition After ?", ;;Z
6952908 §90994 afy 95 B EMF | &

Sy, w%\i’qu ] T 248
e {2 S WL 073 applied | 3

.20 e
620 413 310 248 207 1.77
Emission (eV)

Figure 1. (a) Schematic representation of self-assembly of PCM under electrolysis condition (1.5
V for 10 min); (b) White powder of PCM nanowire; (c) CEES spectra of PCM architectures in
aqueous solution before and after the self-assembly.

. Under certain conditions, the overlapping triplet state energies interact, forming new intermittent
bands from where secondary emissions can occur.'® This new emission band is distinguishable
from the native emission bands of the individual fluorophores; generally, the new emission bands
are found to be developed at the photophysical spectral overlapping zones. We demonstrate this in
Figure 1c wherein, the separation between the newly evolved emission bands and the native
emission bands of the individual fluorophores depends on the overlap of their spectral properties
and energy transfer efficiency. The emission spectra combining process from different
fluorophores can be used for various applications, including multiplexed detection and
imaging.'®!” It can provide valuable insights into interaction processes in biological events.
Notably, the spectral overlaps of individual fluorophores may not depend on the distance of
physical separation of the interacting fluorophores.!'®
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Figure 2. The four left panels (top and bottom) are 2D surface profiles of fluorescence images of
nanowires. 2D emission profile at laser excitation frequency, 400 nm (green), (a) scale bar is 100
mm; (b) scale bar is 10 mm; (c) at laser excitation frequency, 470 nm (orange), scale bar is 10
mm; (d) and at laser excitation frequency, 539 nm (red), respectively; (e)Weighted average
intensity at three nanowire lengths, 100 um (red), 200 pm (green), and 300 pm (blue); (f)
Photoluminescent spectra of PCM in aqueous solution.

2. Results & Discussion

2.1. Aggregation-induced dual-state emitting plasmon material from photonics oscillators

To further substantiate the aggregation-induced dual-state emitting possibility, we study the
fluorescence spectra of individual PCM nanowires. As seen in the images (Figure 2), a nanowire
responds positively to a number of light bands; however, the intensity varies with nanowire length.
We can create clear optical images on these glass-coated films and store them for hours owing to
the non-linear nature of the PCM nanowires, which is illustrated in Figure 2. As a result, films can
be grown for real-time use. Excitation energy transfer substantially impacts molecular systems'
optical and electrical properties. Automated production of massive structures would undergo a
revolution if molecular machines and multi-level switching could accurately translate the work as
intended in the PCM platform. According to our report, multiple dynamics are involved while
creating a series of designs at different stages of self-assembly.!” Although a previous stage
produces the initial seed for the following stage, an inevitable energy-level transition manages the
entire growth process. External control (electric field) and internal control (Nile red to DRM



interaction channel) interact more fluidly than only energy transmission-related dynamics. When
a particular energy level transition is maintained across subsequent self-assemblies, the
interaction's self-similarity provides a fractal growth structure visible in SEM or TEM (Figure 3).

2.2. Dual-state emission by DRM-connected spherical oscillators

The well-studied rotational feature of the motor, 4-((2-methoxyphenyl)ethynyl)naphthalen-1-
amine, has been shown to have properties like a double ratchet motor (DRM).3*** The study of
this motor's combined-excitation-emission spectroscopy (CEES) could validate the phenomenon
through the associated characteristic emission properties.*®! More details about the mechanism of
orbitals level interactions was further studied under a scanning tunneling microscope (STM).*"]
The study also revealed that when multiple molecular motors were placed nearby, their power
stroke (PS) units couple through resonance energy transfer. This information predicts that a
combination of motors in a single platform would significantly influence the global emission of
the system. The investigation was started by synthesizing PCM fluorophore by functionalizing
PAMAM dendrimer with Nile red molecules and 4-((2-methoxyphenyl)ethynyl)naphthalen-1-
amine molecules. The complete PCM structure becomes a spherical particle-like oscillator, and
the electronic energy is transferred from one particle to another by non-radiative mechanisms
known as excitation energy transfer. Such electronic energy transfers occur when two molecules
are close, similar as seen in a dimer compound; one molecule's excited state interacts with another's
ground state.[*!] The contact can cause the organic molecules' excitation energies to change during
this process, changing the system's overall absorption and emission spectra.
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Figure 3. (a) SEM image (inset double helix edge); (b) TEM image; (¢) TEM surface topology;
(d)



Commonly, if fluorophore molecules show some induced aggregation upon some external or
internal inducer effects; such aggregations generally follow J or H type aggregation and
correspondingly result in solid-phase emitting materials known as aggregation-induced emitters;
however, spherical fluorophores cannot join the J or H type aggregation. Therefore, instead of J or
H type aggregation, a spherical molecule follows a close-packing aggregation pattern like ionic
crystals.[*?! According to Figure 3, in the present case, our PCM follows the close-packing
aggregation and produces an aggregation-induced emission. A carrier transmission was observed
along the nanowire length in a chain of motors in the supramolecular PCM. Thus, PCM holds the
property of dual-state emission and response to multiple emission bands.

Our theoretical simulation suggests that the modulation of energy transmission distance (region
of higher density in STM) determines the decay of the stabilized fluorescence states in the
nanowires (see supporting material online). The oscillator strength, which measures a molecule's
tendency to absorb or emit light, can also be propagated between the two molecules as the
excitation energy transfers. Under various circumstances, spherical oscillators can self-assemble
to produce superstructures of various orders and shapes (Figure 3a-c). Additionally, rather than J
and H type aggregates, their spherical shape eases the formation of closely spaced packing.
Therefore, there are astronomical possibilities for the site energy to vary in the monomer's complex
and generate new plasmonic characteristics. Further, oscillator strength is redistributed
proportionately to the monomers and shift of excitation energies. [+*]
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Figure 4. (a) PCM films dispersed in ethyl acetate on Si/Si02, four images were written on film,
corresponding fluorescence 2D profile to their right. Scale bar 100 nm, the vertical column is a
scale for fluorescence colors. (b) Photoinhibition Kautsky plot fluorescence intensity vs. exposure
time for Chlorophyll (red), others from left to right represent PCM films of four densities in panel
a. (c) Response of PCMS film was studied by optically pumping the controller C at 3.10 eV,
fluorescence intensity plotted at four intervals, within 800ns, P denotes peak for PAMAM and S
denotes peak for Sensor.

The PAMAM-based encapsulation, coupled with the fluorophore interaction, enables the PCM
supra structure to enhance the fluorescence stability for several orders of magnitude. The
modulation of threshold intensity using the density of PCM is possible since the motors regulate
the coupling in the nanowire. Therefore, we observe structure-independent features in the films
described in Figure 4. We see four fluorescence scan images that are optically written, as
demonstrated in Figure 4a. Thin films of PCM on a Si/SiO2 surface could be used reversibly to o-
RAM and 0-WORM not only one but pixel-by-pixel images on the same surface. One image is
drawn, and the next is drawn after erasing the previous one. The 2D surface fluorescence profiles
measured by pumping at peaks of M (2.8 eV) show that discrete spaces in the SEM appear joined,
and the photonic superstructure is formed; thus, the DRMs, not only electronically but also
optically couple in the PCM in the entire network. This could be the reason for its photostability.
Now, we carry out a classical Kautsky-type photo inhibition experiment, as demonstrated in Figure
3b; we also plot the chlorophyll control to compare.

Interestingly, we could observe that we cannot edit the threshold exposure time in plant-based
chlorophylls, which we can do by varying density distribution in a single PCM film. The role of
super-clustering of photons is primary, as we find three orders of magnitude differences in the
stability between isolated nanowires and their films. We could see the increasing stability of the
emission of PCM compared to PM, where C is kept absent (Figure 5a-b). The length distribution
is modulated by PCM density, leading to the clustering of fluorescence signals (Figure 5c).
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Figure 5. (a) DRM molecules with PAMAM dendrimer resulted in PM structure that has stable
photoluminescence (PL) properties, the 2D spectrum of time scan emission profile, and PL
intensity profile at various excitation-emission levels (panel a, top and bottom); (b) Controller
molecules (C), Nile red with PM resulted in PCM structure that has dynamic PL properties, the
2D spectrum of time scan emission profile and PL intensity profile at various excitation-emission
levels (panel b, top and bottom); (c) Normalized fluorescence emission wavelength distribution
measured on the single nanowire;(d) The 2D spectrum of PL intensity profile of C encapsulated
PAMAM dendrimer, PC at various excitation-emission levels.

For energy transfer, fractal seeds require a constant rule. In the future, fractal, energy level
transition, and dynamics will be similarly correlated, and we can program much more sophisticated
visible-size self-assembly. For further study, we advanced the PCM structure by including sensor
molecules and produced PCMS. Transient optical pulses applied to the PCMS films at the
absorption peaks of C (3.10 eV) and M (2.8 eV), one could observe that at first, the emission is at
P (2.92 eV) and as a function of time, the emission peak at P decreases, and emission at S increases
(Figure 4c). The complete activity changes from P to S; thus, the role of P as a buffer medium for
the S—>C—M loop is established. Both C and M are potentially equipped to inject noise into the
energy trap cycle and is an important phenomenon to comprehend in fields such as photovoltaics,
photochemistry, and materials science.

3. Conclusion

Encoding an energy transmission in the PCM is a generic tool since one could synthetically edit
the loop complexity & single-state storage parameters by changing the number and nature of its



active components. Triggering a singular optical transition (here 2.15 eV+«+>2.90 eV) by eliminating
noise would find remote applications in molecular robotics.20 We could draw an optical image on
a chip several times and hold that image for several hours. This is an unprecedented optical
information processing demonstrated in any system.

4. Experimental Section

Materials. All reagents and chemicals were purchased from commercial sources and used without
further purification. Air and moisture-sensitive reactions were carried out in oven-dried sealed
glassware under positive nitrogen pressure. NMR spectra were measured in Bruker Avance 111 500
MHz and Jeol 400MHz FT-NMR Spectrometer. Photophysical properties were studied on
HITACHI (U-3900) UV-Vis spectrophotometer and Horiba (Fluorlolog-3) fluorescence
spectrophotometer.

Synthesis of PCM and PCMS. The PCM and PCMS was synthesized based on earlier
reports, %203

Self-assembly of PCM. A stock aqueous solution of PCM compound was prepared and further
diluted it using Milli-Q. An electrocatalysis setup was prepared using a micro-cuvette & Sn
electrode and filled it with dilute PCM solution. The dilute solution was added in microcuvette
and 5 volt ‘dc’ current was passed through Sn electrode for 1-5 min. The white turbidity was
collected at regular intervals, washed with isopropanol, centrifuged, sonicated, and further
analyzed by different spectroscopic techniques.

Solid-state emission experiment: PCM sample was checked with fluorescent microscopy. Best
images were obtained when the substrate was placed on a glass slide or a coverslip. Many long 1D
structures in the direction of the electric field were also observed. For the use of a coverslip
(thickness 0.1mm), an oil immersion lens can be applied to the sample. In addition, fluorescent
images were also observed under various excitations. Experimentally, fluorescent spectra on
microscopic areas on self-assembled dendrimer were measured. The collection volume for
obtaining spectra was nearly diffraction-limited (1 um?).
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