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This study reports the novel synthesis of multilayered 3D polymers via the 1,3,5-position coupling of 1,3,5-
tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene  with 1,8-dibronaphthalene, a previously

unreported method. The resulting polymers exhibit both achiral and chiral characteristics, offering
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Accepted 27th January 2025 a unique platform for structural and functional exploration. Comprehensive characterization using ge
permeation chromatography, UV-vis spectroscopy, fluorescence measurements, circular dichroism, and

DOI: 10.1035/d5ra00233h scanning electron microscopy revealed intriguing optical properties and morphological features,
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Introduction

The development of advanced polymeric materials has garnered
significant attention in recent years due to their versatile
applications across various fields," including optics,>® elec-
tronics,* energy storage,”® and material sensors.”*> Among
these innovations, three-dimensional (3D) polymers have
emerged as a particularly promising class of materials,">°
owing to their unique structural characteristics and enhanced
properties compared to traditional two-dimensional poly-
mers.”"*> The ability to engineer the architecture of these
materials at the molecular level allows for the manipulation of
their physical, chemical, and optical properties, making them
suitable for a wide range of applications.

One of the key strategies for synthesizing 3D polymers is
using Suzuki coupling reactions,”?* which facilitate the
formation of complex molecular architectures. The benzene
1,3,5-position coupling method has emerged as a promising
strategy for creating multilayered polymer structures through
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promoting potential applications in photonics, sensors, and materials science.

the selective bonding of functionalized aromatic compounds.
This approach facilitates the formation of robust networks with
desirable mechanical and optical properties. However, its
application in synthesizing multilayered 3D polymers remains
underexplored, highlighting a gap in the existing literature.

Incorporating boron-containing compounds like 1,3,5-
tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene  into
polymer synthesis offers a novel strategy to enhance material
properties. These boron-based building blocks facilitate versa-
tile reactions, such as Suzuki coupling, enabling the creation of
polymers with tailored optical activity and improved mechan-
ical strength when combined with organic compounds like 1,8-
dibromonaphthalene.

Optical activity, a phenomenon where certain materials
exhibit the ability to rotate the plane of polarized light, is
particularly significant in the context of chiral materials.?*®
Chiral polymers have garnered considerable interest due to
their potential applications in photonics,* where they can be
utilized in devices such as optical switches, sensors, and
displays. The capability to finely tune the chiral properties of
polymers through sophisticated synthetic techniques paves the
way for innovative designs in advanced optical materials.
Furthermore, the exploration of circular dichroism (CD) spec-
troscopy empowers researchers to investigate the chiral char-
acteristics of these materials, yielding critical insights into their
structural organization and their interactions with light. This
synergy between precise polymer synthesis and advanced
spectroscopic analysis not only enhances our understanding of
chiral materials but also opens transformative pathways for
their application in emerging technologies.>***

Characterization techniques are essential for elucidating the
properties of newly synthesized polymers. Gel permeation chro-
matography (GPC) determines their molecular weight and
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polydispersity, while UV-vis spectroscopy and fluorescence assess
optical behaviors. Additionally, polarization studies reveal aniso-
tropic properties, and scanning electron microscopy (SEM) visu-
alizes morphological features, connecting structure to function.

This study bridges a crucial gap in the existing literature by
introducing a novel approach for synthesizing multilayered 3D
polymers through a previously unreported 1,3,5-position
coupling method. The resulting polymers possess a unique
combination of achiral and chiral properties, providing an
innovative platform for probing their structural and functional
characteristics. Through a comprehensive suite of characteriza-
tion techniques, we uncover compelling optical phenomena and
distinctive morphological attributes that suggest exciting appli-
cations in photonics, sensors, and advanced materials science.
This work not only enhances the current understanding of 3D
polymer synthesis via innovative methodologies but also paves
the way for the development of functional polymeric materials
tailored for emerging technological applications.

Results and discussion

In the pursuit of synthesizing novel multilayered 3D polymer 3,
a retro-synthetic analysis®* was conducted to evaluate potential
synthetic routes. This analysis is crucial for identifying viable
pathways that not only yield the desired polymeric structures
but also consider the availability and accessibility of starting
materials.

The first proposed synthetic route involves the use of 1,3,5-
tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene 2 and
1,8-dibromonaphthalene 1 as the key building blocks (Fig. 1).
Notably, both of these starting materials are commercially
available, which significantly enhances the practicality of this
synthetic approach. The utilization of readily accessible
precursors not only streamlines the synthesis process but also
minimizes potential delays associated with sourcing specialized
reagents. The 1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)benzene 2 serves as a versatile boron-containing
compound that can participate in cross-coupling reactions,
such as Suzuki coupling, with the electrophilic 1,8-dibromo-
naphthalene 1. This coupling reaction is anticipated to yield the
desired multilayered 3D polymer with a well-defined architec-
ture, thereby facilitating the exploration of its structural and
functional properties. In contrast, the second proposed route
considered the use of 1,3,5-tribromobenzene 2A and 1,8-
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bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalene 1A
as the synthetic precursors. While this route presents an alter-
native pathway to achieve the targeted multilayer 3D polymer, it
was ultimately deemed less favorable due to significant chal-
lenges associated with the synthesis of the latter starting
material. The 1,8-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)naphthalene 1A is not commercially available and requires
complex synthetic procedures that could involve multiple steps
and low yields. The difficulties in procuring this precursor not
only complicate the overall synthetic strategy but also introduce
potential variability and inconsistencies in the synthesis.
Consequently, the second route was abandoned in favor of the
first, more straightforward approach. The decision to proceed
with the first synthetic route is further supported by the
advantages of employing commercially available reagents,
which enhance the reproducibility and scalability of the
synthesis. In addition, the use of established coupling meth-
odologies, such as Suzuki coupling, allows for greater control
over the reaction conditions and product formation.

The synthesis of polymers via 1,3,5-position coupling was
successfully executed, leading to the formation of polymers 3, 4,
5, and 6 (Fig. 2). The starting materials employed for the

synthesis of polymers 3 and 4 were 1,3,5-tris(4,4,5,5-
Br Br
1
X Achiral and Chiral Condition
Bpin
Br Br
Bpin Bpin MeO. OMe
2
1AA

Achiral and Chiral Condition

5(achiral) and 6(chiral)

Fig. 2 Multilayer polymer 3—6. All reactions were carried out with
substrates 1, 2, 2A, Pd(PPhs)4 or Pd[S-BINAPICl, and K,COsz in THF/
H,0 (10:2 mL) for 7 days under Ar.

Fig. 1 Retro-synthetic analysis.
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tetramethyl-1,3,2-dioxaborolan-2-yl)benzene 1 and 1,8-dibro-
monaphthalene 2 and 1,8-dibromo-2,7-dimethoxynaphthalene
1AA. The polymerization reactions were conducted under both
achiral and chiral conditions to investigate the influence of
chirality on the molecular weight and polydispersity of the
resulting polymers.

For polymers 3 and 4, the characterization results under
achiral conditions revealed a number-average molecular weight
(M,,) of 9867 and a weight-average molecular weight (M,,) of 10
168, yielding a polydispersity index (PDI) of 1.030 (Table 1).
These metrics indicate a relatively narrow molecular weight
distribution, suggesting that the polymerization process pro-
ceeded with good control. In contrast, under chiral conditions,
the polymers exhibited a decrease in molecular weights, with
M,, recorded at 7325 and M,, at 7781, resulting in a PDI of 1.062.
The observed reduction in molecular weight under chiral
conditions may be attributed to the potential steric hindrance

Table 1 Results of synthetic racemic polymer and oligomer

Poly-prod  Yield® (%)  M,’ M’ PDI° [a]p2*?

3 54 10168 9867  1.030  —

4 35 7781 7325 1.062  —4(c=0.1)
5 35 8183 5520  1.482  —

6 41 5235 4153 1261  —5(c=0.1)

“ Isolated yield based on substrate 3-6. ” Determined by GPC with
a polystyrene standard. ¢ PDI = M,,/M,,. ¢ In THF; ¢ = g/100 mL.
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and altered reaction kinetics associated with the chiral envi-
ronment. For polymers 5 and 6, the characterization data under
achiral conditions demonstrated M,, of 8183 and an M, of 5520,
leading to a PDI of 1.482 (Table 1). This higher polydispersity
index suggests a broader distribution of molecular weights
compared to polymers 3 and 4, indicating a less controlled
polymerization process. When subjected to chiral conditions,
the polymers exhibited further decreases in molecular weights,
with M,, decreasing to 5235 and M, to 4153, resulting in a PDI of
1.261. The differences in molecular weight and polydispersity
under varying conditions further underscore the influence of
chirality on the polymerization process.

The overall product yields for all synthesized polymers
ranged between 35% and 54%, demonstrating reasonable effi-
ciency in the coupling reactions. These yields indicate the
successful formation of the target polymeric structures, while
also reflecting the challenges inherent in achieving high yields
in polymer synthesis. The optical rotation measurements under
chiral conditions were recorded at —4° and —5° for polymers 3
and 4, respectively. These negative optical rotation values
suggest the presence of chirality within the polymer structures,
which have implications for their optical properties and
potential applications.

We investigated the optical properties of multilayer 3D
polymers with both chiral and achiral architectures using UV-
vis and photoluminescence (PL) spectroscopy (Fig. 3). The UV
absorption spectra for both polymer types exhibited broad
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Fig. 3 (A) UV/vis absorption spectra of 3—6 in THF; ¢ = 0.05 mg mL™*

chromaticity of polymer 3, 5, 6.
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. (B) PL spectra of 3—6 in THF; ¢ = 0.05 mg mL™. (C) Coordinates 1931
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peaks spanning the wavelength range of 270 nm to 450 nm, with
the most pronounced absorption maxima located between
300 nm and 320 nm (Fig. 3A). Notably, all samples demon-
strated a subtle tailing phenomenon beyond 375 nm, indicating
the presence of extended m-conjugation or electronic transi-
tions that contribute to the optical characteristics of these
polymers. In the photoluminescence spectrum, the chiral
polymer designated as polymer 4 exhibited a secondary peak at
approximately 390 nm, which is indicative of specific electronic
transitions associated with its chiral architecture (Fig. 3B). In
contrast, the highest emission peaks for all polymer samples
were consistently observed around 460 nm, suggesting
a common luminescent behavior among the multilayer struc-
tures. The emission profiles exhibited a significant decay, with
luminescence diminishing beyond 650 nm, which aligns with
the expected behavior of such polymeric materials.

In the investigation of the CIE 1931 color coordinates for the
synthesized multilayer 3D achiral and chiral polymers,
a notable phenomenon of chromatic transfer was observed
(Fig. 3C). Polymer 3 exhibited coordinates of (0.15893, 0.20245),
while polymer 4's coordinates were nearly indistinguishable
from those of polymer 3, indicating a significant overlap in their
chromatic properties despite potential differences in their
molecular configurations. This similarity suggests that the
structural characteristics inherent to these polymers may facil-
itate comparable light absorption and emission behaviors.

Conversely, polymers 5 and 6, both of which incorporate
methoxy substituents, displayed distinct color coordinates of
(0.10794, 0.18196) and (0.16188, 0.15944), respectively. The
presence of methoxy groups is known to alter the electronic
distribution within the polymer chains, thereby influencing
their optical properties and resulting in a divergence in colori-
metric characteristics compared to polymers 3 and 4. The
multilayer 3D architecture of these polymers plays a crucial role
in modulating their optical responses. The spatial arrangement
of chromophores within the multilayer structure enhances
light-matter interactions, potentially leading to phenomena
such as energy transfer and exciton migration. These interac-
tions can significantly impact the overall chromatic behavior of
the materials, as evidenced by the varying coordinates. This
study underscores the intricate relationship between molecular
structure, multilayer configuration, and chromatic properties,
providing valuable insights for the design of advanced poly-
meric materials in optoelectronic applications.

We investigated the aggregation-induced emission (AIE)
phenomenon of multilayer 3D polymers through photo-
luminescence measurements in a solvent system comprising
tetrahydrofuran (THF) and methanol (Fig. 4). The exploration of
AIE behavior is particularly relevant for understanding the
optical properties of these polymers, as it can influence their
potential applications in optoelectronics and sensing
technologies.**

For polymer 3, which represents a multilayer 3D achiral
architecture, the fluorescence intensity remained relatively
stable across a methanol fraction range of 0% to 80% (Fig. 4A).
This observation suggests that the polymer maintains its
luminescent properties in mixed solvent environments up to
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this threshold. However, a notable quenching phenomenon was
observed when the methanol fraction reached 90%. This
quenching effect could be attributed to the increased polarity of
the solvent mixture, which can lead to enhanced non-radiative
decay processes and thereby diminish the fluorescence inten-
sity. The stability of the fluorescence intensity at lower meth-
anol fractions indicates that the polymer's structural integrity is
preserved, allowing for efficient radiative transitions under
these conditions. In the investigation of the multilayer 3D
achiral polymer (polymer 4), a notable phenomenon was
observed wherein the introduction of methanol into the solvent
system resulted in the emergence of new small peaks around
640 nm, in addition to the primary emission peak at 475 nm
(Fig. 4B). This spectral evolution, particularly the subtle
aggregation-induced emission (AIE) observed between 0% and
40% methanol, provides valuable insights into the polymer's
photophysical properties.

The appearance of the 640 nm peaks can be attributed to the
formation of excimer or exciplex states, which are commonly
associated with intermolecular interactions in aggregated
systems (Fig. 4B). As the methanol fraction increases, the
polymer undergoes a transition from a solvated state to a more
aggregated form. This aggregation restricts intramolecular
motion, thereby reducing non-radiative decay pathways and
enhancing the radiative transitions of excited states. Conse-
quently, the emission spectrum exhibits red-shifted peaks
characteristic of excimer formation, reflecting the lower energy
transitions associated with these aggregated species. The subtle
AIE phenomenon observed within the 0% to 40% methanol
range indicates an optimal balance between solvation and
aggregation, where partial aggregation promotes enhanced
fluorescence. This behavior suggests that the polymer chains
can achieve a conformation conducive to -7 stacking inter-
actions, leading to increased luminescence efficiency. The
initial increase in fluorescence intensity, coupled with the
emergence of new emission peaks, underscores the complex
interplay between solvent polarity and polymer conformation.
The spectral changes observed in polymer 3 upon varying
methanol fractions highlight the critical role of aggregation
dynamics in modulating its fluorescence characteristics. The
emergence of new peaks at longer wavelengths signifies the
influence of excimer formation and supports the notion that
AIE phenomena are intricately linked to the structural and
electronic environment of the polymer in mixed solvent
systems.

Furthermore, polymer 4, a multilayer chiral 3D polymer,
exhibited a different AIE behavior. The fluorescence intensity
began to quench at methanol fractions between 0% and 50%
(Fig. 4B), indicating a sensitivity to the solvent composition that
is distinct from polymer 3 and polymer 4. Notably, a partial AIE
phenomenon was observed between 50% and 80% methanol,
where the fluorescence intensity exhibited a temporary increase
before undergoing further quenching at 90% methanol. This
behavior suggests that the chiral architecture of polymer 5
could facilitate a unique interaction with the solvent that
temporarily enhances its luminescence before the quenching
effect dominates. The initial quenching at lower methanol

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (A)—(D) PL spectra of 3, 4, 5, 6 in THF/methanol mixtures with different methanol fractions (f,,); ¢ = 0.05 mg mL™%; (E) Stern—Volmer plots

of I/lo and methanol fraction.

fractions could be attributed to the disruption of the polymer's
aggregate structure, which is essential for maintaining
luminescence.

For polymer 5, a multilayer 3D achiral polymer containing
methoxy groups, the fluorescence intensity demonstrated an
increasing trend with rising methanol fractions. Although this
increase was not persistent, the fluorescence intensity remained
higher than the initial level even at a methanol fraction of 90%
(Fig. 4C). The presence of methoxy groups could play a crucial
role in stabilizing the polymer's luminescence properties,

© 2025 The Author(s). Published by the Royal Society of Chemistry

potentially through intramolecular interactions that enhance
radiative transitions. The gradual increase in fluorescence
intensity suggests that the polymer may undergo structural
changes that promote aggregation-induced emission, albeit
with limitations at higher methanol concentrations.

Lastly, polymer 6, a multilayer 3D chiral polymer, exhibited
a pronounced AIE phenomenon when the methanol fraction
ranged from 0% to 80% (Fig. 4D). Although a subtle decrease in
fluorescence intensity was observed at 20% methanol, the
overall AIE behavior remained acceptable and persistent

RSC Adv, 2025, 15, 3227-3236 | 3231
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throughout this range. This observation highlights the robust- optical properties for specific applications in optoelectronics
ness of the chiral polymer's luminescent properties, suggesting and sensing technologies.
that its structural design effectively supports AIE even in varying Subsequent investigations into the optical properties of
solvent conditions. The persistence of the AIE phenomenon in  1,3,5-tri(naphthalen-1-yl)benzene 7 (the trimer) (Fig. 5A)
polymer 6 indicates that the chiral architecture facilitates revealed notable aggregation-induced emission (AIE) behav-
favorable interactions that enhance luminescence, contributing iour, particularly within a methanol fraction range of 0% to 50%
to the polymer's potential utility in applications requiring stable  (Fig. 5B and C). Within this range, the emission intensity of the
optical properties. trimer increased significantly as aggregation occurred, as
The Stern-Volmer plots associated with Fig. 4A-D illustrate demonstrated by the Stern-Volmer plot (Fig. 5D). Remarkably,
the aggregation-induced emission (AIE) phenomenon, particu- even when the water fraction was increased to 90%, the inten-
larly observed in polymers 5 and 6 (Fig. 4E). Polymer 3 exhibits sity ratio (I/I,) remained slightly elevated compared to its values
a decreasing trend in quenching, indicating a reduction in at the initial water fractions of 0% and 10%. This observation
fluorescence intensity, while polymer 4 shows only subtle suggests that the AIE characteristics of trimer 7 persist even
aggregation, as suggested by the minimal changes in fluores- under higher water fractions, indicating its potential stability

cence intensity with increasing water fraction. and enhanced luminescence properties in various solvent
The AIE behaviors observed across the different polymers environments.
underscore the significant influence of both chiral and achiral Moreover, the UV-vis spectral characteristics of the trimer

architectures, as well as the incorporation of functional groups, were found to closely resemble those of the synthesized multi-
on their optical properties. The varying responses to methanol layer 3D polymer (Fig. 5C), indicating a shared electronic envi-
fractions reveal critical insights into the mechanisms governing ronment and similar photophysical behavior. This correlation
fluorescence quenching and enhancement in these multilayer suggests that the structural features inherent to both the trimer
3D polymers. These findings contribute to the broader under- and the multilayer polymer contribute to their optical
standing of AIE phenomena in polymeric materials and pave responses, particularly in the context of AIE. These observations
the way for the design of advanced materials with tailored highlight the potential of multilayer 3D structures for designing
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luminescent materials with tailored properties through careful
manipulation of molecular architecture and aggregation
behavior. The insights gained from these studies contribute to
the broader understanding of AIE phenomena and their rele-
vance in the development of advanced optoelectronic materials.

Dynamic light scattering (DLS) analysis was performed to
investigate the particle size distribution of the synthetic achiral
and chiral multilayer 3D polymers in a THF/methanol (50%/
50%) solvent mixture. The achiral polymer exhibited prominent
particle sizes corresponding to the highest percentage intensi-
ties at diameters of 272 nm and 496 nm (Fig. 6A and C). In
contrast, the chiral polymer, which possesses a similar
substructural framework, displayed peak particle sizes of
222 nm and 406 nm (Fig. 6B and D). These findings highlight
a significant distinction in the aggregation behavior between
the achiral and chiral multilayer 3D polymers. The larger
particle sizes observed for the achiral polymer suggest a more
effective aggregation process, likely driven by favorable inter-
molecular interactions that facilitate the formation of larger
aggregates. This enhanced aggregation could be attributed to
the absence of steric hindrance and the unrestricted packing of
polymer chains, which are often advantageous in generating
robust multilayer structures. Conversely, the smaller particle
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sizes of the chiral polymer indicate a less efficient aggregation
process. The presence of chirality could introduce specific steric
and electronic interactions that inhibit optimal packing and
aggregation, leading to the formation of smaller aggregates. The
reduced aggregation efficiency in the chiral multilayer 3D
polymer could have implications for its structural integrity and
functional properties, particularly in applications where larger,
more stable aggregates are advantageous. Moreover, the char-
acteristics of multilayer 3D chirality could further influence the
material's properties, such as its optical behavior and
mechanical strength. Chiral architecture can induce unique
interactions among the layers, potentially affecting the overall
stability and performance of the polymer. These chiral effects
are crucial for the design and optimization of multilayer
systems, as they can significantly impact the material's appli-
cability in advanced technologies. The observed differences in
particle size distribution between the achiral and chiral poly-
mers underscore the critical role of chirality in influencing
aggregation behavior within multilayer 3D structures.
Scanning electron microscopy (SEM) analysis of the
synthetic chiral multilayer 3D polymer, synthesized via 1,3,5-
position coupling, reveals distinct morphological differences
between chiral and achiral systems (Fig. 7A-D). The SEM images
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(A) and (C) SEM picture of polymers 3 and 4. (B) and (D) SEM picture of polymers 3 and 4. (E) CD spectra of polymer 3 (0.02 mg in

methanol). (F) Aggregation of induced polarization (AIP) of polymer 3 in THF and methanol mixture.

indicate that the achiral multilayer 3D polymers exhibit larger
particle sizes compared to the chiral polymers. Notably, achiral
polymers predominantly display a rock-like morphology, sug-
gesting uniform aggregation, whereas chiral polymers demon-
strate a mixed morphology of both rock-like and spherical
particles. This variety in shape and size, supported by dynamic
light scattering (DLS) measurements, reflects the asymmetric
nature of chiral structures and highlights the role of chirality in
influencing polymer aggregate size and morphology.

Circular dichroism (CD) spectroscopy was employed to
investigate the chiroptical properties of the synthetic chiral
multilayer 3D polymer 4 (Fig. 7E). The observed subtle Cotton
effect within the wavelength range of —2 to 2 indicates the
presence of chiral conformations within the polymer structure,
albeit with limited intensity. This subtle signal suggests that the
chiral arrangement of the polymer chains may lead to weak
interactions that influence the electronic transitions of the
chromophores embedded within the multilayer architecture.
Furthermore, the aggregation-induced polarization (AIP)

3234 | RSC Adv,, 2025, 15, 3227-3236

phenomenon was noted when the methanol fraction was varied
between 0% and 25% (Fig. 7F). This observation implies that
the solvent environment plays a critical role in modulating the
aggregation behavior of the chiral multilayer 3D polymer. The
increase in methanol content likely facilitates the formation of
more defined aggregate structures, enhancing the chiral
response and leading to observable polarization effects. These
observations highlight the intricate relationship between
solvent composition, polymer aggregation, and chiroptical
properties in multilayer 3D chiral polymers. The ability to
manipulate the chiral properties through solvent-induced
aggregation presents potential avenues for optimizing these
materials for applications in chiral sensing, catalysis, and
optoelectronics.

Conclusions

In conclusion, this study successfully synthesizes multilayered
3D polymers through the novel 1,3,5-position coupling of 1,3,5-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene and
1,8-dibronaphthalene—a previously unreported methodology.
Characterization techniques, including GPC, UV-vis spectros-
copy, CD spectroscopy, and SEM, reveal significant achiral and
chiral properties, highlighting the polymers' potential applica-
tions in photonics, sensors, and materials science. This work
enhances the understanding of 3D polymer synthesis through
innovative coupling strategies and highlights the significance of
chirality in influencing polymer properties. The insights gained
from this research not only enhance the existing knowledge
base but also pave the way for future investigations aimed at the
development of oriental chirality,* turbo chirality,> and
advanced functional polymeric materials tailored for specific
applications.***® Ultimately, this study underscores the poten-
tial of multilayered achiral and chiral polymers in driving
innovation across multiple scientific disciplines.
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