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Nonconventional luminescent materials have been extensively studied in recent years. However, the
ambiguity of their luminescence mechanism seriously hinders their development and the establishment
of detailed structure—activity relationships. Based on this background, polyurethane derivatives (PUs)
with different photophysical behaviors were synthesized by introducing into the backbone either a spiro-
bicyclic structure with an orthogonal conformation of two acetal rings (PU1) or a monocyclic acetal
structure giving a stretched linear conformation (PU2 and PU3). Detailed experimental and theoretical
calculations show that the spirocyclic acetal in PU1 imparts an orthogonal conformation, reducing the
intermolecular contacts, making molecules more inclined to form intramolecular interactions, which are
detrimental to the intermolecular interactions and the aggregation behavior. The acetal ring in PU2/PU3
gives stretched conformations, enabling more intermolecular interactions. Meanwhile, high-temperature
synthesis facilitates molecular aggregation, which indirectly red-shifts the emission. The proof-of-
concept applications in cells and as luminescent inks are reported. Overall, this work contributes new
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understanding of the significance of ring-type structures without m electrons and gives a new

rsc.li/materials-c perspective for the design of nonconjugated luminescent polymers.
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Introduction

Recently, nonconventional luminescent materials without typi-
cal chromophores such as polycyclic aromatic hydrocarbons
or extended m-conjugated structures, instead containing only
electron-rich units (such as N, O, P, S, C=C, C=C, etc.) have
attracted wide attention because of their importance in theo-
retical research and potential applications.'® However, due to
their unique structures and the presence of different lumines-
cent species, the origin and the mechanism of luminescence is
still not unified and is unclear.”*° Most studies have focused
on the through-space conjugation (TSC) formed by overlapping
electron clouds with isolated lone pair electrons.’* However,
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only a few reports have considered how the photophysical
properties of nonconventional chromophores can be affected
by regulating the spatial configuration and conformation, and
by balancing the rigidity/flexibility of the molecules, or chan-
ging the electronic properties. Studies should also include the
internal electron distribution, intermolecular interactions, and
the interaction between molecules and the environment.'>™*®
The importance of incorporating saturated ring structures
(including folded or twisted rings) into the backbone is often
overlooked in nonconventional luminescent materials without
n-conjugated groups. However, unlike benzene or polycyclic
aromatic rings with a large planar conformation, saturated
non-planar ring structures will avoid n-n stacking interactions
which are often not conducive to luminescence, and can retain
their rigidity and unique three-dimensional structures, to assist
in the regulation of the properties of nonconjugated chromo-
phores.’*™* Saturated ring-type structures have been widely
studied to regulate the physicochemical properties of tradi-
tional conjugated molecules. For example, Wang et al. used
norbornene spacer units to restrict conjugation and tune the
emission color in polymers with through-space charge transfer.'?
Jannasch et al. incorporated vanillin with a rigid spiroacetal
structure into an amorphous polyester, which enhanced the T,
and thermal stability of the polymer and improved the oxygen
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barrier performance of its cast film.>® Hong et al. incorporated
spirobicromane units into thermotropic polyesters, influencing
the chain arrangement in the mesomorphic state.*! Ren et al.
reported high-efficiency thermally activated delayed fluorescence
polymers with a spatially confined conjugated backbone.>?
However, this ring strategy is rarely discussed in nonconjugated
luminescent molecules, where most mechanistic studies focus
only on TSC,"" without exploring in detail how such ring-type
structures affect their luminescence behavior. Our group incor-
porated estradiol as a linear ring structure into a polyurethane
(PU) derivative, but there was no comparison in that work with
an orthogonally structured analog.*

Due to the limitations of the theoretical calculation of
electronic structure, the structure-activity relationships of non-
conventional luminescent materials are mainly limited to small
molecular systems.**>” However, compared with small mole-
cules, the segmental structure and richer conformational
changes of macromolecules give them greater potential for
interesting photophysical properties.?* *® More in-depth experi-
mental and computational characterization of macromolecular
systems could lead to more practical and commercial applica-
tions. Based on the above background, polyurethane deriva-
tives PU1, PU2 and PU3 with different luminescent properties
were synthesized by introducing into the backbone either a
spirocyclic bis-acetal structure with an orthogonal conforma-
tion of the two acetal rings (PU1) or a monocyclic acetal
structure with a stretched linear conformation, with parallel
chains (PU2 and PU3). The aim of this study is to clarify how the
ring structure affects the photoluminescence properties at the
molecular level and to deepen the understanding of the inter-
nal working mechanisms of non-traditional chromophores. PU
derivatives are attractive candidates for testing these aspects
because they are readily available polymers with high global
demand and varied applications in everyday life and in
industry.**™*
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Results and discussion
Synthesis

The PUs were synthesized by reacting trimethylhexa-1,6-diyl
diisocyanate, polyethylene glycol monomethyl ether, and diol
monomers (3,9-bis(1,1-dimethyl-2-hydroxyethyl)-2,4,8,10-tetra-
oxaspiro[5.5Jundecane) for PU1 or 1,4-dioxane-2,5-diol for
PU2 and PU3 in one-pot reactions at different temperatures
(75 °C for PU1/PU2, and 130 °C for PU3). The detailed synthetic
routes and structural characterization are shown in Fig. S1-S7
and Table S1 (ESIt). The structures of the PUs (Fig. 1a) were
validated by nuclear magnetic resonance (NMR) spectroscopy,
and the hydrogen atoms in different environments are clearly
assigned (Fig. S3-S6, ESIt). In the Fourier-transform infrared
(FT-IR) spectra, the appearance of characteristic peaks of C—O0,
C-H and C-O-C further proves the successful synthesis of
the PU derivatives (Fig. S7a, ESIt). To exclude the effect of
hydrogen bonding in the aggregates, IR spectra of dilute
solutions of PU2 and PU3 (0.1 mg mL ™' in DMSO) were also
obtained. Fig. S7b (ESIT) shows that that PU2 and PU3 possess
the same characteristic functional groups. Fig. S7c-f (ESIt)
show that all the PUs display a broad amorphous peak centered
near 20° in their X-ray diffraction patterns, consistent with
the disordered hard-segment domains of polyurethanes.*” M,,
values of the PUs were within the range 1877-1963 g mol
(Table S1, ESIt).
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Fig.1 (a) Chemical structures of PU1, PU2, PU3 and the spirobicyclic
acetal (blue) and acetal (orange) starting reagents. The individual polymer
structures are shown in Fig. S1 and S2 in ESL. (b) Emission spectra of PU1,
PU2, PU3, and their photographs under 365 nm UV illumination.
(c) Schematics of the spirocyclic acetal with orthogonal conformation
(left) or the monocyclic acetal with linear conformation (right) in the main
chain of polyurethanes.
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Photophysical and structural properties

Ultraviolet-visible (UV-vis) absorption spectra showed that PU1,
PU2 and PU3 have a broad absorption in the visible region
(Fig. S8, ESIY). Fig. S9 and S10 (ESIT) show the microstructural
morphology of the diol monomers and the PUs measured by
scanning electron microscopy (SEM). The diol monomers have
irregular block-shaped structures. The product PUs, however,
present nanoaggregate structures of varying sizes, which are
more conducive to the spatial electron overlap and the conse-
quent cluster-induced photoluminescence properties.®?%27:43
This could be why the PUs possess high light utilization
properties. Although heating can promote molecular aggrega-
tion and redshift the emission, it is detrimental to the lifetime
and photoluminescence quantum yield QY in the solid state
(Table S2, ESIt). PU1 and PUX synthesized from the same diol
monomer at 75 °C and 130 °C, respectively, both showed very
similar blue fluorescence (Fig. S11, ESIt). Therefore, PUX was
not studied further. However, by simply regulating the reaction
temperature, PU2 and PU3 with the same chemical structure
showed yellow and red fluorescence, respectively, under a
365 nm UV lamp (Fig. 1b and Table S2, ESI¥).

The conformation influences the luminescence of these
PUs. Their powders exhibited wide multi- or single-emission
peaks, which is typical for nonconjugated polymers (Fig. 1b),
due to the presence of various emissive species with different
extents of through-space conjugation (TSC).**™*” To investigate
this difference among the PUs, multi-excitation emission
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spectra were collected. Fig. 2a and b show that solid powders
of PU1 and PU2 exhibit excitation-dependent characteristics,
consistent with luminescent clusters with diverse energy levels.*®
However, in the excitation wavelength range of 325 nm to 605 nm,
the excitation-dependence of PU3 powder is significantly wea-
kened (Fig. 2c and Fig. S12, ESIt). We suspect that this may be due
to closer interactions in the PU3 aggregates, resulting in a more
uniform TSC. Emission spectra of PUs in different solvents were
also collected. As shown in Fig. S13a-c (ESIT) the emission peaks
of the PUs all showed a blue shift trend with the increase of
solvent polarity; it is shown that they all exhibit locally excited (LE)
state excitation characteristics, and PU3 has the most obvious
LE state emission. The relevant discussion is included in the
theoretical calculation section below.

Concentration-dependent absorption and emission spectra
were also obtained. Fig. S13d-f (ESIt) shows that within a certain
concentration range, the PUs display concentration-dependent
absorption enhancement. However, the concentration-dependent
emission behavior is different within the series (Fig. 2d-f). For PU1,
with the concentration rising from 0.1 mg mL ™" to 20 mg mL ",
the emission peak wavelength remained almost unchanged, while
the emission intensity gradually increased (Fig. 2g). However, For
PU2 and PU3, in a certain concentration range, their emission
intensity at 365 nm decreased rapidly after a short rise, and the
emission peak gradually redshifted (Fig. 2h and 1i).

To visualize the luminescence behavior of aggregated states
the microscopic aggregation patterns of the PUs were studied at
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Fig. 2 Emission spectra of (a) PU1, (b) PU2 and (c) PU3 powders with different excitation wavelengths at room temperature. Concentration-dependent
PL spectra of (d) PU1, (e) PU2, and (f) PU3 in DMSO; plots of wavelength and emission intensity versus concentration of (g) PUL, (h) PU2, and (i) PU3 in

DMSO under 365 nm excitation.
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Fig. 3 (a) SEM images of PU1 (a) 0.1 mg mL™2, (b) 5 mg mL™?, (c) 10 mg mL™%,
()5 mg mL™%, (g) 10 mg mL™% and (h) 20 mg mL~* in DMSO solution.

different concentrations in DMSO solution by scanning elec-
tron microscopy (SEM). Fig. 3a-d and Fig. S14 (ESI{) show that
at low concentrations (0.1 mg mL™") sparse nano-spherical
aggregates are the primary morphology of PU1. With increasing
concentration PU1 gradually transforms into non-nanoscale
sheet structures. Fig. 3e-h show that for PU3 as the solution
concentration increased from 0.1 mg mL ™" to 20 mg mL ™", the
morphology gradually changed from spherical nanostructures
to compact cluster structures. Similar morphological changes
to PU3 are also observed for PU2 (Fig. S15, ESIT). However, the
aggregation structure of PU2 at high concentrations is inter-
mediate between a sheet structure and a spherical structure,
and the packing pattern is irregular.

The comparison of SEM results suggests that the difference
in the photophysical behavior of PU1 and PU2/PU3 is closely
related to the evolution of their microscopic aggregation behavior
with an increase in concentration. If the polymer chains show a
highly dense and uniform cluster nanostructure like PU3, this is
more conducive to long-wavelength luminescence. The flocculent
aggregate structure of PU3 helps to uniform TSC, which in turn
stimulate wavelength independence, while the flake/block aggre-
gate structure of PU1/PU2 helps to stimulate wavelength depen-
dence (Fig. 2, 3 and Fig. S15, ESI{). Dynamic light scattering (DLS)
results show that the size of the aggregates of the PUs increases
with the increase of solution concentration, and PU3 solution is
more likely to produce large-size aggregates, which is consistent
with its long-wavelength emission and the largest aggregates
observed in SEM (Fig. S16, ESIt).

However, as mentioned above, the final formation of this
aggregation structure is complex, and future experimental
work may unravel the internal mechanism of this process.
This would be of great significance for the establishment of a
universal non-traditional photophysical theory for noncon-
ventional luminescence. Establishment of a universal non-
traditional photophysical theory for nonconventional lumi-
nescence.

Theoretical calculations

To understand the relationship between the molecular struc-
ture of the PUs and the microscopic aggregation structure and

8526 | J Mater. Chem. C, 2025, 13, 8523-8530

and (d) 20 mg mL~tin DMSO solution. SEM images of PU3 (e) 0.1 mg mL™?,

luminescence behavior at the molecular level, molecular dyna-
mics (MD) simulations were performed based on two repeating
units of PUs using the GROMACS software suite. Hydrogen
bonds are crucial interactions in polyurethane derivatives®®™*
and in related polymers incorporating -NH-C(O)-units.
Thus, the molecular conformation and intra- or inter-mole-
cular interactions in the prepared polymers were investigated
using hydrogen bond interactions as the carrier. Aggregate
systems including 50 molecules of PU1 or PU2/PU3 were
constructed and MD simulations were then performed, includ-
ing three stages: (1) MD1:50.0 ns initial equilibrium at
298.15 K; (2) MD2:50.0 ns heating at the synthesis tempera-
ture; and (3) MD3:50.0 ns annealing at 298.15 K. NEVPT2/MM
calculations based on snapshots from the MD3 trajectory show
that the PUs’ light response originates from the amide moi-
eties. Leading conformations adopted by PU1 and PU2/PU3
show a significant difference, which acts as a dominant factor
influencing the number of intermolecular hydrogen bond inter-
actions. As shown by a representative snapshot in Fig. 4a, the
spirocyclic acetal rings in PU1 impart an orthogonal conforma-
tion (marked as yellow lines in Fig. 4a), which favors intra-
molecular agglomeration of the molecules. Therefore, hydrogen
bond interactions between molecules are reduced, which is not
conducive to forming large aggregates. The radius of gyration (Ry)
during the MD3 trajectory shows that due to the difference in
molecular conformation, PU1 still has a smaller averaged R,
(0.83 nm) compared with PU2 (1.02 nm) and PU3 (0.98 nm), even
with a longer molecular length. The acetal ring in PU2/PU3 gives
stretched conformations (Fig. 4b), enabling more inter-molecular
hydrogen bond interactions. Therefore, it is easier for PU2/PU3 to
form large aggregates with strong electron delocalization and
conjugation.

Further analysis by comparing the statistical number of
hydrogen bonds during the MD simulations is shown in
Fig. S17 (ESIf). With the same synthesis temperature, the
counts of hydrogen bonds in PU1 (121/112/121 for each stage)
are much lower than in PU2 (158/148/157) and PU3 (158, 131, 161).
However, PU1 possesses more oxygen atoms in the bis-acetal
moieties. This points out that intermolecular hydrogen bonding
in these systems is mainly controlled by different conformations

52,53
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feature where the energy level of the n orbital can be adjusted by hydrogen bonding.

adopted by the acetal moieties, not by the number of hydrogen
bond donors. As is revealed by the NTOs in Fig. 4, single electron
excitation from a lone pair orbital (n) of oxygen to a n* orbital of
C=0O0 is the major transition feature, which is summarized as
Fig. 4c. Forming a hydrogen bond may decrease the electron
density occupied by an n orbital and therefore, the n orbital
energy level is increased to give a narrower n—-n* gap (Fig. 4c). This
decreases the energy difference between ground states and excited
states finally contributing to the red shift in the emission wave-
length of PU2/PU3 relative to PU1. To probe the general influence
brought by hydrogen bond interactions on the excitation energy of
the n — w* state, considering that hydrogen bonds are deter-
mined by electrostatic interactions, we applied an external elec-
trostatic field (EEF) on model systems. Taking the direction of the
C=0O0 bond as the z-axis, and the carbonyl group in the yz-plane,
the excited state energy shift controlled by the EEF strength on
three directions was revealed by Fig. S18 (ESIT). The EEF on the x-
direction does not have notable influence on the excitation
energy, compared with the other directions. This indicates that
a * orbital towards the x-direction contributes little to the excited
state energy shift in PU1/PU2/PsU3 systems, which is consistent
with the NTO analysis. However, the excited state energy is highly
dependent on the strength of EEF on the y- or z-directions
(Fig. S18b, ESIY), which corresponds to the n orbitals (lone pair
orbitals of the oxygen atom) being shifted as the number of
hydrogen bond interactions increases, thereby decreasing the S;
excitation energy and red shifting the emission. Moreover, with a
higher synthesis temperature, slightly more hydrogen bond inter-
actions are observed in PU3 (161 after annealing) compared with
PU2 (157). Possibly due to the higher synthesis temperature
promoting a more compact conformation, PU3 has a slightly
smaller radius of rotation than PU2. However, the thermal action
of the polymer chains increases aggregation. Therefore, PU3 has a
denser and more uniform cluster-like microscopic aggregation
structure, which is more conducive to the delocalization of
electrons, and ultimately leads to the longest wavelength emission
for PU3 in this series.

Applications

PUs have excellent solution processability and promising
multifunctional fluorescent applications, enhanced by recent
encouraging biodegradability studies.* Since there are no

This journal is © The Royal Society of Chemistry 2025

extended m-conjugated units in the PUs’ structure that could
lead to cytotoxicity, their future biomedical applications appear
promising. PU3 was selected and water-soluble nanoparticles
(PU3 NPs) were prepared by a solvent exchange method as
described in the ESL{ As shown in Fig. S19 (ESI{), no signifi-
cant change in the viability of mouse hippocampal neuronal
(HT22) cells was observed after treatment with 100 pg mL™"
PU3 NPs for 24 h, indicating their low cytotoxicity. Hydrogen
peroxide (H,0,) is an abundant reactive oxygen species (ROS)
that can freely spread to the interstitial region around cells.
ROS are closely related to a variety of pathophysiological
processes, including cancer, cardiovascular diseases, inflamma-
tion, degenerative diseases, etc. Excessive H,0, accumulation can
lead to oxidative stress in cells and inhibit cell viability, which in
turn affects the therapeutic outcome on various diseases.”> >’
Therefore, the development of biocompatible agents which can
scavenge H,0, will have practical implications. As shown in
Fig. 5a, when treated with H,0,, HT22 cells exhibited dose-
dependent mortality, with approximately 91% cell death observed
at a concentration of 200 pM. Subsequently, to evaluate the effect
of PU3 NPs on the cell destructive ability of H,O, in vitro HT22
cells were incubated with different concentrations of PU3 NPs and
H,0, (0-200 puM) for 24 hours. The viability of H,O, (200 puM)-
treated HT22 cells is low. However, when PU3 NPs were added
to the system, the cell viability gradually increased with the
increasing amount of PU3 NPs (Fig. 5b). At a concentration of
100 pg mL ™", the survival rate increased from 16.8% to 28.9%,
compared to pure H,O,-treated cells, implying that PU3 NPs have
some ability to combat excess H,0,.

For a clearer view of PU3 NPs’ ability to remove H,O,,
fluorescent probes 2’,7’-dichlorodihydrofluorescein diacetate
(DCFH-DA) and dihydroethidium (DHE) were used to monitor
changes in *OH and O,° ", respectively, generated in situ from
H,O0, (Fig. 5¢). Compared to the control group, in the presence
of PU3 NPs, the intracellular concentrations of *OH and O,°~
decreased significantly, showing that PU3 NPs have the ability
to remove H,0,. Although the mechanism by which PU3 NPs
act is not clear at present, this work provides a promising
direction in biomedical applications of nonconjugated/noncon-
ventional luminescent polymers.

As shown as Fig. 5d and Fig. S20 (ESIf), the PUs serve
as assembly modules to convey different images in different

J. Mater. Chem. C, 2025, 13, 8523-8530 | 8527
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(a) Cell viability was measured after HT22 cells were treated with different concentrations of H,O, for 24 h. (b) Cell viability was measured after

HT22 cells were treated with different concentrations of PU3 NPs (0—100 pg mL™Y) for 24 h then incubated with H,O, (200 pM) for another 24 h. (c) PU3
NPs decreased ROS and O,*~ activity induced by 200 uM H,O,-treated HT22 cells in vitro; Ceyznes = 100 pg mL™; scale bars = 50 um. (d) Photographs
of PU1, PU2 and PU3 in daylight and ultraviolet light, and the pixel painting under daylight or 365 nm UV-lamp, respectively. (e) Painting model of the PUs
under daylight and 365 nm UV-lamp. Module 1: photos of PU1, PU2 and PU3 pigments and brushes; module 2: fireworks painted by PU2 and PU3 on
aluminium plate; module 3: sunrise pattern drawn on the glass by PU1 and PU3; module 4: the Eiffel Tower painted on a wooden board by PU2 and PU3.

situations, due to their distinct colors under daylight or a
365 nm UV-lamp. Under ambient light, the painting of a puppy
has an orange background, a flesh-colored body and black ears.
However, when illuminated with a 365 nm UV-lamp, the image
changed strikingly to a dark-yellow background, blue body and
red ears. Besides, due to their ideal viscosity and excellent
luminescence properties can also be used as fluorescent paint-
ing pigments on a variety of substrates, such as paper, metal,
glass, cloth and wood. With the help of molds (Fig. S21, ESIf),
the PUs display different patterns like fireworks, sunrise, world
architecture, etc. on organic/inorganic substrates (Fig. 5e and
Fig. S22, ESIf). The PUs exhibited effective and enduring
adhesion on these substrates. These proof-of-concept results
show the excellent multifunctional prospect of these PUs in the
important contemporary topic of luminescent nanomaterials
for security inks with anti-counterfeiting applications.”®®

Conclusion

In summary, introducing into a PU backbone either spiro-
biacetal rings with an orthogonal conformation, or a single
acetal ring with a linear conformation, has added a new
perspective on how nonconjugated structures affect the lumi-
nescence of nonconventional macromolecules. Detailed photo-
physical characterization and theoretical calculations show that
the primary source of photoluminescence is the amide moi-
eties. Single electron excitation from a lone pair orbital (n) of
oxygen to a m* orbital of C—=O is the prominent transition
feature. Meanwhile, the ring structures are indirectly involved

8528 | J Mater. Chem. C, 2025, 13, 8523-8530

in the regulation of the luminescence by controlling the chain
conformation with a balance of rigidity and flexibility. The ortho-
gonal conformation of spiro-biacetal PU1 reduces the number
and strength of intermolecular contacts, especially H-bonds,
making the molecules more inclined to intramolecular agglom-
eration, which is detrimental to the bulk aggregation behavior.
In contrast, the stretched linear conformation in PU2/PU3 enables
more intermolecular H-bonding interactions which decrease the
electron density of occupied n orbitals, and increase their energy
levels, and consequently the n-n* gap is narrowed. This reduces
the energy difference between ground states and excited states
and finally contributes to the redshifted emission of PU2/PU3,
compared with PU1. Micromorphology monitoring has aided the
visualization of the aggregation and luminescence process. Proof-
of-concept applications of the PUs in cells and as luminescent
inks are reported. This work provides a new strategy for the
development of colorful nonconjugated luminescent macromole-
cules and deepens the understanding of structure-activity rela-
tionships in these materials.
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