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Introduction

Cluster-induced aggregation in polyurethane
derivatives with multicolour emission and
ultra-long organic room temperature
phosphorescencef

2 Ke-Xin Li,? Jia-Jun Wang,® Chen-Sen Li,° Xiao-Yu Xu,®
*@ and Martin R. Bryce (2 *¢

Nan Jiang,
Yan-Hong Xu

Non-conjugated luminescent polymers (NCLPs) have the advantages of simple synthesis, optical
tunability, and excellent processability. However, the underlying luminous mechanism in NCLPs remains
obscure and it is a considerable challenge to obtain NCLPs with ultra-long phosphorescence lifetime
and multicolour emission simultaneously. In this article, linear polyurethane derivatives (PUs) with
cluster-induced aggregation, multicolour luminescence and ultra-long phosphorescence have been
prepared by simply adjusting the reaction temperature and the reaction time. DFT calculations and
molecular dynamics simulations provide elaborate microstructural information on the PUs. With the
synergistic effect of abundant hydrogen bonding interactions, through-space dative bonds, short
interatomic contacts and oxygen clusters various luminous clusters are formed. The energy level
splitting caused by clusters with different extents of spatial conjugation endows the NCLPs with
multicolour clusteroluminescence, promotes intersystem crossing (ISC), and stabilises the triplet excited
state, and finally an ultra-long room temperature phosphorescence (RTP) lifetime of 0.45 s is attained.
Experimental encryption/decryption models validate the potential of the PUs in information security. The
results have important implications for understanding the intrinsic mechanism of unconventional
luminescence in the absence of any traditional conjugative units or heavy atom effects, and they provide
a new horizon for the strategic design of multicolour luminescence and ultra-long phosphorescence in
NCLPs for a range of practical applications.

often limited to the short wavelength region, whereas it is
difficult to achieve long wavelength luminescence.'® More

Non-conjugated luminescent polymers (NCLPs) that consist
entirely of non-conventional chromophores have attracted exten-
sive research attention in the fields of optoelectronic devices,">
biological imaging,>* optical/chemical sensing®® and other
topics”'® due to their simple synthesis, easy modification,
environmental friendliness, excellent processability and proven
practical applications.'*™® However, the emission of NCLPs is
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importantly, it is especially challenging to obtain NCLPs with
ultra-long phosphorescence lifetimes.’””*° Therefore, tunable
luminous colour and long phosphorescence lifetime are targets
for fundamental and practical advances.

Intersystem crossing (ISC) from singlet excited states to
adjacent triplet states plays an essential role in phosphores-
cence.’’ However, ISC in organic compounds is generally
less effective than in organometallic compounds where the
metal ions play a key role. Therefore, activating ISC is a major
challenge for NCLPs and is a prerequisite to obtain ultra-long
phosphorescence.?'>* There are two common ways to promote
ISC: (i) large spin-orbit coupling (SOC) and (ii) small singlet-
triplet splitting (AEgp).>**> On the one hand, introducing
electron-rich carbonyl groups and other units containing het-
eroatoms (e.g., O, N, S, and P) can increase the charge constant,
so that the S; of the phosphor is dominated by (n, *) and the
nearest low-lying T, is dominated by (=, n*), thereby promoting the
spin-allowed ISC*® and obtaining ultra-long phosphorescence.>” "

This journal is © The Royal Society of Chemistry 2024
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On the other hand, due to the energy level splitting of cluster
aggregates in NCLPs, more ISC channels can form, which can
promote ISC and a smaller AFEgr.®* In addition, the spatial
conjugation and rigid conformation brought about by strong
non-covalent interactions and short contacts in aggregate
clusters®>*—8 can inhibit molecular motion, bond rotation and
non-radiative decay, thereby preventing the usual quenching of
triplet excitons under environmental conditions.*® However,
the excellent potential of NCLPs remains to be developed for
ultra-long phosphorescent materials.

In this work, cyclopropylboronic ester units are introduced
into linear polyurethane (PU) backbones for the first time.
A series of molecular-weight-dependent cluster multicolour-
luminescent PU derivatives were obtained with identical
chemical structures by simply controlling the reaction tempera-
ture and the reaction time during their synthesis (Fig. 1). The
cyclopropylboronic ester units play an important role. First,
electron-deficient boron atoms***' should effectively promote
the through-space conjugation of the lone pair electrons on the
PU chains. At the same time the cyclopropyl ring can control
the 3D structural rigidity of PU molecules**™* and limit the
intramolecular rotation and vibration of the PU chains, pro-
moting the formation of clusters and the spatial conjugation of
electron clouds, giving rise to luminescence. Moreover, the
stability of triplet excitons is enhanced which should prolong the
phosphorescence lifetime, by analogy with aromatic materials.*>*°

With the increase of molecular weight, the PU changes from
a relatively free state to a weakly aggregated state and then to a
strongly aggregated state. The latter structure can enhance the
degree of spatial conjugation, thus narrowing the energy level
gap and leading to a red shift in the emission. In addition, the
rigid conformation caused by non-covalent interactions, such
as entangling and abundant inter/intra-chain multiple hydro-
gen bonds, can effectively inhibit non-radiative transitions.
As shown in Fig. 1, PUB, PUG, PUY and PUR emit blue, green,
yellow and red fluorescence, respectively, under 365 nm UV
light. Moreover, the PUY with the highest molecular weight and
the most densely aggregated structure shows a remarkable
phosphorescence lifetime of 0.45 s which (to our knowledge)
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Fig. 1 Synthesis of the PUs and fluorescence photographs of the corres-
ponding powder samples under 365 nm UV illumination (B = blue; G =
green; Y = yellow; and R = red).
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is the longest lifetime for pure NCLPs reported to date
(Table $1, ESIf).!71847750

Results and discussion
Synthesis

By simply regulating the reaction temperature in one-pot reactions,
monomolecular multicolour polyurethane derivatives (PUs) PUB,
PUG, PUY and PUR were obtained. Nuclear magnetic resonance
(NMR) spectroscopy shows that the PUs are well-structured materi-
als. Their chemical compositions were shown to be the same
(Fig. S1, ESIT). However, their -NH peak positions were different,
suggesting that their different luminescence properties might
come from the differences in hydrogen bonding patterns. The
characteristic peaks in the FT-IR spectra also demonstrate the
successful synthesis of the PUs (Fig. S2, ESIf). The molecular
weight of the PUs is studied by gel permeation chromatography
(GPC) (Table S2, ESIY), and the optical results show that lumines-
cence gradually changed from blue to yellow with the increase in
the molecular weight. The above results show that the PUs are
molecular weight-dependent polychromatic luminescent materials.
It is strange that the molecular weight of PUR was slightly reduced
compared to those of PUB, PUG and PUY, which may be because
the high reaction temperature makes the addition polymerisation
to occur too rapidly, which is not conducive to the generation of
long-chain segments. However, a higher temperature intensifies
the aggregation of the polymer chains, so PUR shows the longest
wavelength (red-light) emission.

Photophysical characterisation of PUs

The solid-state absorption spectra of the PUs and cyclopropyl
boric acid monomer are shown in Fig. S3 (ESIt). As the reaction
temperature increases, the spectrum of the PUs gradually
widens and extends to longer wavelengths that are more
favourable for light absorption. As the reaction temperature
increases, the PU chain structure gradually changes from a
relatively free state to a weakly aggregated state, and then to a
strongly aggregated state. The latter state will significantly
promote the through-space conjugation of electrons, thus
narrowing the energy level gap.’” Indeed, as the energy gap
decreases from 3.22 eV to 1.51 eV, the emission redshifts
and widens (Fig. S3 and S4a, ESIt). Due to the lack of any large
n-conjugated units, these PUs are -clusteroluminescent
materials."” As seen in Fig. S5 (ESIt), the PUs all show typical
excitation dependence characteristics; their emission gradually
moved towards longer wavelengths with the increase of an
excitation wavelength. To probe the excitation dependence in
more detail, the PUs were studied by fluorescence microscopy.
As shown in Fig. 2, fascinating colourful emission behaviour
was observed at different excitation wavelengths and emission
acquisition bands. This implies the existence of different
emission species in the PU system, which will be discussed in
detail at the later part of this section.

Unexpectedly, PUY has a remarkable ultra-long room tem-
perature phosphorescence (RTP) lifetime observed by the
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Fig. 2 Fluorescence microscopy images of (a)-(c) PUB,
(g)—(i) PUY and (j)—=() PUR in the solid state.

naked eye over 3 s at room temperature. The time-resolved
spectrum (Fig. 3(a)) shows that in the phosphorescence mode,
PUY emitted at a Ay of 550 nm. After the light source was
turned off, the emission redshifted to a 4,,x of 603 nm, and the
phosphorescence lifetime was 0.45 s (Fig. 3(b) and ESL¥
video 1). Like the steady-state fluorescence spectrum, the
phosphorescence spectrum also shows excitation dependence
in the 400-800 nm range at excitation wavelengths /., of 325-
565 nm (Fig. S6, ESIt). These data further suggest that there are
a variety of emission aggregates in the PU system that can be
excited by the excitation light of different energies. "' 13271733

To gain insight into the phosphorescence mechanism of
PUY, the emission spectra of PUY powders at 77 K were
characterised. As shown in Fig. S7a (ESIt), the phosphores-
cence of PUY at 77 K is red-shifted compared to room tempera-
ture, while maintaining excitation dependent properties (Fig. S7b,
ESIt). From the steady-state spectra at 298 K and 77 K (Fig. S7a,
ESIT) there is a small energy gap (0.32 eV) between the S; and
T; states, which can promote the ISC and reverse intersystem
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Fig. 3 (a) Time-resolved delayed spectra of the PUY powder sample.

(b) Lifetime curve of PUY. Inset: Phosphorescence images of PUY under a
365 nm UV lamp.
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crossing (RISC) processes between S; and T, thereby extending the
exciton lifetime.** The influence of trace residues such as mono-
mers and catalysts on NCLPs’ luminescence is controversial. For
this reason, the emission spectra of the cyclopropyl boronic acid
monomer and the catalyst DABCO were collected at varying
excitation wavelengths. The PL spectra showed no long-wave-
length emission except for interference (Fig. S8, ESI{).>>

To better explain the excitation dependent emission princi-
ple of PUs, the emission lifetime of PUY was collected at
different excitation wavelengths at 298 K. As shown in Fig. S9a
(ESIT), at Aex of 365 nm and 405 nm PUY emits RTP with
lifetimes of 0.34 s and 0.36 s at 550 nm and 568 nm, respec-
tively. In addition, the lifetime of PUY in the steady-state
spectrum at 77 K has also been studied (Fig. S9b, ESI}), with
the main peak at 554 nm having a lifetime of 0.70 s under
365 nm excitation, and the shoulders at 366 nm and 401 nm
having lifetimes of 0.37 s and 0.38 s, respectively. The above
photophysical characterisation results prove that the excitation
dependent characteristics come from different emission spe-
cies, which is a major feature of non-conjugated polymers.**™¢
As the absorption range of PUs after polymerisation is
greatly expanded (Fig. S3, ESIt), different aggregation chain
segments can be excited by light of different wavelengths, so
the PUs can present different emissions under different excita-
tion conditions.

Morphological properties of PUs

In the wide-angle X-ray diffraction (WAXD) experiments (Fig. S10,
ESIY), all four samples show broad peaks at about 20°, which is the
characteristic of a polyurethane skeleton.>® However, the peaks are
of different intensities and widths, indicating that the interchain
hydrogen bonding interactions differ in these PU samples, indicat-
ing that the PUs have different stacking structures. To establish the
microscopic aggregation behaviour, scanning electron microscopy
(SEM) images were obtained.

As shown in Fig. 4, PUB has a sparse nanosphere structure.
With the increasing molecular weight, PUG has large-sized
nanowire aggregates and PUY shows a dense super-clustered
structure. At the same time, the luminous efficiency of PUY
(3.3%) is also the highest among this series (Table S3, ESIT).
However, PUR, which has the highest reaction temperature
during the preparation process, presents a flat sheet structure.

A high temperature is conducive to the PU chain segments
tending to aggregate,”* so PUR presents the most red shifted
luminescence among the PUs at 130 °C. However, according to
the mechanism of addition polymerisation, excessive tempera-
ture is not conducive to the formation of long chain segments;
therefore, PUR has the lowest molecular weight among the PUs.
In addition, it is noted in Fig. S5 (ESIT) that only the excitation
dependence characteristics of PUR are greatly reduced. This
also corresponds to the microstructure of the PUs observed
in Fig. 4. Compared with the nanosphere/nanowire/super-
nanocluster aggregation structure of the other three products,
only PUR presents a large-sized flat sheet structure, which
we speculate that it is very unfavourable to electron conjugation
in non-traditional chromophores and will not lead to the

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 SEM images of (a) PUB, (b) PUG, (c) PUY and (d) PUR in ethanol
(20 mg mL™).

formation of multiple kinds of luminous clusters. Besides,
from Fig. S5 and Table S3 (ESIf), it can be concluded that
although this kind of high-temperature polymerisation can
redshift the emission of PUs without affecting the luminous
intensity, it may be that the high temperature makes the
polymer chain segments too bent and twisted (Fig. S10d, ESIt)
which is not conducive to the luminous efficiency.

For NCLPs, the final aggregation structure is more influen-
tial than the isolated chemical structure on the photophysical
properties of the material.*>?%*%°>%% Thus, although the PUs
have the same chemical structure, they show different micro-
scopic aggregation structures due to different molecular con-
formation and aggregation behaviour (Fig. 4). Combining
the microscopy results and the photophysical data above, we
propose that tight nanoaggregated structures effectively
increase the conjugation and redshift the emission. Compared
with the flat sheet structure, the dense super-cluster aggrega-
tion is more conducive to the through-space conjugation of the
electron clouds, thus promoting the spin-orbit coupling and
ISC processes, and finally obtaining the ultra-long phosphor-
escence of PUY. Among PUs, only PUY has a super-cluster
microscopic conformation: this structure allows the chromo-
phore units to approach each other more freely, thereby
increasing the chance of contact between the lone pair elec-
trons and the n electrons, which further enhances electron
delocalisation, finally obtaining excellent ultra-long RTP. This
will be further discussed in detail in the luminescence mecha-
nism studies below.

Mechanism of luminescence

To probe the multicolour luminescence mechanism of PUs, the
highest occupied and lowest unoccupied molecular orbital
(HOMO and LUMO, respectively) levels of the PUs were studied
by cyclic voltammetry (CV).>® Fig. S11 and S12 (ESIf) show the
CV curves of PUB, PUG, PUY and PUR and the corresponding
calculated HOMO and LUMO levels. Table S4 (ESIf) sum-
marises the Eyomo and Epymo values. These results further

This journal is © The Royal Society of Chemistry 2024
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prove that with the increasing reaction temperature, the
HOMO-LUMO gaps gradually decreases, which is consistent
with the emission trend in Fig. S4a (ESIt). Luminous clusters
with new orbitals diversify the HOMO-LUMO gaps after aggre-
gation and give rise to the remarkably colourful luminescence
of the PUs and to the ultra-long phosphorescence of PUY.

To further explore the clusteroluminescence mechanism,
density functional theory (DFT) was used to optimise the
conformation of the PUs based on two repeating units at the
B3LYP/6-31G(d) level. Fig. S13 (ESI{) shows the HOMO/LUMO
electron clouds. The data show that through-space conjugation
exists in the PUs.’® Fig. S14 (ESIf) shows that there are a
large number of hydrogen bonding interactions (such as
C-H---O—C, C-H:-‘N and N-H:--N), through-space dative
bonds (carbonyl oxygen/ether oxygen to B atoms) and short
contacts.””’° Table S5 (ESIf) shows the many short-range
O- - -O interactions, suggesting that many oxygen clusters exist,
which would facilitate the overlap of electron clouds, then
enhancing spatial conjugation, rigidifying the conformation,
and finally stabilising excitons.*®

To evaluate the interatomic interactions more accurately,
the Materials Studio software was used to build the equilibrated
model of the PUs (Fig. S15 and Video 2, ESIt). The simulation
box is shown to represent periodic boundaries. 35 molecules
were invested in the construction process, resulting in a total of
10 AC boxes. The structure was then subjected to 10 000 energy-
minimisation iterations using the smart algorithm to rule out
unreasonable contact situations, such as overlapping parts and
overly dense contact between molecules. More details are
included in the ESLt The radial distribution function g(r) of
boron (B) and oxygen (O) was obtained by molecular dynamics
simulations. The radial distribution function (RDF) analysis
shows that there are many through-space coordination inter-
actions between boron and oxygen atoms in the PUs, which
would facilitate the luminescence behaviour. The intermolecu-
lar interactions of B and O atoms are shown in Fig. 5(a) inset
images. As shown in Fig. 5(a), the position corresponding to the
first peak value is consistent with a distance of 1.444 A between
B and adjacent O atoms in the single molecule optimised by the
DFT calculations in Fig. 5(a), suggesting that there are a large
number of strong B - -O short-range spatial correlations within
the PU molecules. In addition, from the corresponding posi-
tions of the second and third peaks, the distance between the B
and O atoms is in the range of 2.91 to 3.57 A, which is smaller
than the corresponding van der Waals distance (3.65 A).
A maximum distance of 3.57 A is derived from the distance
between the B and O atoms (Fig. 5(a)).

There are extensive and complex interactions between the
PU chains. Overall, the synergistic effects of non-covalent
interactions, oxygen clusters and through-space dative bonds
enable the PUs to form and stabilise various luminescent
clusters, resulting in the splitting and coupling of the molecu-
lar orbitals, the generation of new molecular orbitals and ISC
channels,®® culminating in the excitation-dependent properties
and the remarkable ultra-long phosphorescence, as shown in
Fig. 5(b).
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Fig. 5 (a) Radial distribution functions of B and O atoms in PUs by

molecular dynamics simulations. Inset: The average inter- or/and intra-
chain distance between the B and O atoms in the PUs (C-gray; H-white;
N-blue; O-red; and B-pink). (b) Jablonski diagram explains the multicolour
emissions and ultra-long phosphorescence of PUs.

In addition, the spin-orbit coupling (SOC) constant between
the S, state and the T, state has been calculated using ORCA
5.0.3 after the S; state was optimised with Gaussian 16.
As shown in Table S6 (ESIf), the PUs possess very large SOC
coefficients, which will undoubtedly contribute to the more
active electron-exchange.®'"®* Strangely, under such a premise,
only PUY has phosphorescence properties. It can be seen that
for NCLPs that emit by electron cloud conjugation, the micro-
scopic aggregation structure that the materials eventually adopt
is a decisive factor in determining their final properties.

Applications

RTP materials have unique advantages in the fields of advanced
information storage and transmission. To demonstrate a prac-
tical application of the PUs, two proof-of-concept information
transmission models were prepared. Fig. 6(a) shows an adver-
tising board for socks. The red socks were painted with PUR,
and letters S and O were painted with PUY and letters C and K
were painted with another polyurethane material with similar
fluorescence to PUY. When the ultraviolet light was turned on,

Fig. 6 The application of PUs for encrypted information transfer models.
(a) Schematic diagram of an advertising board. (b) Schematic diagram of
the Morse code.
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the word “SOCKS” was displayed; however, when the UV light
was turned off, the emergency “SOS” distress message was
revealed. Fig. 6(b) shows an information storage and the
transmission model based on the Morse code. Dots and lines
were painted with PUY and with another polyurethane material
with similar fluorescence to PUY. Different combinations of
dots and lines represent different letters. When the UV light
was turned on, the fluorescence code was decoded as the
general information “FORK”, but after turning off the UV light,
the phosphorescence code sent an ‘“SOS” message.

Conclusions

In summary, electron-deficient boron atoms have been intro-
duced into polyurethane main chains. The resulting PUs
(PUB, PUG, PUY and PUR), which have no aromatic rings or
traditional chromophore units or heavy atoms, show multi-
colour emission (blue, green, yellow and red) relying solely on
regulatory molecular aggregation. The main breakthrough is
that PUY also exhibits an ultra-long room temperature phos-
phorescence lifetime of 0.45 s which (to our knowledge) is the
longest lifetime for pure NCLPs reported to date. In-depth
experimental and theoretical analyses have shown that the
synergy of inter/intra-molecular hydrogen bonds, through-
space dative bonds and oxygen clusters is the root cause of
multicolour fluorescence and ultra-long phosphorescence.
The results have important implications for understanding
the intrinsic mechanism of unconventional luminescence
in the absence of any traditional conjugative units or heavy
atom effects. This work demonstrates new horizons for NCLPs
with simultaneous panchromatic emission and ultra-long RTP.
Furthermore, a proof-of-concept demonstration of the new PUs
in information storage and multi-level encryption paves the way
for enhanced properties and applications of NCLPs by fine-
tuning the structural morphology. PU derivatives are topical for
these future studies as progress is being made in their use as an
eco-friendly alternative to non-biodegradable plastics.®*
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