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Spatially Confined Single-Phosphor Multichromatic
Afterglow Based on Cyclodextrin Self-Assembly

Jinlong Yue, Bo Qiao, Yong Chen, Xu Pan, Xiaolu Zhou, Lihua Wang, and Yu Liu*

There is extensive research interest in sustainable, high-performance
persistent luminescent materials, featuring tunable organic afterglow and
stimulus responsiveness, owing to their broad application potential. However,
despite significant efforts by the scientific community, the value of
single-phosphor systems in achieving efficient persistent luminescence
through multiple responses is not widely recognized. This work constructs a
supramolecular self-assembled system featuring multicolor phosphorescence,
fabricated by incorporating (4-(pyridin-4-yl)phenyl)boronic acid (PB3) into a
biomass-derived, macrocyclic -cyclodextrin (5-CD) via multiple
intermolecular interactions. Notably, the resulting PB3 @ -CD assembly
exhibits both excitation-dependent and visible-light excitation capabilities,
with an excitation wavelength range spanning 240-420 nm. When excited by
white light, the afterglow persists for up to 3 s. Furthermore, the coexistence
of isolated and aggregated states of PB3 within the §-CD matrix causes the
guest molecules to emit diverse afterglow colors under different excitation
conditions. Compared to other matrices, PB3 in the 8-CD matrix exhibits blue
phosphorescence emission under 260 nm excitation and yellow-green
phosphorescence emission under 360 nm excitation. It also maintains
phosphorescence emission even at elevated temperatures (162 °C), a rare
combination that significantly enhances functional diversity. The responsive
nature of the biomass-based system enables the dynamic regulation of
room-temperature phosphorescence (RTP) signals, supporting secure data

electronics.**] Most of these molecular
structures have been tuned through in-
creasingly sophisticated molecular design
principles or crystalline engineering to in-
hibit nonradiative transitions.[*/However,
the crystallization process requires a
lot of time and very harsh conditions.
Desired room-temperature phosphores-
cent materials typically (1) introduce
heteroatoms in conjugated structures
containing n-z* states to facilitate inter-
system crossing (ISC) processes;/1012]
(2) create more rigid environments with
effective oxygen barrier capabilities,*14
including host-guest doping,>81 poly-
merization, supramolecules,'! and porous
frameworks to suppress triple exciton
non-radiative attenuation; (3) modulate
intermolecular interactions to manipulate
molecular stacking achieving suppres-
sion of non-radiative attenuation.?*!]

Organic persistent light-emitting (OPL)
materials with tunable emission colors can
gather more information and achieve multi-
ple responses through the manipulation of
external stimuli, such as mechanical force,
heat, light and pH.[?2"?"] In addition, molec-

processing.

1. Introduction

Phosphorescent materials that emit light for long periods
of time at room temperature, ranging from a few mil-
liseconds to several hours, have attracted much attention
in the fields of biomedicals,*?! optoelectronic devices,*] and
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ular stacking and spatial arrangement can

directly influence intermolecular interac-

tions directly. The resulting J-aggregation,

H-aggregation, and the amorphous state
aggregation all lead to changes in the color of the afterglow
producing concentration dependence and excitation wavelength
dependence.”®! There are many strategies for obtaining diverse
RTP materials. Substituent engineering is one of the important
options.[?-32] However, there are few reports on using of sub-
stituent engineering to precisely tune the multicolor of single
phosphors, especially for wide-range, tunable, multicolor, effi-
cient RTP materials.[****] Herein, we doped guest boronic acid-
based compounds into the f-CD biomass host matrix. We uti-
lized substituent engineering to achieve high-performance RTP
materials with multi-mode emission, tunable excitation depen-
dence, and visible excitation, using a single phosphor compo-
nent and modulating the aggregation state (Scheme 1). The corre-
sponding doped systems exhibit excitation-dependent afterglow
colors and demonstrate phosphorescence behavior at elevated
temperatures. This doped system exhibits an exceptionally broad
excitation wavelength range (240-420 nm), which is a break-
through in the field of multi-color luminescence from single
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Scheme 1. Schematic representation of the preparation procedure for f-cyclodextrin-based self-assembled systems and single-phosphor multichromatic

afterglow, with the molecular structures of phosphors and the host matrix.

phosphors. Consequently, the self-assembled system can gener-
ate yellow-green phosphorescence even under visible light (white
light) excitation. Furthermore, the single phosphor achieves
wide-range afterglow modulation spanning blue, cyan and green
to yellow-green when supported by the ideal host matrix -
cyclodextrin. This has significant potential for use in multicolor
dynamic displays and information storage.

2. Results and Discussion

Five different boronic acid-based compounds were chosen
as luminescent guests: 4-(pyridin-2-yl)phenylboronic acid
(PB1), (4-(pyridin-3-yl)phenyl)boronic acid (PB2), (4-(pyridin-4-
yl)phenyl)boronic acid (PB3), 4-biphenylboronic acid (PB4) and
4-(4-pyridinyl)phenylboronic acid pinacol ester (PB5) (Figure
S1, Supporting Information). The pyridine group’s lone pair of
electrons can facilitate potential n-z* transitions for spin-orbit
coupling. To increase the solubility of the guest molecules in wa-
ter and prevent precipitation from affecting the luminescence of
the system, an appropriate amount of potassium carbonate was
added to the system. To obtain stimuli-responsive, environmen-
tally friendly, highly efficient, room-temperature phosphorescent
materials, we used f-cyclodextrin as the matrix. This is a macro-
cyclic molecule with a rigid structure and contains a unique
cavity structure, as well as abundant intramolecular and inter-
molecular hydrogen bonding. This provides a rigid framework
that inhibits the non-radiative decay of triple excitations.

2.1. Photophysical Properties

Following the doping of guest molecules into f-cyclodextrin to
form powders, both the resulting PB3@f-CD and PB5@S-CD
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powders exhibited bright and intense phosphorescence, with
afterglow persisting for several seconds (Figures S2 and S3,
Supporting Information). In this study, the sample was ex-
posed to uniform illumination for a duration of 10 s prior to
the acquisition of the afterglow images. The subsequent sec-
tion presents afterglow photographs of the supramolecular self-
assembled system PB3@f-CD under varying durations of light
exposure (Figure S4, Supporting Information). Subsequently, we
recycled the supramolecular self-assembly system PB3@ -CD to
obtain afterglow images. The results demonstrate that the sys-
tem retains excellent afterglow performance even after recovery
(Figure S5, Supporting Information). Itis evident that the cluster-
induced luminescence of the polysaccharides has a significant
impact on the emission properties of the pristine g-CD. While
the emission from the pristine -CD is weak, it is negligible
when compared to the doped system (Figure S6, Supporting In-
formation). Identically, phosphorescence emission peaks are ex-
hibited in the phosphorescence spectra measured from PB1@ g-
CD, PB2@/-CD, PB3@p-CD PB4@§-CD and PB5@-CD pow-
der tests (Figure S7, Supporting Information). In particular,
PB3@ p-CD exhibited the most favourable excitation wavelength-
dependent property. It was demonstrated that when the excitation
wavelength was altered from 254 to 400 nm, PB3@f-CD exhib-
ited phosphorescence emission spectra that were dependent on
the excitation wavelength. In contrast to other observations, the
two emissions with peaks at 465 and 520 nm in the phosphores-
cence spectrum are comparable in intensity. Furthermore, two
distinct emission regions with peaks at 465 and 520 nm can be
identified in the excitation pattern of phosphorescence emission
(Figure 1a). It is demonstrated that altering the excitation wave-
length from 254 to 400 nm (Figures 1b; S8, Supporting Infor-
mation) results in a distinct redshift color shift, from sky blue,
cyan and yellowish-green, to green. In addition, there is a shift
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Figure 1. a) Excitation-phosphorescence mapping of PB3@$-CD. b) Phosphorescence spectra of PB3@ f-CD excited by different wavelengths. c) CIE
chromaticity coordinates of PB3@ f-CD at various excitation wavelengths. Inset: afterglow images of the PB3@f-CD at various excitation wavelengths.
d) Lifetime profiles for the phosphorescence of PB3@ g-CD; doping concentration: 10 mol%.

of the emission maximum, from 465 to 520 nm, and a concomi-
tant alteration of the afterglow colors in the Commission Inter-
national de I’Eclairage (CIE) coordinate chart (Figure 1c). In con-
trast, the guest molecule PB1 exhibits excitation-dependent fea-
tures subsequent to forming an assembly with g-CD. However,
when the excitation wavelength is varied from 254 to 400 nm,
emission peaks are observed only within the wavelength range
of 475 to 500 nm, exhibiting a redshift phenomenon from cyan
to light green (Figure S9a,b, Supporting Information). With re-
gard to the pyridine group, the resulting guest molecule, PB2,
exhibits diminished excitation-dependent characteristics follow-
ing the formation of an assembly with -CD when the N atom
is in the 3rd position (Figure S10a,b, Supporting Information).
The intensity of the phosphorescence emission of the assem-
bly PB2@p-CD gradually becomes weaker with the change of
excitation wavelength, and shows weak emission at 340 nm ex-
citation. Specifically, the emission intensity of the supramolec-
ular self-assemblies PB2@ #-CD upon 260 nm excitation is ap-
proximately eight times that observed under 360 nm excitation.
Furthermore, the phosphorescence emission lifetime of the self-
assemblies under 360 nm excitation is only about half that ob-
served under 260 nm excitation. The guest molecule PB4, which
has been obtained by substituting the pyridine group in the
guest molecule PB3 with a phenyl group, also exhibits weaker
excitation-dependent features under the same conditions (Figure
S1la,b, Supporting Information).
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In a similar manner, the emission intensity of the supramolec-
ular self-assemblies PB4@ #-CD upon 360 nm excitation is neg-
ligible in comparison to that under 260 nm excitation; the
phosphorescence emission lifetime of the self-assemblies under
360 nm excitation is also approximately half that under 260 nm
excitation. The guest molecule PB5, obtained by esterifying the
guest molecule PB3 and forming an assembly with §-CD under
the same conditions, also exhibits a phosphorescence emission
spectrum that is dependent on the excitation wavelength when
the excitation wavelength is changed from 254 to 380 nm. Fur-
thermore, the phosphorescence spectra of PB5 are very similar to
the phosphorescence spectra of PB3@ f-CD (Figure S12a,b, Sup-
porting Information). In contrast to other guests, PBS exhibits
the same phenomenon in the #-CD matrix as the supramolecu-
lar self-assemblies PB3@ f-CD: at a 10 mol% doping concentra-
tion, the phosphorescence emission intensity of the supramolec-
ular self-assemblies PB5@f-CD upon excitation at 360 nm is
comparable to that upon excitation at 260 nm. The phosphores-
cence emission lifetime of the self-assemblies upon excitation at
360 nm is also quite similar to that upon excitation at 260 nm.
A comparative analysis of the lifetimes and emission centers of
the two self-assembled systems reveals only slight disparities.
Concurrently, within this series of boronic acid derivatives, PB3
and PB5 demonstrate a notably superior excitation-dependent
response. Simultaneously, the phosphorescence emission life-
times of PB1@§-CD, PB2@-CD, PB3@f-CD, PB4@f-CD and
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PB5@ f-CD powders upon excitation at 260 nm were measured
tobe 1307, 1371, 1085, 2511 and 1334 ms, respectively, while their
phosphorescence emission lifetimes upon excitation at 360 nm
were measured to be 1456, 788, 1433, 1159 and 1084 ms, respec-
tively (Figures 1d; S9¢, S10c, S11c and S12c, Supporting Infor-
mation). The photoluminescence quantum yield of the PB3@ f-
CD powders was measured to be 34.89%, while the phosphores-
cence quantum yield was 24.91%. However, the five compounds
in question do not exhibit afterglow under UV excitation (Figures
S13 and S14, Supporting Information). This phenomenon could
be attributed to phosphorescence quenching resulting from ag-
gregation. It is evident that molecular motion is constrained in
the presence of the f-cyclodextrin framework, which stabilizes
the triplet excited state and facilitates radioactive decay.
Chromophores exist in different isolated and aggregated states
in the host matrix, and the energy levels of the excited states
change, resulting in special optical properties such as concen-
tration dependence and excitation wavelength dependence. For
PB3@p-CD, the phosphorescence emission intensity (Figure
S15a, Supporting Information) and lifetime (z) of the self-
assembled system upon excitation at 260 nm (Figure S16b,
Supporting Information) reached a maximum and stabilized
within the host-guest concentration range of 1-15%. Within this
range, 10 mol% corresponds to the intermediate value. It has
been demonstrated that lower host-guest concentrations result
in insufficient light absorption, while excessively high concen-
trations cause decreased phosphorescence emission intensity
due to over-aggregation. Furthermore, the Is;,/1,., of PB3@ -
CD increased rapidly as the host-guest concentrations increased
from 0.1 to 0.5%, however, as the host-guest concentrations
further increased, the phosphorescence emission intensity and
lifetime remained basically unchanged (Figure S16a, Support-
ing Information). Moreover, the emission intensity of the self-
assembled system under 360 nm excitation is comparable to
that under 260 nm excitation. As illustrated in Figure S17 (Sup-
porting Information), the phosphorescence emission intensity
value of PB3 monomers in the f-CD matrix at a 10 mol% con-
centration is 669 279, whereas that of PB3 aggregates in the
p-CD matrix is 670 376. Consequently, 10 mol% was selected
as the optimal host-guest concentration for investigating the
excitation-dependent properties of the system. In order to pro-
vide clear evidence of the coexistence of isolated and aggregated
states of PB3 within the f-CD matrix, phosphorescence spectra
were recorded at 260 and 360 nm after excitation of PB3@ p-
CD supramolecular self-assemblies under ambient conditions,
at both low (0.1 mol%) and high (20 mol%) host-guest doping
contents (Figure S18a,b, Supporting Information). In PB3@ -
CD supramolecular self-assemblies with low host-guest dopant
content, PB3 predominantly exists in an isolated state; whereas
in PB3@p-CD supramolecular self-assemblies with high host-
guest dopant content, PB3 primarily exists in an aggregated state.
The assembly of PB3@ f-CD was obtained by subjecting an aque-
ous mixture of PB3 and g-CD to sonication, heating and vacuum
drying, with potassium carbonate-assisted dissolution. For the
purpose of comparison, four distinct co-solvent-assisted PB3@ f-
CD assemblies have been prepared, with phosphorescence emis-
sion spectra and lifetime decay curves appended to the support-
ing information (Figures S19-S21, Supporting Information). As
demonstrated in Figures S19b and S22a (Supporting Informa-
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tion), in the presence of KOH, the guest PB3 does not exhibit
phosphorescence dominated by the monomer emission even at
a guest-to-host f-cyclodextrin molar ratio of 0.1 mol%. As demon-
strated in Figures S19¢, and S22b (Supporting Information), in
the presence of Na,CO; even at a 20 mol% guest-to-host mo-
lar ratio of PB3 to f-cyclodextrin, the guest PB3 fails to exhibit
phosphorescence emission dominated by aggregate emission.
As demonstrated in Figures S19d, and S22c¢ (Supporting Infor-
mation), when the guest-to-host molar ratio was calibrated to
20 mol% in the presence of NaOH, the guest PB3 exhibited phos-
phorescence emission dominated by aggregated states. However,
in comparison to the supramolecular self-assembled system in
the presence of potassium carbonate, it exhibited a significantly
weaker excitation wavelength dependence. The results indicate
that potassium carbonate not only acts as a solubility aid but also
modulates the aggregation state of the guest within the matrix,
thereby exerting an influence on the excitation-dependent prop-
erties of the system.

2.2. Mechanism Analysis for the Excitation-Dependence and
Single-Phosphor Multichromatic Emission

The universality of the excitation-dependent feature of self-
assembly is the subject of further discussion. The experimen-
tal results indicate that self-assembled systems containing guest
molecules PB1 and PB5 also exhibit excitation-dependent char-
acteristics similar to those of PB3@p-CD. Conversely, self-
assembled systems comprising guest molecules of PB2 and
PB4 do not manifest such phenomena. Neither PB2@ f-CD
nor PB4@p-CD exhibited phosphorescence peaks of any no-
ticeable intensity upon excitation at 360 nm. This phenomenon
may be attributed to the positioning of the N atom within the
molecule. In considering the guest molecule PB2, the 2D ROESY
(rotating-frame overhauser effect spectroscopy) spectra of PB2
and the host f-cyclodextrin (Figure S38, Supporting Information)
demonstrate the guest molecule in a head-to-tail stacked mode.
However, this is not as clearly evident as the head-to-tail stacked
mode of the guest molecule PB3 (Figure S39, Supporting Infor-
mation). As demonstrated in Figures 1b and S10b (Supporting
Information), this phenomenon is consistent with the spectral
properties of the system. In particular, the emission intensity and
lifetime of relatively difficult-to-aggregate guests are weaker un-
der 360 nm excitation. An investigation was conducted into the
PB3 assembly in the presence of diverse host molecules. The re-
sults obtained from this investigation were analogous to those
previously observed in conjunction with f-cyclodextrin. The
phosphorescence emission intensity and lifetime exhibited by
PB3@y-CD, PB3@PVP (polyvinylpyrrolidone) and PB3@PVA
(poly(vinyl alcohol)) are presented in this study (Figures S23,
S26 and S27, Supporting Information) were comparable to those
of PB3@p-CD, whereas PB3@a-CD (a-cyclodextrin), PB3@HP-
p-CD (hydroxypropyl p-cyclodextrin) and PB3@PAM (Poly-
acrylamide) (Figures S24, S25 and S28, Supporting Informa-
tion) demonstrated relatively weaker phosphorescence emis-
sion intensity and lifetime. Potential explanations for this phe-
nomenon may be attributed to the degree of matching between
the hydrophobic cavity dimensions and the guest molecules,
as well as the significant role of regular hydrogen bonding
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Figure 2. a,b) Diagram of the calculated energy levels, the possible ISC channels with the & of the PB3 monomer and the PB3 dimer, respectively.

interactions in phosphorescence excitation-dependent character-
istics. Among them, PB3@PVP demonstrates adequate phos-
phorescence emission intensity and lifetime, which can be as-
cribed to the pyrrolidone ring structure in the polymer PVP in
the solid-state matrix, furnishing a distinctive rigid foundation
for its excitation-dependent characteristics (Figure S26, Support-
ing Information). The y-cyclodextrin with a larger cavity was
able to form an inclusion compound with the guest molecule
PB3 and exhibited excitation-dependent features, but the life-
time of the assemblies was slightly inferior compared to that
of PB3@p-CD. It has been demonstrated that materials pre-
pared using PB3 and polyvinyl alcohol (PB3@PVA) exhibit simi-
lar properties to those prepared with f-cyclodextrin (5-CD). How-
ever, PB3@PVA demonstrates a narrower excitation range (254—
340 nm) and emission wavelength shift (460-500 nm) (Figure
S27, Supporting Information). In contrast, PB3@p-CD exhibits
a broader excitation range (254—400 nm) and emission wave-
length shift (465-520 nm) (Figure 1). In comparison with g-
cyclodextrin, the assemblies formed by a-cyclodextrin with a
smaller cavity and PB3 did not exhibit excitation-dependent fea-
tures. This is primarily attributed to the inability of a-cyclodextrin
with a smaller cavity to form an inclusion compound with
the guest molecule PB3. The assemblies formed by PB3 with
HP-4-CD did not exhibit excitation-dependent features either,
which can be attributed to the regular rigid structure of p-
cyclodextrin. Assemblies of f-cyclodextrin displayed excellent lu-
minescence properties and excitation-dependent characteristics.
In contrast, following the replacement of the substrate with poly-
mer PAM, PB3@PAM did not exhibit excitation wavelength-
dependent phosphorescence emission spectra when the excita-
tion wavelength was varied from 254 to 360 nm. (Figure S28,
Supporting Information). In comparison, the assemblies formed
by the reference guest 4-(pyridin-4-yl)benzonitrile (P1) (Figure
S1, Supporting Information) with p-cyclodextrin exhibit only
short lifetimes at 475 nm (Figure S29, Supporting Informa-
tion) and show almost no excitation-dependent features. This
is due to the enhancement of the electron-withdrawing abil-
ity of the substituents of the guest molecule. In comparison
with the guest molecule P1, the carboxyl-substituted reference
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guest 4-pyridin-4-yl-benzoic acid (P2), which possesses relatively
weak electron-withdrawing ability, and the reference guest 4-
phenylpyridine (P3), which lacks substituent groups, do not man-
ifest excitation-dependent features. However, both exhibit satis-
factory lifetimes of ~470 nm (Figures S30 and S31, Support-
ing Information). Conversely, the enhanced electron-donating ca-
pacity of the para-substituents in the phenylpyridine derivatives
(4-(pyridin-4-yl)phenol (P4) and (4-(pyridin-4-yl)aniline (P5)) re-
sults in the excitation-dependent phosphorescence spectra of the
assemblies P4@p-CD and P5@f-CD not displaying additional
emission regions as the excitation wavelengths vary from 260 to
360 nm (Figures S32 and S33, Supporting Information). In order
to investigate the nature of the delayed emission in this system,
the temperature-dependent phosphorescence spectra were ana-
lyzed. Excitation at 260 nm results in a gradual enhancement of
the delayed emission band at 418 nm and a gradual weakening
of the delayed emission band at 466 nm as the temperature is
increased from 233 to 373 K (Figure S34a, Supporting Informa-
tion). This suggests that the emission band at 418 nm possesses a
delayed fluorescence (DF) property, whereas the emission band at
465 nm exhibits ultralong organic phosphorescence (UOP) prop-
erties. It has been demonstrated that, at temperatures in excess
of 313 K, the intensity of the DF band surpasses that of the UOP
band. In a similar manner, the phosphorescence spectrum, when
subjected to excitation at 360 nm, undergoes a shift in emission
from the predominant 520 nm to the 440 nm when the tempera-
ture is elevated from 333 to 433 K. (Figure S34b, Supporting In-
formation). In contrast to the behaviour observed under 260 nm
excitation, the intensity of the thermally activated delayed fluo-
rescence (TADF) band exceeds that of the UOP band when the
temperature is greater than 413 K and the excitation wavelength
is 360 nm. This finding suggests that the TADF process in the
aggregated state requires a higher activation temperature than
in the isolated state, resulting in the layered dual-mode delayed
emission observed in the PB3@f-CD system. The influence of
temperature on the delayed emission spectrum of the assembly
can be more clearly observed through its CIE chromaticity dia-
gram (Figures S34c and S34d, Supporting Information). In or-
der to provide further confirmation of the aggregation pattern
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Figure 3. a) Absorption spectra of PB3 solutions in various ethanol/H,O mixtures (107* M). b) "H NMR (400 MHz, D,0O, 298 K) spectra of PB3 (3 mM)
and PB3+p-CD (3 mM: 30 mM). c) Circular dichroism spectra of PB3@-CD. d) FT-IR spectra of PB3@f-CD with different doping ratio and p-CD.
e) XPS spectra of PB3@ -CD-10 mol%. f) High-resolution XPS for C1s of PB3@ f-CD-10 mol%.

of PB3 molecules in self-assemblies, the absorption spectra of
PB3 solutions in ethanol/H,O mixtures with different H,O ra-
tios were studied. PB3 demonstrates high solubility in ethanol,
while H, O, acting as a non-solvent, brings monomers closer to-
gether, eventually forming aggregated species. As demonstrated
in Figure 3a, the blue-shifted absorption band that emerges with
increasing water fraction (f, ) signifies that PB3 exhibits a propen-
sity to form H-aggregates rather than J-aggregates in water. In or-
der to achieve a more profound comprehension of the afterglow
phenomenon in this system, theoretical calculations were con-
ducted on the basis of density functional theory (Tables S1-S3,
Supporting Information). The phosphorescence emission spec-
tra of PB3@p-CD supramolecular self-assemblies at low con-
centrations are indicative of PB3 primarily existing in an iso-
lated state within the f-CD matrix, whereas at high concentra-
tions it predominantly exists in an aggregated state (Figure S18,
Supporting Information). Furthermore, analysis of the 2D NMR
spectrum (Figure S40, Supporting Information) reveals a dis-
tinct interaction between the proton on the pyridine group of one
PB3 guest molecule and the proton on the phenyl group of an-
other PB3 guest molecule. This finding suggests that the guest
molecules exist in a head-to-tail stacked aggregate mode. There-
fore, theoretical calculations were performed for the monomer
and dimer of the guest molecule using density functional theory.
As shown in Figure 2a, based on the large spin-orbit coupling ma-
trix element (SOCME, 10.4045 cm™') and relatively small singlet-
triplet energy gap (AEgy) (0.267 eV), the potential S;—T, path-
way for isolated PB2 was calculated as S; —T;, indicating that T,
can function as a conduit to facilitate the ISC/ RISC process. Fur-
thermore, a relatively large energy gap (AE, = 0.4927 eV) was
identified between T; and T,, suggesting that the internal con-
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version (IC) process may be relatively slow. Consequently, due
to the slow relaxation to the T, excited state, the conversion of
long-lived triplet excitons in the T, and Tj states to the S, state is
promoted, leading to the emergence of TADF phenomena in the
PB3@p-CD system. For the PB3 dimer representing the H ag-
gregate state (Figure 2b), potential ISC pathways exist from S, to
T, and T,. These are characterized by large SOC constant (&) val-
ues (2.7498 and 0.8125 cm™') and small AEg; values (0.0922 and
0.2962 eV). This indicates that RISC activation in the H-aggregate
state requires higher temperatures than in the isolated state. It is
hypothesized that PB1, PB2, and PB4 may possess RISC chan-
nels, with their A Eg; values (PB1: 0.0754 eV, PB2: 0.0136 eV, PB4:
0.0694 eV) all being smaller than that of PB3 (Tables S4-S6 and
Figure S53, Supporting Information). This suggests that PB1@ f-
CD, PB2@p-CD, and PB4@ #-CD will also exhibit delayed fluo-
rescence emission.

In order to provide further elucidation on the assembling
mode, a range of analytical techniques were employed, includ-
ing FT-IR, XPS, NMR, and circular dichroism, in order to fa-
cilitate the analysis of the various interactions within the self-
assembling systems. The 'H NMR spectrum indicates that both
the pyridine and phenyl protons exhibit a certain degree of chem-
ical shift in the presence of f-cyclodextrin, suggesting the forma-
tion of an inclusion complex (Figure 3b). In comparison with
methylated p-cyclodextrin, it can be observed that in the pres-
ence of f-cyclodextrin, the proton on the phenyl group exhibits
only a significant upfield shift without noticeable cleavage. This
finding implies that there is a significant hydrogen-bonding in-
teraction between the hydroxyl group on the f-cyclodextrin and
the hydroxyl group on the PB3 (Figure S35, Supporting Infor-
mation). This phenomenon also provides an explanation for the
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excellent luminescence behaviour of the assembly and its exci-
tation dependence. In the presence of y-cyclodextrin, which pos-
sesses a more substantial cavity, both the pyridyl and phenyl pro-
tons on PB3 exhibited a shift to a higher field. This observation
indicates the presence of interactions between the y-cyclodextrin
cavity and the pyridyl and phenyl groups of the guest molecule
PB3. In the case of a-cyclodextrin with a smaller cavity, only
the pyridyl proton on PB3 moves to the lower field position.
This demonstrates that only the pyridine group of the guest
molecule PB3 interacts with a-cyclodextrin. The failure of a-
cyclodextrin to encapsulate at the phenyl position of the guest
molecule PB3 resulted in a significant attenuation of the lumi-
nescence behaviour of the assemblies. In contrast with the in-
teraction with f-cyclodextrin, the phenyl protons on PB3 under-
went a high-field shift and also demonstrated significant cleav-
age in the presence of hydroxypropyl p-cyclodextrin. It is evident
that the homogeneity of the hydroxyl groups located at the two
orifice ends of the cyclodextrin cavity exerts a substantial influ-
ence on the exceptional luminescence behaviour and excitation-
dependent properties of the assemblies. This finding was corrob-
orated by 2D nuclear magnetic resonance analysis, which yielded
consistent results. Specifically, the ROESY (rotating-frame over-
hauser effect spectroscopy) spectra of PB1, PB2, and PB3 exhib-
ited strong rotating frame nuclear Overhauser effect signals with
p-cyclodextrin (Figures S36, S37 and S39, Supporting Informa-
tion). As demonstrated in Figure S39 (Supporting Information),
the proton peak on the phenyl group of the guest molecule PB3
exhibits a strong interaction with the proton peaks at positions 5
and 6 on f-cyclodextrin. As demonstrated in Figure S40 (Support-
ing Information), the phenyl proton peak of the aggregated PB3
guest molecule interacts with the pyridine proton peak of another
PB3 guest molecule. Consequently, in Scheme 1, the phenyl
group is located at the small mouth end of f-cyclodextrin during
host-guest association; in the aggregated state, guest molecules
stack in a head-to-tail configuration. In order to investigate the
mechanism of efficient multicolor RTP emission in the PB3@ f-
CD system, the host-guest interaction between PB3 and f-CD
was analyzed using UV-visible titration experiments. As demon-
strated in Figure S43 (Supporting Information), the absorption
undergoes a change in response to the incremental addition of
p-CD, attributable to the binding between the PB3 monomer
and p-CD. The binding constant (Ks) of the PB3@p-CD sys-
tem has been determined to be 175.70 M~!. Concurrently, the
binding constants for PB1@p-CD, PB2@ f-CD and PB4@ f-CD
were measured at 109.57, 505.83 and 1295.37 M~!, respectively
(Figures S41, S42, and S44, Supporting Information). In ac-
cordance with the aforementioned findings, the binding con-
stants for PB3@a-CD and PB3@y-CD were measured at 76.18
and 111.80 M, respectively (Figures S45 and S46, Supporting
Information).

In addition, given the chiral nature of the cavity of g-
cyclodextrin, an option for determining whether a guest molecule
is recognized is to seek strong circular dichroism signals aris-
ing from spatial chiral transfer. It has been demonstrated that
both p-cyclodextrin and PB3 exhibit relatively weak circular
dichroism signals when analyzed individually. However, follow-
ing the formation of the PB3@ #-CD assembly, the host and guest
molecules present mirror-image signals (Figure 3c). Within the
240-350 nm range, an impressive Cotton effect is observed, with
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signal positions correlating with absorption peaks (Figure S47,
Supporting Information). This indicates the occurrence of host-
guest encapsulation between PB3 and p-cyclodextrin within the
self-assembled system. The rigidity of the environment provided
by hydrogen bonding is widely utilized in the construction of
RTP materials, while the hydroxyl structure of g-CD offers a
prerequisite for hydrogen bond formation. Figure 3d displays
the FT-IR spectra of PB3@p-CD and g-CD with varying dop-
ing ratios. As the PB3 doping ratio increases, the characteris-
tic O—H absorption peak at 3308 cm™! gradually broadens and
shifts, indicating hydrogen bonding interactions between PB3
and p-CD. The hydrogen bond interactions in question suppress
the vibration of the luminophore, thereby enhancing the sur-
vival of triplet excitons. As demonstrated in Figure 3e, the doped
system PB3@p-CD-30 mol% contains C, O, and B elements.
As demonstrated in Figure 3f, a three-peak fitting is observed
in the high-resolution spectrum of the Cls curve, thereby con-
firming the presence of C—O—B (287.8 eV), C—0O (286.3 eV),
and C—C (284.1 eV) bonds within the self-assembled system. It
has been demonstrated that, upon attaining a concentration of
0.1 M, the PB3@p-CD system precipitates crystals following a
process of heating and cooling. The crystals and solution were
then subjected to separation and drying in separate processes.
The phosphorescence spectra obtained from the dried crystals
under 260 nm excitation are analogous to those obtained from
the dried solution powder, and their lifetimes are also similar
(Figures 4a; S48, Supporting Information). However, the emis-
sion from the dried crystals under 260 nm excitation is more
blue than that from the powder under 260 nm excitation, as
clearly demonstrated in the CIE diagram (Figures 4b; S49, Sup-
porting Information). In the absence of 360 nm excitation, the
powder emits yellow-green light at 520 nm. It is evident that
guest PB3 exists solely in an isolated state within the cavity
of the p-cyclodextrin crystal, whereas in the powder, guest PB3
can coexist in both isolated and aggregated states within the
system. The formation of the PB3@p-CD self-assembled sys-
tem enables tunable emission wavelengths to achieve adjustable
multicolor afterglow and broadens the absorption wavelength
range. The results obtained from this study indicate that PB3@ -
CD exhibits absorption and phosphorescence wavelengths (at
room temperature) spanning 250-430 and 440-550 nm, respec-
tively. Furthermore, the excitation spectrum of phosphorescence
emission reveals that the guest molecules can be excited by
light in a wide wavelength range of 250-430 nm, demonstrat-
ing that they can be activated by non-UV light. It is notewor-
thy that PB3@p-CD self-assembled powders continue to ex-
hibit yellow-green afterglow at excitation wavelengths in excess
of 400 nm, a range that partially overlaps with the emission
spectrum of white light-emitting diodes (LEDs). Consequently,
PB3@p-CD self-assembled powders can be excited through the
utilization of conventional lighting equipment and flashlights.
The experimental results obtained in this study provide further
evidence that when exposed to white light, PB3@p-CD displays
a vivid yellow-green afterglow with a duration of approximately
three seconds (Figure 4c). As the delay spectrum is excitation-
dependent, the afterglow color of the crystal powder under visi-
ble light illumination closely resembles that produced by 365 nm
UV excitation, facilitating practical applications. In compari-
son with UV light, white light has been demonstrated to offer

© 2026 Wiley-VCH GmbH

85UB01 7 SUOLUWIOD BA 118810 3|qeot dde 8y Aq pausenob e Sapiie YO ‘8sN JO SaInJ 10} AeIq1T 8UIUO /8|1 UO (SUOTHPUOD-PUR-SLLIBIWIOD A8 |Im ARe.q Ul Uo//SdY) SUOTPUOD PUe swiie | 8y} 88S *[9202/c0/0] Uo Ariqiauluo A8|Im ‘AisieAlun B UeN Aq 0ZE€0520Z WOopPe/Z00T OT/I0P/L0 A8 Im Afe.d1|Bul [UO'pesUeADe//Stiy Woiy papeojumoq ‘S ‘9202 ‘T.0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

—
Q
S

Excitation
——260 nm crystal
——360 nm crystal
——260 nm powder
——360 nm powder

-
N

-
o
2

o N & O ©

Phos. Intensity (x10° a.u.)

400 450 500 550 600 650 700
Wavelength (nm)

(c) Dayllght lamp

www.advopticalmat.de

(b)

0.8 1

0.6 4
>
0.4 4
260 nm powder
0.2
0.0 v - - - T T
00 01 02 03 04 05 06 07 08
X

0000

Figure 4. a) Phosphorescence spectra of PB3@ f-CD in powder and crystal states under excitation at 260 nm and 360 nm. b) CIE chromaticity coordinates
of PB3@f-CD in powder and crystal states under excitation wavelengths of 260 and 360 nm. c) Afterglow photographs of PB3@f-CD excited at white-

light. Doping concentration: 10 mol%.

superior biocompatibility, thereby enabling white-light-excited
phosphorescent materials to deliver unique advantages in
the domain of biological tissue imaging. It is evident from
the significant overlap between the phosphorescence spec-
trum of PB3@p-CD and the absorption spectrum of Sul-
forhodamine 101 (SR101) that there has been efficient en-
ergy transfer from the triplet to the singlet state, as illus-
trated in Figure S50a (Supporting Information). Subsequently,
the dye molecule SR101 was loaded as an energy-transfer ac-
ceptor into the supramolecular self-assembled system PB3@ g-
CD (Figure S50b, Supporting Information). It was surprising
that, despite the fact that pure white phosphorescence was
not obtained from the dye-loaded system PB3@p-CD/SR101
(npp3: Ngr1e; = 50:1), near-white phosphorescence was achieved,
which enriches the multicolor luminescence behaviour of the
system.

2.3. Application for Information Encryption and
Anti-Counterfeiting

In light of the fact that polyvinyl alcohol (PVA) boasts excel-
lent flexibility, processability, and superior film-forming capa-
bility, in conjunction with the outstanding excitation-dependent
properties exhibited by the supramolecular self-assembly sys-
tem PB3@p-CD, it was decided to incorporate PVA into the
PB3@p-CD self-assembly system in order to evaluate the fea-
sibility of PB3@p-CD/PVA. It is evident from the excitation
wavelength ranges and emission wavelength shifts (Figures S27
and S51, Supporting Information) exhibited by the supramolec-
ular self-assembly systems PB3@PVA and PB3@ -CD/PVA that
the presence of f-CD has a slightly enhancing effect on the
properties of PB3@PVA. Conversely, the presence of PVA en-
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dows the PB3@p-CD system with both flexibility and film-
forming capability. For the PB3@p-CD/PVA system, the phos-
phorescence emission intensity of the self-assembled structure
measured under 260 nm excitation (Figure S51a, Supporting
Information) reached its maximum at a host-guest concentra-
tion of 2%. In a similar manner, the phosphorescence emis-
sion intensity of the self-assembled structure measured un-
der 360 nm excitation (Figure S51b, Supporting Information)
also peaked at a host-guest concentration of 2%. It can be ob-
served that the 2 wt.%-PB3@ f-CD/PVA system exhibits supe-
rior emission intensity and extended lifetime (Figure S51c,d,
Supporting Information), indicating that the synergistic assem-
bly of PB3@p-CD with PVA can also achieve excellent phos-
phorescent properties (Figure S51e,f, Supporting Information).
In conclusion, the PB3@f-CD/PVA system’s inherent flexibil-
ity, customisability and ease of preparation were successfully ex-
ploited to produce 3D patterns of letters, snowflakes and num-
bers. (Figures 5a,b; S52, Supporting Information). These ob-
jects exhibit two distinctive characteristics. First, they demon-
strate persistent phosphorescence emission. Second, they ex-
hibit excitation-dependent multicolor afterglow phenomena. As
demonstrated in Figure 5c, filter paper is immersed in the
PB3@p-CD solution and subsequently dried, resulting in the for-
mation of the Chinese character “J”. This pattern demonstrates
a specific degree of temperature-dependent afterglow when ex-
posed to excitation at 275 and 365 nm, with the afterglow of the
pattern at 365 nm excitation remaining discernible to the naked
eye at 162 °C.

As demonstrated in Figure 5d, the solution is injected into
the groove of a polytetrafluoroethylene mold, then dried, and the
PB3@ p-CD/PVA system can be fabricated into a high-resolution
quick response (QR) code. It is evident that the QR code pat-
tern exhibited following UV irradiation can be scanned and
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Figure 5. a,b) Photographs of 3D patterns prepared using PB3@f-CD/PVA under ambient conditions with UV lamps at 275, 310, 365 and 420 nm on
and off. c) Photographs of the afterglow of Chinese character “JI" prepared by the PB3@ $-CD solution on excitation at 275 and 365 nm. d) Schematic
diagram of the QR code pattern prepared using PB3@ f-CD/PVA solution, along with the afterglow image excited by 365 nm. Copyright Nankai University.
The time interval between illumination cessation and image recording is 0.5 s.

recognized by a mobile phone due to its satisfactory afterglow
quantum yield and lifetime.

3. Conclusion

In summary, a supramolecular monophosphor multicolor room-
temperature phosphorescence (RTP) material was successfully
constructed using biomass f-CD. The hydrogen bonds and host-
guest encapsulation exhibited by g-CD were found to be signifi-
cant in the suppression of non-radiative transitions, thereby en-
abling the phenylboronic acid derivatives to exhibit multicolor af-
terglow upon excitation at different wavelengths. The PB3@g-
CD system exhibits a broad excitation range (240-420 nm)
and undergoes color transitions (blue to yellow-green). Its cost-
effectiveness, eco-friendliness, and non-toxicity are key factors in
the advancement of sustainable RTP materials, which hold great
promise for applications in the domains of information storage,
displays, and encryption.

4. Experimental Section

Preparation of Supramolecular Assembly PB3@ p-CD: An aqueous so-
lution (5 mL) of p-cyclodextrin (0.2 mmol) and potassium carbonate
(1 mmol) was thoroughly mixed with (4-(pyridin-4-yl)phenyl)boronic acid
(0.02 mmol), dissolved completely and baked at 80 °C under vacuum for
8 h to obtain self-assembling powder. It was then dried in a vacuum oven
at 100 °C for 5 h to remove residual moisture for subsequent testing.

Preparation Process of the PB3@ f-CD/PVA System:  Aqueous solutions
of PB3 (1.99 mg, 0.01 mmol), f-cyclodextrin (113.5 mg, 0.1 mmol), and
K,CO; (69 mg, 0.5 mmol) (2 mL) were heated and stirred until dissolution.
A 10% polyvinyl alcohol aqueous solution (1 mL) was then added, and the
mixture was stirred for 1 h. The mixture was baked under vacuum at 60 °C
for 8 h to obtain a self-assembled film. Subsequently, the film was dried in
avacuum oven at 90 °C for 5 h to remove residual moisture for subsequent
testing.

Preparation of the Patterns: Aqueous solutions of PB3 (1.99 mg,
0.01 mmol), p-cyclodextrin (113.5 mg, 0.1 mmol), and K,CO; (69 mg,
0.5 mmol) (2 mL) were heated and stirred until dissolution. A 10%
polyvinyl alcohol aqueous solution (1 mL) was then added, and the mixture
was stirred for Th. Subsequently, a corresponding volume of the resulting
mixed solution was dispensed into the mold using a syringe. The mold
was heated at 60 °C in an oven until the water evaporated.
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