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The development of ultralong organic room temperature afterglow (UL-RTA) materials has attracted
tremendous attention owing to their great potential applications in optoelectronic areas. However,
achieving UL-RTA, particularly under visible-light activation, remains a substantial challenge. Herein, we
present an effective strategy to achieve excitation wavelength-dependent UL-RTA behavior covering
a wide range from ultraviolet (UV) to the visible light region via embedding polycyclic aromatic
hydrocarbons (PAHs containing triphenylene (TP) and coronene (CN)) into a boric acid (BA) matrix
(denoted as PAHs-BA, TP-BA and CN-BA). Specifically, the TP-BA system exhibits a minute-level blue
UL-RTA with an ultralong lifetime of 6744 ms, while the CN-BA system demonstrates a green afterglow
with an ultralong lifetime of 3724 ms lasting up to 25 s under visible light excitation at 420 nm. Such
outstanding afterglow performance has been rarely reported so far. Experiments and theoretical
calculations indicate that the observed UL-RTA primarily originates from the rigid and confined
environment provided by the formation of a metaboric acid (HBA) matrix under heat treatment, which

effectively suppresses non-radiative transitions of the guest molecules. Furthermore, the excitation-
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coexistence of the isolated individuals and J-aggregation of guest molecules. Inspired by these
outstanding features, information encryption applications are
demonstrated.
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inhibiting molecule vibration.®* In this regard, many excellent
strategies have been proposed in recent years, such as host-

1 Introduction

Organic room temperature afterglow (RTA) materials have
attracted tremendous attention in optoelectronic areas ranging
from sensing, anti-counterfeiting, and information encryption
to optoelectronic devices and biological imaging due to their
long lifetime, large Stokes shifts, high exciton utilization and
rich excited state properties.”® As they rely on the generation of
triplet excitons, the following strategies are crucial to achieve
effective RTA emission that is promoting the intersystem
crossing (ISC) process from the lowest excited singlet state (S,)
to triplet states (T,) by enhancing spin-orbit coupling (SOC)
and/or suppressing the nonradiative decay of triplet excitons via
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guest complexation, crystallization engineering, integration
with heavy/hetero-atoms and doping in polymers, etc."'>°
However, to date, the afterglow lifetimes (Tagergiow), quantum
yields (Pagcergiow) and color diversity of many afterglow materials
are not satisfactory.”*>* Moreover, most of the reported after-
glow systems can only be activated by UV light, limiting their
widespread practical applications.**° As far as we know, visible
light is safer, healthier, more penetrating, and has more prac-
tical applications in multiple areas especially biological and life
applications.””® Hence, it is urgently necessary to develop
highly efficient afterglow systems with wide-range excitation
including visible light.

It is noteworthy that PAHs with large conjugated planar and
rigid chemical structures are conducive for suppressing non-
radiative transitions by reducing molecular vibrations.
Furthermore, these compounds have the capacity to achieve
a redshift in absorption or excitation wavelengths through
controlled aggregation or modulation of the degree of conju-
gation.*"** Meanwhile, their singlet and triplet excited-state
energy levels are highly sensitive to variations in the chemical
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structure, offering the possibility of obtaining efficient after-
glow emission with tunable color.**** In recent years, several
bright afterglow systems with an ultralong lifetime have been
realized by embedding PAHs into polymer matrices. However,
most of them exhibit only a single afterglow color and are
usually limited to UV light excitation.**** Consequently,
achieving efficient afterglow emission with tunable color in
a broad excitation range, including visible light, remains
challenging.

Inorganic boric acid (BA) as a host matrix could effectively
suppress the molecular vibration- and rotation-assisted non-
radiative decay due to its high degree of rigidity®*”*® BA can also
form a through-space conjugation (TSC) structure in the B-O
confined space because of its empty p-orbital and electron-
accepting capability,**** thus providing the confinement envi-
ronment for guest molecules. These advantages provide possi-
bility for the ordered aggregation formation of guest molecules
and the regulation of conjugation degree, which is promising
for the achievement of multiple afterglow color with visible
light-excitation.**** So far, a few bright afterglow systems using
boronic acid as the host matrix and aromatic compounds as the
guest have been reported.***” Although some of them show
ultralong lifetime up to 8.74 s, some of them display ultrahigh
quantum yield up to 57.66%. However, a vast majority of them
present only single afterglow color and are usually limited to UV
light excitation.

Herein, TP and CN molecules were selected as the guest
molecules and embedded into a BA matrix to achieve color-
tunable afterglow behavior with excitation wavelength-
dependent feature covering a wide range from UV to the
visible light region (denoted as TP-BA and CN-BA). Remarkably,
benefiting from the unique HBA rigid and confined microen-
vironment generated after heating, the TP-BA system shows
a duration of up to 65 s excited at 254 nm, with an ultralong
lifetime of 6744 ms. More impressively, the CN-BA system
demonstrates green afterglow emission lasting up to 25 s with
an ultralong lifetime of 3724 ms and an afterglow quantum
yield of 11.06% upon visible light excitation of 420 nm. The
experimental data further reveal that the coexistence of isolated
individuals and aggregation states of guest molecules is the key
to achieving broad excitation wavelength dependence. Inspired
by these unique properties, anti-counterfeiting and multilevel
information encryption applications are achieved.

2 Results and discussion

Two kinds of UL-RTA systems were fabricated via embedding TP
and CN into a BA matrix using a solid phase heat treatment
method at 200 °C (Fig. 1a). Intriguingly, the PAHs-BA systems
exhibit excitation wavelength-dependent afterglow behavior
covering a wide range from UV to the visible light region. As
depicted in Fig. 1b, ¢ and SI Movie 1, the afterglow emission
color of TP-BA systems changed from blue to green, when the
excitation wavelength changed from 254 to 420 nm. Impor-
tantly, blue afterglow excited at 254 nm can show duration
times up to 65 s. Even though the excitation wavelength is up to
420 nm, it is still capable of emitting green afterglow with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a duration time of about 10 s. As displayed in Fig. 1c, CN-BA
systems display not very obvious tunable afterglow color from
yellow to green when switching off the excitation source from
254 to 420 nm. Impressively, the green afterglow upon excita-
tion at 420 nm exhibits duration times up to 25 s (Fig. 1c), which
is rarely seen so far.

To investigate this interesting afterglow phenomenon, the
afterglow spectra of TP-BA and CN-BA systems with different
excitation wavelengths were measured. When the excitation
wavelength is in the range from 254 to 340 nm, the afterglow
emission spectra of TP-BA display four peaks at 440, 465, 493,
and 534 nm (Fig. 2a), with Commission International de
lEclairage (CIE) chrominance coordinates of (0.16, 0.19). As
depicted in Fig. 2b, when the excitation wavelength ranges from
340 to 440 nm, the relative intensity of blue and green emissions
rapidly decreases, while that of orange and red emissions
increases, accompanied by a change in their CIE chrominance
coordinates from (0.16, 0.19) to (0.39, 0.49). Additionally, TP-BA
displays an ultralong lifetime of 6.50, 6.74, 2.33, 0.35 s fitted by
a double exponential function according to the following
equation (eqn (1)) and (Table S1)*** with the longest Tagerglow
up to 6744 ms and an afterglow quantum yield of 23.2%, 11.9%,
15.0%, and 10% under excitation from 254 to 420 nm (Fig. 2¢
and Table S2). Meanwhile, the CN-BA system exhibited
increasing blue emission at 515 and 533 nm and decreasing
green emission at 565 nm with CIE chrominance coordinates
ranging from (0.42, 0.54) to (0.36, 0.51), as the excitation
wavelength changes from 254 to 420 nm (Fig. 2d and e). And
this system displays a lifetime of 4.04, 4.02, and 3.56 s and an
afterglow quantum yield of 2.04%, 24.12%, and 4.05% upon
excitation at 254, 310 and 365 nm (Fig. 2f and Table S3),
respectively. Surprisingly, this system reveals an ultralong life-
time of 3724 ms and an afterglow quantum yield of 11.06%
upon visible light excitation of 420 nm (Table S2). To the best of
our knowledge, afterglow materials with Tagergiow OVer 4.5 s
under UV light and tagerglow OVer 2.1 s under visible light have
not been reported to date. These interesting results will create
new opportunities for their application in the fields of anti-
counterfeiting and multilevel information encryption.

Tavg = Zaifiz/zaﬂi (1)

To explore the afterglow mechanism of PAHs-BA systems,
a series of TP-BA samples as models were prepared at different
reaction temperatures for comparative experiments (named TP-
BA@x °C). We discovered that TP-BA before heat treatment
exhibits no obvious afterglow behaviors (Fig. S1), which start to
show weak afterglow emission excited at 254 nm at a heat
treatment temperature of 150 °C. When the heat treatment
temperature increased to 200 °C, TP-BA displays excellent
afterglow properties as mentioned above. As the temperature
further increases to 250 °C and 300 °C, the decrease in afterglow
characteristics can be found (Fig. S2 and S3). To explore the
reason for this phenomenon, their X-ray diffraction (XRD)
pattern and thermogravimetric (TGA) curves were measured
using TP-BA as models. As illustrated in Fig. 3a, both TP-BA
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(@) Schematic diagram of the synthetic process and structure of PAHs-BA; digital photos of (b) TP-BA and (c) CN-BA before and after

turning off UV light at different excitation wavelengths and 420 nm visible light.

before heat treatment and TP-BA@150 °C mainly display
a sharp diffraction peak at about 28° belonging to the (100)
plane, suggesting the triclinic phase of BA.** However TP-
BA@200 °C exhibits a sharp peak at near 28.9° and several small
peaks at 16.5, 20.2 and 25.0°, which are consistent with the
characteristic peaks of HBA, demonstrating the formation of
HBA.*"*> As the reaction temperature increases to 250 and 300 °
C, XRD reveals the presence of the characteristic peak associ-
ated with boron oxide. At this time, the crystallinity of the
sample is reduced, accompanied by a transition to a glassy
state.”®** Additionally, the TGA curve reveals that the weight of
BA drops sharply to 70% of the initial weight and tends to
balance, which is consistent with the dehydration process of BA
into metaboric acid with the temperature increasing from 100
to 150 °C (Fig. 3b). As the temperature further increases from
200 to 400 °C, the weight of BA slowly decreases, implying
further dehydration of BA and the formation of boron oxide.*
These results suggest the important role of the HBA matrix in
the generation of the above-mentioned excellent afterglow
behaviors (Fig. 54).

18854 | Chem. Sci., 2025, 16, 18852-18859

To further verify the positive effects of the HBA matrix on
promoting the afterglow generation for TP-BA, Fourier trans-
form infrared (FTIR) spectroscopy and scanning electron
microscopy (SEM) were performed. As displayed in Fig. 3c, the
FTIR spectrum of HBA shows the absorption peaks located at
650 and 805 cm ™" attributed to the deformation vibrations of
the B-O bonds and B-OH bonds, respectively, and the peak of
1400 cm ™' with a shoulder related to the vibration of atoms in
the B(m)-O~ bond.”>** TP-BA has an almost identical FTIR
spectrum to HBA, and their absorption peaks have no obvious
shift. This fact demonstrates that there is no hydrogen bond
interaction between TP and HBA. Scanning electron microscopy
(SEM) of TP-BA reveals denser and crystallized particles with an
irregular shape compared with that of BA (Fig. 3d-g). Therefore,
we infer that the HBA matrix provides a tight and rigid envi-
ronment for TP molecules to suppress their nonradiative tran-
sitions  through their  vibrational and
rotational motion.

To gain an in-depth insight into the foregoing interesting
tunable afterglow color of TP-BA with excitation-dependent

preventing
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(a) Normalized delayed emission spectra; (b) CIE chromaticity coordinates and (c) delayed emission decay curves of TP-BA excited at

different excitation wavelengths; (d) normalized delayed emission spectra; (e) CIE chromaticity coordinates and (f) delayed emission decay

curves of CN-BA excited at different excitation wavelengths.

performance covering a wide range from UV to the visible light
region, a series of comparative tests were conducted. First, we
compare the afterglow emission spectra of TP-BA and TP dilute
solutions of 10> mol L™ and 10™* mol L " at 77 K. TP dilute
solutions of 10> mol L™ " display multiple afterglow emission
peaks at 430 to 500 nm with the optimal emission peak at
465 nm under high-energy excitation of 254, 290 and 365 nm,
while the relative intensity of blue and green emissions at 430 to
500 nm significantly decreases, and that of orange and red
emissions at 620 to 700 nm increases upon excitation at 420 nm

(Fig. S5). As the concentration increases to 10~ * mol L™, TP
dilute solutions show a similar afterglow emission upon exci-
tation of 254 and 290 nm. However, the relative intensity of blue
and green emissions at 465 nm significantly decreases, while
the emission band in orange and red regions at 500 to 600 nm
accounts for the absolute dominant position upon excitation of
365 and 420 nm (Fig. S6). These results indicate that the blue
and green emissions at 465 nm are related to the isolated
individuals, while the orange and red regions at 500 to 600 nm
belong to the aggregation state. Additionally, TP-BA systems
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Fig. 3 (a) XRD patterns of TP-BA at different reaction temperatures; (b) TGA curves of TP and BA; (c) FT-IR spectra of BA, HBA and TP-BA; SEM

images of (d) BA; (e) TP and BA before heating; (f) HBA and (g) TP-BA.
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with different doping contents of TP display similar changing
trends (Fig. S7 and S8). Notably, TP-BA reveals similar afterglow
emission spectra to that of TP dilute solutions of 10™* mol L™"
at various excitation wavelengths (Fig. S6), demonstrating the
coexistence of the isolated individuals and aggregation in TP-BA
systems, which also can be supported by the redshifted
absorption band and the new emerging absorption band rela-
tive to that for TP dilute solutions at a concentration of 10> mol
L~ in their UV-vis absorption spectra (Fig. $9).°**” Similarly, the
absorption peaks of the TP crystal also display an obvious red-
shift (containing the visible light region) compared with those
of TP dilute solutions at a concentration of 10> mol L'
(Fig. S10), suggesting the presence of J-aggregation.* To further
verify the above-mentioned inference, the single crystal struc-
tures of TP were determined to analyze the molecular confor-
mation. As shown in Fig. 4a, the crystals of TP are assigned to
the P2,2,2, space group, wherein the molecules are stacked in
parallel and partially face-to-face with a distance of 3.372 A. The
angle between the molecular transition dipoles and the inter-
connecting axis (#) is 39.801°, which is less than the critical
value of 54.7 for distinction of H- and J-aggregation, testifying
the presence of J-aggregation in the crystal.®®* Additionally,
BA@200 °C (BA upon heat treatment at 200 °C) also has after-
glow behaviors upon various excitation ranging from 254 nm to
420 nm (Fig. S11), yet which is similar to that of TP-BA only
when the excitation wavelength is greater than 365 nm. This
may be due to too weak afterglow emission intensity under
excitation at less than 365 nm (Fig. S12). Moreover, the after-
glow emission intensities of BA@200 °C are weaker than those
of TP-BA, which may be because the formation of the conju-
gated system with n or 7 transitions via the vacant p orbitals on
the boron atom promotes the ISC efficiency. This result can be
supported by the obvious peaks with a g-factor of 2.002 in the
EPR spectra of BA@200 °C (Fig. $S13).*> Based on the above data,
we deduce that the foregoing interesting excitation-dependent
performance covering a wide range from UV to the visible
light region of TP-BA is induced by the coexistence of the iso-
lated individuals and aggregation of TP molecules and the
minor contribution of BA@200 °C. It is noteworthy that these
systems of employing LAPONITE® (Lap) and Amino clay (AC) as
matrices through the same procedures exhibit no obvious
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afterglow behaviors (Fig. S14), which suggests the important
role of the BA matrix in the generation of the above-mentioned
afterglow phenomenon. This may be because both Lap and AC
are layered inorganic host materials, presenting looser
structures.®®®!

To further understand the relationship between the coexis-
tence of the isolated individuals and aggregation of TP mole-
cules and the excitation-dependent afterglow emission
behavior, we determined the singlet and triplet energy levels of
TP-BA by theoretical calculations using the density functional
theory (DFT) method. As depicted in Fig. 4b and Table S4-S7, in
the monomer state, the ISC from singlet to triplet states has
limited ISC routes. As the increasing aggregation content (such
as from the dimer to trimer), the energy levels of the emission
excited states have a tendency to converge as a result of the
significant decrease in the energy difference between S, (n > 1)
and S, [and between T, (n > 1) and T,], which supply more and
efficient ISC pathways at upper triplet levels. This trend is the
essence for the regulation of the afterglow emission from vari-
able triplet states, thus achieving the excitation-dependent
afterglow emission behavior in TP-BA systems.*>*

Inspired by the unique excitation-wavelength-dependent
afterglow characteristic of TP-BA and CN-BA, diverse encryp-
tion patterns were developed to exhibit their potential applica-
tions in advanced anti-counterfeiting technology. As illustrated
in Fig. 5a, the letters “H B T” and “E U” are drawn by TP-BA and
CN-BA, respectively. The letters “H B T” and “E U” display blue
and green fluorescence upon UV irradiation at 254 nm and
302 nm, which turns into blue and green afterglow, respectively,
after removing the UV light irradiation. Owing to the longer
afterglow lifetime of letters “H B T”, the original word “HEBUT”
turns into the new word “HBT” with blue afterglow successively
after ceasing the UV light irradiation for 30 s. Unlike this, when
the irradiation source changed from 254 and 302 nm to 365 and
420 nm, the letters “H B T” and “E U” show similar green
luminescence and afterglow. Over time, only the letters “E U”
remain and can be identified owing to their longer afterglow.
Therefore, multilevel information encryption can be achieved
making use of the excitation wavelength-responsive afterglow
nature of PAHs-BA systems. Except for the letter encryption,
tailor-made patterns such as ‘two-dimensional code (QR code)’
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(a) Single-crystal structures of isolated individuals of TP and (b) DFT calculations of energy levels of the TP monomer, dimer and trimer.
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Fig. 5 PAHs-BA is used in anti-counterfeiting and information encryption: (a) digital images of information encryption patterns prepared by TP
and CN under different excitation light sources; (b) and (c) digital photos of multi-stage information encryption QR code patterns prepared by

TP-BA and CN-BA at different excitation light wavelengths.

are also fabricated to enrich the diversity of the encryption
mode. Two QR codes with implicit information of the official
website for “the College of Chemical Engineering of Hebei
University of Technology” were designed utilizing TP-BA and
CN-BA (Fig. 5b and c). As displayed in Fig. 5b, the black body
region of the QR code was made of TP-BA, while three green
corners were covered by CN-BA. Under irradiation at 254, 302,
365 and 420 nm, the QR code cannot be recognized to provide
any information as a result of the partially covered identifica-
tion division. Interestingly, a recognizable QR code was first
obtained upon turning off UV light of 254 nm, which turns out
to be a recognized pattern with time elapsing after switching of
the UV lamp of 302 nm because of the longer afterglow of TP-BA,
while the QR code has never been recognized after ceasing the
irradiation source of 365 and 420 nm thanks to the longer
afterglow of CN-BA. In contrast, the black body region and three
green corners of the QR code were covered by CN-BA and TP-BA,
which can acquire the extremely different result. As displayed in
Fig. 5¢, the recognizable QR code can be achieved by removing
the irradiation of 365 and 420 nm, while the QR code is
unrecognizable after turning off the UV light irradiation of 254
and 302 nm. These results demonstrate that the as-prepared
interesting excitation-dependent afterglow performance of
PAHs-BA systems has important potential applications in
advanced anti-counterfeiting technology.

3 Conclusions

In summary, we report an effective strategy to achieve excitation
wavelength-dependent afterglow behavior covering a wide range
from UV to the visible light region via embedding PAHs (TP and

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

CN) into a BA matrix. Importantly, the blue afterglow of TP-BA
can show duration times up to 65 s when excited at 254 nm,
displaying an ultralong lifetime of 6744 ms. More impressively,
the green afterglow of CN-BA exhibits duration times up to 25 s
with an ultralong lifetime of 3724 ms and an afterglow quantum
yield of 11.06% upon visible light excitation of 420 nm. Such
outstanding afterglow characteristics have been rarely seen so
far. It is found that the HBA matrix generated after heating BA
plays an important role in the generation of the above-
mentioned excellent afterglow behaviors. A series of control
experiments and theoretical calculations demonstrate that the
HBA matrix provides a tight and rigid environment for guest
molecules to suppress their nonradiative transitions through
preventing their vibrational and rotational motion. Addition-
ally, their interesting excitation-dependent performance
covering a wide range from UV to the visible light region is
attributed to the coexistence of the isolated individuals and J-
aggregation of guest molecules supplying more efficient ISC
pathways and the minor contribution of BA@200 °C. Given
these outstanding features, their applications in the field of
anti-counterfeiting and multilevel information encryption are
exploited. This points out a promising research direction for the
development of color tunable RTA materials with excitation-
dependent performance covering a wide range from UV to the
visible light region toward practical applications in high preci-
sion anti-counterfeiting and information encryption. This work
is expected to serve as a valuable guide for designing color-
tunable afterglow materials with excitation wavelength-
dependent feature covering a wide range from UV to the
visible light region.
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