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Long afterglow organic-inorganic hybrid materials have attracted much attention in recent years and
are widely used in information security, biological imaging and many other fields. Since up-conversion
long-persistence materials are promising for bio-optical imaging due to their high penetration depth
and elimination of autofluorescence background, it is highly desirable to combine down-conversion and
up-conversion pathways to obtain smart materials with excitation-dependent tunable room-temperature
phosphorescence properties. In this work, a metal-organic framework (Zn-DCPS-BIMB), consisting of diva-
lent zinc ions, o-bis(imidazol-1-ylmethyl)benzene and 4,4’-dicarboxydiphenylsulfone, is designed to sta-
bilize triplet excitons, coordinate the emission of different ligands, and endow materials with tunable
emission color and up-conversion properties via heavy atoms effects promoting single-triplet orbital cou-
pling and intersystem crossing.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Molecular phosphorescent materials have received a great deal
of attention in recent years and are expected to be widely used
in information security [1-19], detection [20,21], biology [22-24],
and optical devices [25-28]. For example, taking the advantages
of ultralong excited-state lifetimes and adjustable afterglow emis-
sion colors, molecular phosphors exhibit high-performance in op-
toelectronic applications such as highly integrated data encryp-
tion and multiplexed bioassay [29-33]. To achieve colorful ultra-
long room-temperature phosphorescence (RTP), most systems have
been designed by constructing multiple emission centers [34-36],
introduction of external force [37,38], change of temperature [39],
and so on. Furthermore, the use of both down-conversion and
up-conversion routes to obtain excitation-dependent tunable RTP
properties is also highly desirable, since the up-conversion long-
afterglow materials are widely used in optical imaging due to the
high penetration depth, and elimination of auto-fluorescence back-
ground [40,41]. However, the design of multifunctional materials
with both tunable long afterglow and excitation-dependent up-
conversion luminescence remains a challenging task, and examples
are still scare.

Typically, the molecular solid-state luminescence is sensitive to
the stacking modes, and the excited state energy can be consumed
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by intermolecular w—m interactions or the formation of excimers
or exciplexes by other non-radiative channels [42]. In this sense,
metal-organic frameworks (MOFs) [43,44] formed by coordination
interactions between organic ligands and metals, exhibit highly
variable solid-state stacking structures. The metal units in the
structure could separate the organic ligands from each other, which
increases the rigidity of the structure and reduces the lumines-
cence quenching caused by the aggregation of organic molecules
[45-47]. Moreover, the introduction of different photoactive ligands
and metal centers could adjust the energy levels and form multiple
emission sites, which are beneficial to the color adjustment.

In this work, we have designed dual-ligand MOF Zn-DCPS-
BIMB (namely BNU-1) as a new type of long-afterglow ma-
terial with tunable emission color and up-conversion proper-
ties. The MOF with rich luminescent sites consists of divalent
zinc ions, o-bis(imidazol-1-ylmethyl)benzene (BIMB), and 4,4’-
dicarboxydiphenylsulfone (DCPS) (Fig. S1 in Supporting informa-
tion). The structure contains numbers of carbonyl and heteroatom
units, and also has the heavy atom effect from the Zn2* ion.
These properties promote the coupling of single-triplet orbitals
and facilitate intersystem crossing, thereby stabilizing triplet ex-
citons and obtaining ultralong phosphorescence emission at room
temperature. Multiple adjacent energy levels are favorable to en-
ergy transfer and conditions for up-conversion luminescence under
low-power excitation [48]. The photoluminescence quantum yield
(QYpr) and phosphorescence quantum yield (QYpps) are 2.27% and
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Fig. 1. Structure of Zn-DCPS-BIMB: (a) View of the coordination along a axis and (b) the five-coordinated structure. (c) The normalized intensity PL spectra of Zn-DCPS-BIMB
under prompt mode at room temperature (Aex =250-550 nm). The insert picture is fluorescence microscope pictures under different excitations. (d) The 2D emission contour
spectra under prompt mode (intensity is normalized). (e) Photographs taken before and after turning off the UV lamp (Aex =254 nm).

1.32% for Zn-DCPS-BIMB, respectively (Table S1 in Supporting infor-
mation). Both BIMB and DCPS are symmetric organic ligands, but
BIMB has a large twisting space for the conformation due to its
flexible methylene unit. The single-crystal X-ray diffraction (SCXRD,
Table S2 in Supporting information) reveals that, Zn-DCPS-BIMB
belongs to orthorhombic system, D, point group, P2;2;2; chiral
space group. In each asymmetric unit, Zn®* is five-coordinated
(Fig. 1), and appears in a 1:1:1 ratio with BIMB and DCPS. Viewed
from the a-axis direction, the coordination polymeric layers are in-
terspersed with each other to form a three-dimensional network
structure (Fig. S1). From the b-axis perspective, the DCPS molecules
and metal ions form a cellular-like porous unit (Fig. S1c), while the
coordinated BIMBs interleave in the pores. The bond lengths and
angles in the structure are given in Table S3 (Supporting informa-
tion). To understand the fixation of flexible organic ligands in rigid
structures, we select a part of angles and dihedral angles formed
by organic ligands for comparison. The space dihedral angle «1
formed by plane 1 composed of Zn-S-Zn and plane 2 composed
of Zn-Ph-Zn is 86.859°, indicates possible ligand-to-ligand interac-
tions in the structure. The angles formed by the plane 3 of the
benzene ring and the planes 4 and 5 of the two imidazole rings
in BIMB are slightly different, which are ~2 of 78.196° and «3 of
77.021°, respectively. Compared with the pristine BIMB, the flex-
ibility of DCPS is reduced, and the two benzene rings and the S
atom form the angle. The included angle ~4 is 104.510°, and the
dihedral angle formed by planes 6 and 7 is 71.119° (Fig. S2 in Sup-
porting information). PXRD patterns further verify the successful
synthesis of the material (Fig. S3a in Supporting information).

To detect photophysical properties of Zn-DCPS-BIMB, UV-vis ab-
sorption spectroscopy was performed (Fig. S3b in Supporting in-
formation). Compared with the pristine DCPS and zinc nitrate, its
light absorption is greatly extended in the UV-visible range. Un-
like the broadening of the absorption range caused by the possible
intermolecular interactions of BIMB in pure organics, the organic

ligand molecules are separated from each other in the MOF, which
result in different absorption intensity compared with raw mate-
rials. To verify the MOF-based RTP with color-tunable emission in
a wide range, excitation-dependent PL spectra (Fig. 1 and Fig. S4
in Supporting information) and delayed PL spectra (Fig. 2) of the
material were tested.

The Zn-DCPS-BIMB presents highly tunable emission color grad-
ually changing from blue to orange as the increase of excitation
wavelength (Fig. 1), indicating dual ligands induced orbital cou-
pling and multiple excited states (Figs. S5-S9 in Supporting infor-
mation). Excitation-dependent luminescence changes also appear
in the delayed PL spectrum, where the luminescence color tran-
sitions from green to yellow (Aex =250-550 nm) (Fig. S10 in Sup-
porting information). As shown in Fig. 2a, green (254 nm excita-
tion) and yellow (365 nm excitation) afterglow emissions further
verify the existence of different emission levels in the MOF. Un-
der the excitation at 365 nm, the peak of luminescence spectra
appears at 446 nm, while the emission peak of delayed PL spec-
trum is located at 560 nm (7t =451.6 ms), corresponding to the
yellow position on the CIE color diagram (Fig. S11 in Support-
ing information). Excitation-dependent decay spectroscopy shows
that the maximum emission intensity corresponds to the excita-
tion at 310 nm (Fig. 2a). To investigate the temperature-dependent
luminescence at different positions, we tested the temperature-
changed decay spectra excited at 310 nm (Table S4, Supporting
information). Under ambient conditions, the luminescence spec-
trum (Fig. 2b) exhibits broad emission peaks at 446, 490 and 535
nm, and the corresponding luminescence color is indicated in Fig.
2c, which further confirms the wide-range luminescent charac-
teristic. The delayed spectrum mainly appears at 490 (7t =224.3
ms), 535 (t =238.2 ms), and 560 nm (7 =234.8 ms) (Fig. 2d). The
emission at 446 nm can be assigned to the delayed fluorescence
(DF) emission with both a long lifetime of 59.7 ps (Fig. 2e) and a
short lifetime of 6.7 ns (Fig. S12 in Supporting information). Time-
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Fig. 2. Zn-DCPS-BIMB: (a) The PL spectra under delayed mode (Aex =250-550 nm), the insert pictures are taken after turning off the UV light (Aex =254 nm and 365 nm);
(b) Prompt and delayed PL spectra excited at 310 nm at ambient condition and (c) the corresponding positions in the chromaticity coordinates diagram (Aex =310 nm); (d)
The lifetime decay profiles at 485 nm, 535 nm, 560 nm and (e) 446 nm (Ae =310 nm); (f) RTP emission spectra at different delayed time (from 10 ms to 90 ms) (lex =310
nm); (g) The PL spectra at 100 K (Aex =250-450 nm); (h) Prompt and delayed PL spectra excited at 310 nm at 100 K; (i) The lifetime decay profiles at 440 nm, 496 nm, 520

nm and 575 nm at 100 K (Aex =310 nm).

dependent delayed spectra (Fig. 2f) show long-lived luminescence
positions stabilized at ca. 490, 535 and 560 nm. At a low temper-
ature of 100 K, the thermal vibration in the structure is strongly
suppressed, and thus the luminescence spectra (Fig. 2g) show finer
structures than that at room temperature (Fig. S4). Under the ex-
citation of 310 nm, the luminescence peaks are stable at 440, 496,
520 and 575 nm (Fig. 2h and Fig. S13 in Supporting information),
and the lifetimes are significantly improved compared with those
at room temperature, especially that at ca. 440 nm increases from
59.7 ps to nearly 2 s (Fig. 2i). Based on the observed spectra, we
speculate that 446 nm (S;) is singlet DF emission [49,50], and 490
(T3), 535 (T,) and 560 nm (T) are triplet RTP emission (Fig. 3).
There is potential energy transfer path formed by weak 7 —m
interactions (Fig. S14 in Supporting information) between coor-
dination networks. Particularly, the overlap of excitation-emission
spectra (Fig. S15 in Supporting information) between DCPS and
BIMB allows occurrence of fluorescence resonance energy trans-
fer (FRET). These enable chromophores a wide range of photoactive
sites participating in the process of radiative transitions, consistent
with the excitation-dependent luminescence properties. To further
verify the above statement, we performed density functional the-
ory (DFT) calculations on Zn-DCPS-BIMB. As shown in Fig. 3a, the
electronic state distributions of the same coordination unit in dif-
ferent networks are not identical and relatively dispersed, further
demonstrating the extensive energy transfer process between or-
ganic ligands. The highest occupied molecular orbitals (HOMOs)
are mainly located on the BIMB, while the lowest unoccupied
molecular orbitals (LUMOs) are mainly located on the DCPS, which

is consistent with the broad UV-vis absorption spectrum (Fig. S3 in
Supporting information) and PL spectrum (Figs. 1 and 2) in experi-
ment, revealing the sources of excitation-dependent long-lived RTP
in Zn-DCPS-BIMB.

Photons of higher energy than the excitation photons are emit-
ted during the anti-Stokes PL (or photon up-conversion). UV-vis
absorption spectra (Fig. S3) and excitation-dependent emission
spectra (Figs. 1 and 2) indicate that Zn-DCPS-BIMB has broad ab-
sorption in the visible region and complex coupled orbitals, possi-
bly generating short-wave up-conversion emission through long-
wave excitation. Here, long-wavelength excitation of Zn-DCPS-
BIMB using a 650 nm laser with progressively increasing excita-
tion power yields an up-conversion PL as shown in Fig. 3b. Tak-
ing luminescence at the 496 nm as an example, the log (inten-
sity) versus log (excitation incident energy) data were fitted as a
linear relationship, with slopes of 0.713, indicating that the radia-
tive transition from the excited state to the ground state involves
a phonon-assisted single-photon process [51-53]. Phonon-assisted
up-conversion luminescence is a process in which the material ab-
sorbs low-energy photons while storing the heat in the excitation
light in the form of lattice vibrations, thereby enhancing the pos-
sibility of single-photon up-conversion (Fig. 3c) [53].

Based on the excitation-dependent ultralong RTP of Zn-DCPS-
BIMB, and the difference in the color of the long afterglow emis-
sion between different MOF materials, we have designed a multi-
functional encryption pattern for information storage. "Sun" in an-
cient Chinese oracle bone inscriptions is represented by a dot in a
circle, the outer circle is like the edge of the sun, and the dot in
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Fig. 3. (a) Calculated molecular orbitals. (b) Up-conversion emission spectra (unit: mW/cm?, Aex =650 nm). (c) Energy levels of different states (hv means excitation energy)

of Zn-DCPS-BIMB.
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Fig. 4. The multi-functional encryption model of pattern.

the middle represents light emission. When the pattern was com-
pletely composed of Zn-DCPS-BIMB, after removing the excitation
source (254 nm), we could get a green pattern, while under 365
nm excitation the pattern is yellow. The excitation-dependent af-
terglow color enables information to be displayed through the dif-
ferent colors of the pattern. When the outer circle of the pattern is
composed of NKU-132 MOF [54] together with a trace amount of
Zn-DCPS-BIMB crystal as the middle dot, after the 365 nm excita-
tion light is removed, we can get time-dependent pattern display
and the decoding process is shown in Fig. 4. When the excitation
light source is removed for two seconds, the pattern remains the
same until the green luminescence could not be detected. About 5
seconds after the excitation is stopped, we obtain a yellow dot. Be-
sides, due to the doping of Zn-DCPS-BIMB in the outer ring NKU-
132, we can find the doped yellow point in the time-dependent af-
terglow pattern, which serves as characteristic fingerprint encryp-
tion of the pattern.

In summary, 3D dual-ligand MOF (Zn-DCPS-BIMB) exhibits a
wide-range excitation-dependent long-afterglow emission due to
the introduction of multiple emission centers and orbital coupling
between single and triplet states. Moreover, relying on the low-
energy singlet and triplet energy levels, we provide a promising
way to obtain low-energy excitation up-conversion luminescence.
Taking the advantage of color-tunable ultralong RTP, the MOF has
anti-counterfeiting potential for efficient information safety. It can
be expected that the facile fabrication of multifunctional MOFs can

be extended to other similar systems towards novel photonic ap-
plications.
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