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over phosphorescence or
thermally activated delayed fluorescence in
a metal–organic framework†

Huili Sun,a Qiangsheng Zhang,b Liuli Meng,a Zhonghao Wang,a Yanan Fan,a

Marcel Mayor, acd Mei Pan *a and Cheng-Yong Sua

By integrating a tailor-made donor–acceptor (D–A) ligand in a metal–organic framework (MOF), a material

with unprecedented features emerges. The ligand combines a pair of cyano groups as acceptors with four

sulfanylphenyls as donors, which expose each a carboxylic acid as coordination sites. Upon treatment with

zinc nitrate in a solvothermal synthesis, the MOF is obtained. The new material combines temperature-

assisted reverse intersystem crossing (RISC) and intersystem crossing (ISC). As these two mechanisms are

active in different temperature windows, thermal switching between their characteristic emission

wavelengths is observed for this material. The two mechanisms can be activated by both, one-photon

absorption (OPA) and two-photon absorption (TPA) resulting in a large excitement window ranging from

ultraviolet (UV) over visible light (VL) to near infrared (NIR). Furthermore, the emission features of the

material are pH sensitive, such that its application potential is demonstrated in a first ammonia sensor.
Introduction

In the past few decades, there has been signicant attention
focused on thermal activated delayed uorescence (TADF) and
phosphorescence materials due to their ability to produce light
from triplet excitons for a variety of applications.1–4 These
applications include, among others, luminescent sensors,5,6

biological imaging probes,7,8 information encryption,9,10 and
organic light-emitting diodes (OLEDs).11,12 However, TADF u-
orophores and phosphorescence based on organic small
molecules typically face quenching issues when exposed to air,
which is oen seen in emitters due to the involvement of T1

states.13 On the other hand, metal–organic frameworks (MOFs)
are well-known for their crystal rigidity, structural tunability,
and photostability.14–17 Due to their rigid framework, which
prevents aggregation of the emitting species and suppresses
non-radiative deactivation, MOFs have shown to be a promising
platform to address these challenges and can lead to new
photoluminescence (PL) properties.
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Generally, improving the intersystem crossing (ISC) process
from the singlet to the triplet state can lead to phosphorescence,
while improving the reverse intersystem crossing (RISC) from
the triplet to the singlet state can result in TADF.18,19 The spatial
separation of the highest occupied molecular orbitals (HOMOs)
and lowest unoccupied molecular orbitals (LUMOs) gives rise to
charge transfer (CT) excited states, which serve as the basis for
TADF. Molecular design strategies like spatial frontier orbital
separation in donor–acceptor (D–A) or D–A–D type molecules
are typically applied to achieve this.20–22 TADFmaterials can also
be obtained by reducing the energy gap between singlet and
triplet states (DEST), introducing heavy atoms to increase spin–
orbit coupling, improving structural rigidity, and so on.23–25

Additionally, these strategies can also promote the ISC process
from the singlet to the triplet state, leading to triplet state
phosphorescence in some materials.26–29 Based on the mecha-
nisms described above, phosphorescence and TADF can
potentially be obtained simultaneously in single-component
materials.4,19,30,31 However, the controlled switching between
ISC-related phosphorescence and RISC-related TADF remains
challenging.

Despite advances in TADF and phosphorescence research,
current materials mainly trigger TADF and phosphorescence
through single photon absorption (OPA) of ultraviolet (UV)
excitation. The exploration of TADF and phosphorescence
excited by visible light (VL) and near-infrared (NIR) sources
remains largely unexplored, although it may possess advantages
such as deep penetration and low energy requirement, making
it more suitable for potential applications such as biological
imaging, in tissue medical applications and many more.32 Two-
Chem. Sci., 2024, 15, 8905–8912 | 8905
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Fig. 1 (a) Synthesis and solid-state structure of the Zn2+ ions andDTST
ligands (color indication: Zn, nattier blue; O, red; C, gray; H, white; N,
blue; and S, yellow) in LIFM-SHL-1: (b) packing among the LIFM-SHL-1
by C–H/p interaction and (c) C–H/S interaction view along the a-
axis; (d) Hirshfeld surface analysis of LIFM-SHL-1 in the crystalline
state.
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photon excited uorescence (TPEF) is a promising eld that
utilizes low energy NIR excitation through the two-photon
absorption (TPA) pathway to generate high-energy emissions,
with signicant practical applications in optoelectronics and
biology.33 Many materials with TPEF potential have been
developed. One design concept involves constructing D–A
molecules to achieve efficient TPA.34,35

Based on the above considerations, we present here a new D–
A type organic ligand consisting of a central benzene core
decorated with two nitrile groups in para positions as electron
acceptors, and four thiophenyls as electron donating substitu-
ents. The intention behind the ligand design is to spatially
separate the frontier orbitals by the rigid arrangement of the
donor and acceptor substituents at the central benzene core. In
addition, the ISC via n–p* transition might be facilitated by the
heavy atom character of the sulfur-based substituents.
Furthermore, the four thiophenyl substituents are decorated
with carboxylic acids in para positions acting as coordination
sites.

Coordination with Zn(II) ions leads to the formation of
a MOF structure named LIFM-SHL-1, with an intramolecular
packing of the ligands promoting the formation of triplet state
excitons, resulting in temperature-dependent TADF and phos-
phorescence. Controlled switching between these relaxation
mechanisms becomes possible due to differences between their
optimal temperature ranges. Most excitingly, LIFM-SHL-1
displays full-band sensitivity including UV, VL, and NIR light
excited TADF and phosphorescence, which was validated by the
herein-reported experiments and supported by theoretical
calculations.

Results and discussion

The synthesis of the D–A type organic ligand exposing four
carboxylic groups DTST (4,40,400,4000-((3,6-dicyanobenzene-
1,2,4,5-tetrayl)tetrakis(sulfanediyl))tetrabenzoic acid) is
described in the ESI (Fig. S1–S3†). Exposing the ligand DTST
and Zn(NO3)2$6H2O to solvothermal conditions (100 °C for 24
h) provided the metal–organic framework (MOF) LIFM-SHL-1
({Zn(DTST)(DMF)(H2O)}n, DMF = N,N-dimethylformamide) by
self-assembly as yellow, bar-shaped crystals. The phase purity of
LIFM-SHL-1 was conrmed by in situ variable temperature (VT)
powder X-ray diffraction (VT-PXRD). Thermogravimetric (TG)
curve analysis revealed the thermal stability of LIFM-SHL-1 up
to 400 °C, exceeding the one of the parent ligand DTST (∼350 °
C) (Fig. S4†). Single crystal structure analysis of LIFM-SHL-1
revealed that the three-dimensional coordination polymer
crystallized (Table S1†).

Single crystal structural analysis showed that LIFM-SHL-1
exhibits two distinct coordination modes. In the rst mode, the
Zn2+ ion connects with three carboxyl O atoms derived from
three different neighboring DTST ligands, and simultaneously
coordinates with one DMF and one H2O molecule. In the
second mode, the Zn2+ ion connects in a similar manner with
the surrounding DTST ligands and also coordinates with one
H2Omolecule, resulting in the formation of triangular biconical
and tetrahedral geometries, respectively (Fig. 1a and S5†). The
8906 | Chem. Sci., 2024, 15, 8905–8912
coordination polymer is forming a self-assembled supramo-
lecular layer composed of Zn(II) ions and DTST ligands. The
adjacent ligands have C–H/p and C–H/S interactions with
the distances of 2.88–2.89 Å and 3.08–3.11 Å (Fig. 1b and c).
Hirshfeld surface analysis of LIFM-SHL-1 indicates that C–H/
p and C–H/S contribute 15.5%, and 6.7% of the total weak
interactions, respectively (Fig. 1d).

In addition to the C–H/p and C–H/S interactions
mentioned above, the coordination polymer LIFM-SHL-1 also
exhibits a robust network of hydrogen bonds with O–H/O and
C–H/N distances of 1.71 and 2.38 Å, respectively. The inter-
molecular bonding pattern leads to the formation of an exten-
sive three-dimensional network through the packing of
hydrogen bond interactions between uncoordinated carboxyl
oxygen atoms and coordinated water molecules (Fig. S6†).
Furthermore, as depicted in Fig. S7,† we can observe weak
interactions between adjacent benzene rings within the same
ligand by the interaction region indicator (IRI) analysis. The
accumulation of diverse weak interactions of comparable
strength is essential to preserve the rigid conformation of LIFM-
SHL-1. We hypothesize that the constriction of the subunits'
movements in the solid state is restricting non-radiative relax-
ation pathways from the excited state and thereby might favor
optically active ones.

Of particular interest were the photophysical properties of
the parent ligand DTST and its coordination polymer LIFM-
SHL-1. Both emitters were investigated in the solid-state. DTST
and LIFM-SHL-1 exhibit weak, almost structureless and broad
absorption bands (Fig. S8†). While the absorption of DTST
reaches out to about 530 nm, the one of LIFM-SHL-1 consists of
two broad bumps which are bathochromically shied closing at
about 560 nm. It thus seems that the organic ligand is the main
photosensitive component in the coordination polymer, and its
© 2024 The Author(s). Published by the Royal Society of Chemistry
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coordination in the MOF material impacts its excited state
energy levels. While the absorption band in the range of 300–
400 nm was attributed to a ligand based p–p* electron transi-
tion, the one observed in the 400–560 nm range was attributed
to a metal to ligand n–p* electron transition. Noteworthy is the
extension of the absorption by combining the D–A ligand
design with its intramolecular packing in the MOF material,
resulting in an absorption range exceeding 550 nm capable of
capturing photons across multiple energy levels. To further
conrm this point, we calculated the absorption spectrum of
the LIFM-SHL-1 fragment (Fig. S8b†). The molecular orbital
diagrams representing the p–p* and n–p* transitions at
389 nm and 491 nm for LIFM-SHL-1, respectively, are shown in
Fig. S8c.† The absorption band at 389 nm is assigned to the
HOMO−1 (p)–LUMO−2 (p*) transition, whereas the absorption
band at 491 nm has HOMO (n)–LUMO+1 (p*) character.

To gain a better understanding of the photophysical prop-
erties of the emitters, we conducted an analysis of temperature-
Fig. 2 (a) Temperature-dependent steady-state PL spectra, and (b) 2D
610 nm; (d) temperature-dependent steady-state PL spectra (the insets s
of LIFM-SHL-1 from 77 K to 300 K; (f) decay curves of LIFM-SHL-1 from 20
DTST, and (h) LIFM-SHL-1 in the solid state at room temperature; (i) te
excitation of 500 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
dependent PL spectra under ambient air conditions. For DTST,
a single broad emission peak at 610 nm was observed (PLQY,
7.6%) (Fig. S9a†). As the temperature increases from 77 K to 300
K, both the PL intensity and transient PL decay lifetime at
610 nm decrease (Fig. 2a–c). Transient PL decay characteristics
were recorded at 100 K and provided an excited state lifetime of
5.74 ms (Table S2†), pointing at phosphorescence as the
underlying mechanism.

Interestingly, a different temperature dependence of the
steady state PL was observed for the ligand integrated in the
MOF LIFM-SHL-1 (Fig. 2d–f), displaying a switching between
two emission bands. At 100 K, the spectrum is dominated by
a broad emission band at 600 nm, resembling the one already
observed for the ligand. Its reddish emission with CIE coordi-
nates of (0.60, 0.39) is depicted as the inset of Fig. 2d. The
recorded transient PL decay characteristics at 600 nm
conrmed an excited state lifetime of 4.37 ms at 100 K (Table
S3†). As the temperature increased from 100 K to 200 K, the
contours of DTST; (c) decay curves of DTST from 100 K to 300 K at
how the photoluminescence color under UV light), and (e) 2D contours
0 K to 300 K at 568 nm; UV to visible light excitedOPEF emissions of (g)
mperature-dependent steady-state PL spectra of LIFM-SHL-1 at the

Chem. Sci., 2024, 15, 8905–8912 | 8907

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc02030h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
18

/2
02

5 
2:

03
:3

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
intensity of the emission at 600 nm gradually diminished
(Fig. 2d and e). We thus attribute the emission band at 600 nm
to the phosphorescence originating from the DTST ligand. This
interpretation is further supported by the transient PL decay
curves, illustrating a decrease in lifetime at 600 nm as the
temperature increased (Fig. S10 and Table S3†).

Surprisingly, with the phosphorescence diminishing
between 200 K and 300 K, another broad emission at 568 nm
appears with a yellowish color (CIE coordinates 0.50, 0.49; inset
of Fig. 2d) in LIFM-SHL-1. This emission exhibits an opposite
temperature-dependence trend, namely an increase of both the
PL intensity and decay lifetime with rising temperature, the
characteristic features of a TADF mechanism (Fig. 2d–f, S11 and
Table S4†). The recorded transient PL decay characteristics at
568 nm conrmed the TADF hypothesis with an excited state
lifetime of 7.92 ms and a PLQY of 8.64% at room temperature
(Table S4†).

The structural robustness and inertness of LIFM-SHL-1 in
the temperature range between 80 K and 300 K was corrobo-
rated by VT-PXRD (Fig. S12†). Thus, we hypothesize that the
recorded difference in the emission characteristics of LIFM-
SHL-1 between low and room temperature points at tempera-
ture dependent variations in the effectiveness of non-radiative
decay pathways of triplet excited states. At 77 K the access to
non-radiative decay pathways is limited as the loss of vibra-
tional energy is minimized, which promotes phosphorescent
emission. Conversely, at higher temperatures, alternative
relaxation pathways become more signicant, leading to TADF
emission. The decay lifetime analysis revealed that LIFM-SHL-1
shows a delayed component of 92%, compared to 8% of the
prompt component, and exhibits an efficient rate constant of
RISC (KRISC, 1.57 × 106 s−1, Table S5†) from the triplet to the
singlet energy state.

In general, the photoluminescence mechanism of LIFM-
SHL-1 involves a thermally controlled triplet exciton cycle
channel, with a threshold temperature of 200 K. Below the
threshold temperature, the ISC from singlet to triplet transition
and phosphorescence emission dominates. Above 200 K, the
RISC channel of the triplet exciton is active and becomes more
dominant with increasing temperature.

Furthermore, we investigated the luminescence properties of
DTST in the solution state. The ligands in 2-methyltetrahy-
drofuran solution (2-MTHF, 50.0 mM) showed very weak green
uorescence upon excitation at RT, which is explained by the PL
spectra presented in Fig. S13.† The transient PL decay lifetime
at 530 nm was measured as 2.80 ns (Fig. S14 and Table S6†).
Upon decreasing the temperature to 77 K, DTST exhibited
bright green emission, the lifetime was found to be as long as
15.78 ms (Fig. S14 and Table S6†). These observations indicate
that under low-temperature solution conditions, due to its
ultra-low radiation rate, it can exhibit persistent phosphores-
cence without TADF properties. This suggests that DTST cannot
exhibit TADF properties in both solid and solution states. In
contrast to pure ligands, the conformation of ligands within
MOF might experience slight alterations, along with variations
in intermolecular interactions. These differences could poten-
tially result in a narrower energy gap between singlet and triplet
8908 | Chem. Sci., 2024, 15, 8905–8912
states in LIFM-SHL-1, thereby promoting rapid RISC processes.
This makes LIFM-SHL-1 more prone to TADF properties.

Due to the long-wavelength absorption features reaching out
into the visible region of LIFM-SHL-1 discussed above, the
wavelength-dependent one-photon excitation uorescence
(OPEF) of DTST and LIFM-SHL-1 was of particular interest
(Fig. 2g and h). As we can see, the VL excited spectra from 400 to
500 nm are consistent with that of the UV excitation from 300 to
400 nm, for which DTST shows the phosphorescence domi-
nated reddish emission, while LIFM-SHL-1 manifests the TADF
dominated yellowish emission. Meanwhile, the temperature-
dependent emission spectra of LIFM-SHL-1 at the excitation
of 500 nm also exhibit an intensity increasing trend from 200 to
300 K (Fig. 2i), further supporting the TADF character of the
mechanism. Obviously, the excited state of the MOF can be
populated by both UV and VL radiation.

Furthermore, the photoluminescence of DTST and LIFM-
SHL-1 can also be excited by two-photon absorption (TPA) of
NIR light. The characteristic emission can be observed at the
NIR excitation wavelength from 750 nm to 860 nm. The wide
range of two-photon excitation uorescence (TPEF, Fig. 3a and
b) was achieved with a femtosecond laser. In more detail, we
investigated the TPEF of DTST and LIFM-SHL-1 (Fig. 3c–i, S15
and S16†) upon irradiation of 800 nm, which exhibits similar
characteristics to the OPEF spectra (Fig. 3c), indicating that
their mechanisms are the same. Furthermore, a laser power-
dependent analysis of the TPEF emission spectra displayed an
increase in intensity with the excitation power (Fig. 3d, S15 and
S16†). The linear log(PL intensity)–log(excitation power) rela-
tionship was established and its linear t had a slope of
approximately 2.0, corroborating the two-photon absorption
process for the emissions (Fig. S15 and S16†). The TPEF cross-
sections were measured with laser excitation wavelength from
740 to 860 nm (Fig. 3e, see the ESI for details†). When using an
800 nm laser as a two-photon excitation source, and LIFM-SHL-
1 have the maximum emission intensity and TPEF cross-
sections (6959.16 GM/13 825.44 GM) (Fig. 3f and Table S7†).
LIFM-SHL-1 exhibits multifold increment in both TPEF and TPA
cross-sections compared to DTST under excitation at 800 nm/
760 nm. This enhanced response was attributed to the limited
conformational exibility of organic molecules xed in the MOF
material, which restricts molecular vibrations and movements
and thereby leads to an attenuation of the non-radiative energy
loss. Additional metal–ligand charge transfer transitions in
MOFs further increases the two-photon absorption capability of
the system.

By plotting the PL intensity vs. the excitation intensity (Fig.
S15e, h and S16e, h†), a pronounced change in slope was
observed and from the turning point on PL intensity–excitation
intensity curves, we can obtain the samples TPEF thresholds.
The thereby obtained TPEF thresholds of the samples are
summarized in Fig. 3g. Interestingly, the recorded TPEF
threshold of LIFM-SHL-1 is lower than the one of DTST for both
excitation wavelengths (760 and 800 nm), which is an additional
documentation of the improved TPEF performance of the dense
framework and close packing arrangement of the emitter in
LIFM-SHL-1.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Emission spectra under different two-photon excitation wavelengths, and (b) 2D contours of LIFM-SHL-1; (c) the OPEF and TPEF
spectra of ligand DTST and LIFM-SHL-1 excited at 400 and 800 nm; (d) power-dependent emission spectra of LIFM-SHL-1 (lex = 800 nm); (e)
TPEF cross-sections of DTST and LIFM-SHL-1 under different excitation wavelengths; (f) TPEF and TPA cross-sections and (g) TPA threshold of
DTST and LIFM-SHL-1 under 760 nm and 800 nm; (h) temperature-dependent steady-state photoluminescence spectra at the excitation
wavelength of 800 nm (temperature range: 77–300 K) and (i) 2D contours of LIFM-SHL-1.
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Temperature-dependent TPEFmeasurements of LIFM-SHL-1
under ambient conditions with an incident laser of 800 nm
displayed similar temperature-dependent PL trends as already
reported under UV excitation. We are thus condent that the
same excited states are populated by both processes, one and
two photon absorptions. As both, the TADF and phosphores-
cence features of LIFM-SHL-1 can be observed in two-photon
excitation and favored by the choice of the temperature at
which the experiment is performed (Fig. 3h and i), temperature-
controlled transition between the ISC and RISC energy cycle
mechanism can be performed with both, one and two photon
modes in LIFM-SHL-1.

To get an in-depth understanding of the photophysical
properties of DTST and LIFM-SHL-1, time-dependent density
© 2024 The Author(s). Published by the Royal Society of Chemistry
functional theory (TD-DFT) calculations were performed (Fig. 4,
and see the ESI for details†). The excitation energies, transition
density plots of holes and particles, and spin–orbital coupling
matrix elements (SOCME, x) were calculated to further elucidate
the underlying transition characters.

The TD-DFT calculations for the DTST revealed a vertical
excitation energy of 2.60 eV (476 nm) for S0 / S1, which closely
approximates the absorption peak value of DTST in its solid
state (300–500 nm). The emission energy for T1 / S0 was
determined to be 673 nm, thereby conrming that the phos-
phorescence peak at 610 nm in the DTST can be attributed to T1

/ S0. The study also investigated the electronic transition
behavior ofDTST in Fig. S17 and S18.† Consistent with previous
reports, the HOMO and LUMO are spatially well separated,
Chem. Sci., 2024, 15, 8905–8912 | 8909
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Fig. 4 (a and b) Energy level diagram, SOC coefficients (x) for (a) DTST
and (b) LIFM-SHL-1 fragments; (c) distribution of frontier molecular
orbitals (FMOs) and nature transition orbitals (NTOs) of LIFM-SHL-1
fragments.
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indicating a preference for the charge-transfer state in the
excited state. The analysis of the frontier molecular orbitals
(FMOs) for DTST shows that the HOMO is mainly localized on
the four sulfur atoms of the electron donor, while the LUMO is
predominantly located on the dicyanobenzene moiety, which
acts as the electron acceptor due to its strong electron-decient
nature. This leads to signicant charge transfer from the sulfur-
rich electron-donor to the dicyanobenzene-based electron-
acceptor during the transition from the ground state to the
lowest excited state. Moreover, the FMOs are dispersed over the
sulfur atoms with heavy atom effects and n–p* transition
characteristics. In the context of electronic transitions, the
probability of ISC can be assessed based on the energy gap
DE(S,T) between singlet and triplet excited states. It can be seen
that the energy gap between S1 and T1 is 0.37 eV (Fig. 4a and
Table S8†). Specically, we found that the x(S1–T1) value was
2.90 cm−1. Moreover, perturbation theory suggests that small
singlet–triplet splitting energy DE(Sm–Tn) and high SOC
constants (x) between Sm and Tn can effectively promote the ISC
process.36 The analysis further highlights the ISC process
between S1 and T1 in DTST.

Then, LIFM-SHL-1 fragments were selected as the research
objects to explore their electronic transition behaviors (Fig. 4b
and c). As depicted in Fig. 4c, the HOMO and LUMO of LIFM-
SHL-1 fragments were distributed across different ligand
molecules. Specically, the hole density of S1 was localized on
the two sulfur atoms and part of the phenyl ring adjacent to the
acceptor units, while T1 was positioned on the four sulfur atoms
and part of the central phenyl ring. The excited-state energies of
S1 and T1 were calculated to be 2.27 and 2.22 eV, respectively
(Fig. 4b and Table S9†). The excited-state energy levels of T1 and
S1 were almost identical, and the DE(S1, T1) is 0.05 eV. The
8910 | Chem. Sci., 2024, 15, 8905–8912
analysis further highlights the rapid RISC process between S1
and T1 in LIFM-SHL-1 fragments. Meanwhile, we found that the
x(S1–T1) value was 0.21 cm−1. These calculations suggest that
the small DEST of LIFM-SHL-1 compared to DTST favors the
RISC between S1 and T1 states in the MOF. Accordingly, the
observed TADF property is absent in DTST. The localization of
the HOMO and LUMO, coupled with the well-separated NTOs
and identical excited-state- energies of T1 and S1 indicate
a strong potential for charge transfer, which is essential for
efficient light emission applications.

To characterize the electronic properties of LIFM-SHL-1 in
more detail, we performed density functional theory (DFT)
calculations. We investigated the band structure, density of
states distribution, and transition characteristics of the frontier
molecular orbitals of LIFM-SHL-1 separately. LIFM-SHL-1
shows that the HOMO and the LUMO were mainly located on
the DTST ligand, as shown in Fig. S19a.† This indicates that
light emission, including TADF, and phosphorescence
primarily originate from the DTST unit inside the framework.
The calculated band structure and density of states (DOS) of
LIFM-SHL-1 provided more detailed information about the
behavior of excited state electrons, as shown in Fig. S19b and c.†
The total/partial electronic density of states (TDOS and PDOS)
indicated that LIFM-SHL-1 exhibits a narrow band gap of
1.367 eV. This small band gap promotes the reduction of the
singlet state, which is benecial for singlet-to-triplet ISC.

The photophysical process of LIFM-SHL-1, which exhibits
ligand-centered emission, can be explained based on the theo-
retical calculation results. Combining the results of our exper-
imental data and theoretical calculations, we propose a possible
photophysical pathway for LIFM-SHL-1. Upon excitation by
higher-energy photons, electrons in the ground state of LIFM-
SHL-1 are excited to the S1 energy level. Subsequently, the
excitons in S1 rapidly undergo ISC to populate T1. At lower
temperatures, vibrational relaxation (VR) of the excited states is
suppressed, and ISC efficiency is enhanced, resulting in strong
phosphorescent emission dominated by T1 / S0. As the
temperature increases, a portion of the population in T1 gains
energy to get converted to S1, leading to increased uorescence
intensity and an elongated decay lifetime at 568 nm. However,
the rise in temperature also increases the VR process, which
contributes to the decrease in phosphorescence intensity and
completes the photocycle. Our proposed photophysical pathway
provides a comprehensive understanding of the behavior of
LIFM-SHL-1 in different temperature regimes, a crucial
requirement to further optimize and tune the feature for
potential applications in optoelectronic devices and sensors.

In addition, LIFM-SHL-1 displays chemical robustness like,
e.g., structural tolerance for acidic to alkaline aqueous solu-
tions. Specically, the framework retains its high crystallinity
aer being immersed in a pH range spanning from 1.0 to 12.0
for a period of 12 hours, as demonstrated by PXRD and FT-IR
spectra measurement (Fig. S20 and S21†). Upon addition of
ammonia to the aqueous solution, there was a gradual increase
in both the intensity and lifetimes of the emission spectrum.
And with the increase of pH from 6.7 to 11.9, the emission
wavelength is continuously red shied, and the lifetime is also
© 2024 The Author(s). Published by the Royal Society of Chemistry
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prolonged with the increase of pH (Fig. 5a, S22–S24, and Table
S10†). The new emission exhibits a longer lifetime (2.03 ms) than
the original one (1.40 ms), and it can be inferred that its property
is converted from TADF to phosphorescence (Table S10†). On
this basis, hydrochloric acid (HCl) was added to adjust the pH of
the solution; as the pH was decreased, the intensity of the
emission color returns to its original emission state (Fig. S25†).
Excitingly, this phenomenon can be repeated many times
further illustrating the structural integrity of the MOF. Building
on these ndings, HCl was introduced to the solution in order
to manipulate its pH. As the current working hypothesis, the
change of optical properties may be caused by pH dependent
hydrogen bond interactions within the framework of LIFM-SHL-
1 and its small guest molecules.37

For comparison, the optical response of the free ligand DTST
to pH was also studied. As shown in Fig. S26,† as the pH was
increased from 6.7 to 10.0, the intensity of the emission spec-
trum continues to decrease, and the emission color remains
unchanged.

The signicant changes observed in the emission spectra
and lifetimes of LIFM-SHL-1 in the presence and absence of
aqueous ammonia prompted us to investigate its potential as an
ammonia sensor. To this end, we recorded the NH3

concentration-dependent luminescence spectra of LIFM-SHL-1
under 365 nm UV light excitation. The emission intensity
exhibited a clear quenching effect with increasing NH3

concentration (Fig. 5b and c), accompanied by a noticeable red
shi in the emission color. The observed response was linear in
the range of 0–1000 mbar (Fig. 5d), with a high correlation
coefficient (R2 = 0.982). To demonstrate its potential for prac-
tical applications, we prepared a LIFM-SHL-1@PVDF composite
membrane (PVDF = poly(vinylidene uoride)) for sensing
gaseous NH3. Upon exposure to NH3, the uorescence of the
membrane exhibited a rapid and visible color change from
yellow to orange, which was accompanied by a natural color
Fig. 5 (a) Emission spectra of LIFM-SHL-1 in aqueous dispersions with
pH varying from 6.7 to 11.9; (b) photoluminescence spectra of LIFM-
SHL-1 exposed to various fractions of ammonia and (c) 2D contours of
the relationship between luminescence intensity and pressure of
ammonia; (d) variation of the emission intensity with the pressure of
ammonia; (e) response of the LIFM-SHL-1@PVDFmembrane to NH3 in
daylight and photoluminescence color; (f) luminescence switching
through alternately immersing LIFM-SHL-1@PVDF in pH 12.0 and pH
3.0 ammonia solutions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
change from yellow to dark yellow (Fig. 5e and S27a†). This
indicates that the membrane has potential application value in
portable and visually detectable ammonia sensors in real-world
applications. The membrane can also be used as a base-
triggered uorescence switch. The uorescence color changes
can be repeated by alternately immersing the membrane in pH
12.0 and pH 3.0 aqueous solutions, the emission colors show
good reproducibility at each pH (Fig. 5f). In addition, the LIFM-
SHL-1@PVDF lm obtained possesses the potential for appli-
cation in food spoilage detection, as the observable color
change in an amine atmosphere is discernible to the naked eye
(Fig. S27b†).
Conclusions

A new MOF material LIFM-SHL-1 is presented consisting of an
aromatic donor–acceptor structure based on thioether and
nitrile substituents, which is xed in the MOF material and
thereby displays promising changes in its optical properties.
The xation in the solid-state structure of the MOF results in
two parallel emission mechanisms with different com-
plementing temperature windows, allowing the selection of the
preferred emission behavior by temperature. Below the
threshold temperature of 200 K, emission occurs via direct
triplet radiation (phosphorescence), while TADF sets in above
the threshold temperature and becomes even more intensive
with increasing temperature. The interpretation of the
temperature triggered mechanism change is supported by DFT
calculations which identify a fast ISC process from S1 to T1 as
the origin of the phosphorescence. A temperature assisted RISC
process results in the conversion of the T1 triplet state into the
S1, from which the TADF occurs. The broad absorption spec-
trum of the MOF material allows excitation of the system in
a broad window, ranging from UV over VL to NIR, with two
photon absorption excitation processes in the last case. The
two-photon excitation TADF at room temperature is not only
fundamentally interesting, but also expands the application
potential of TADF materials. As preliminary proof of concept,
LIFM-SHL-1 has been integrated as a gas sensing material,
while its application potential in optoelectronic devices, bio-
logical imaging, and beyond will be explored in future.
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