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Dual functionality of phosphorescence and
photothermal conversion through light-activated
open-shell singlet diradicals in silver metal–
organic frameworks†

Pei-Yu Liao,‡ Jia-Chuan Liu,‡ Hao-Zhi Fan, Yi Ding and Ming-Liang Tong *

Synergistically regulating the photoluminescence properties and photothermal conversion performance

is a highly concerning and challenging task, and constructing radical-induced photochromic materials is

one of the effective strategies. In this work, we exploited the structural advantages of crystalline MOF

materials, assembled using the photoactive TEPE ligands and the silver ions, and further introduced the

large steric ADC� (ADCA = 1-adamantane carboxylic acid) guests to form [Ag(TEPE)](ADC)�9H2O (1). MOF 1

rapidly forms photochromic product 1* under 365 nm light irradiation, and time-dependent EPR

characterization verifies that the photoinduced radicals maintained good stability against water and oxygen.

Interestingly, the variable-temperature EPR spectrum exhibits a rare thermal enhancement phenomenon,

which is a typical characteristic of thermally excited triplet diradicals. Steady-state photoluminescence

spectra showcase the transition from 1 with blue emission to 1* with red/NIR emission, while transient-

state decay spectra account for the lifetimes ranging from nanoseconds to microseconds, confirming the

emergence of a thermally excited triplet state. Under a 0.5 W 808 nm laser, the photothermal conversion

efficiency of 1* is 49.05%. The remarkable solar-driven water evaporation efficiency is 80% under Xenon

lamp irradiation, and the average water evaporation amount is 1.232 kg m�2 h�1. The photoinduced

thermally excited triplet radicals not only activate the room-temperature phosphorescence behavior but

also trigger the outstanding photothermal conversion performance, and triple responses of magnetic/

optical/thermal effects can be further realized.

Introduction

A diradical refers to a system possessing two unpaired spins,
one of which is known as the thermally excited triplet state, also
termed the open-shell singlet state, and has received extensive
attention recently.1–5 At low temperatures, the interacting pair of
electrons is in a spin-paired singlet state (S = 0). As temperature
increases, the spin-paired diradical transforms into a spin-parallel
triplet state (S = 1).6–9 Currently, thermally excited triplet state
materials have been widely utilized in fields such as optical display,
spin storage, photoelectric semiconductors, and others.10–15

At present, there are two main synthesis strategies for
thermally excited triplet materials. Firstly, the components with

electron transfer activity (i.e., the electron donors and the
acceptors) are assembled together, and the intramolecular
electron transfer process is achieved through thermal stimulation
at high temperature (e.g., solvothermal method), thereby achieving
the characteristics of diradical materials.16,17 Secondly, unpaired
single electrons are obtained through the use of chemical reagents
with strong oxidizing and reducing properties in organometallic
synthesis.18–21 However, both of these strategies require energy-
intensive and multi-step synthesis, and thus the development of
clean, facile, and controllable strategies is highly desirable.22

Photochromic materials are a class of optical functional materials
with color bistability, and can realize a synergistic regulation of
physical and chemical properties through remote controlled light
irradiation.23–26 Among them, radical-induced photochromic
materials are some of the most promising emerging materials,
not only because they can exhibit rapid and significant color
changes but also, more importantly, the multifunctional responses
of optical, magnetic, and thermal effects can be activated by
photoinduced radicals.27–29 For instance, excellent optical proper-
ties such as typical aggregation-induced luminescence effects and
room-temperature phosphorescence properties are achieved in
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many cases.30,31 However, it is extremely difficult to manipulate
the spin state of photoinduced radicals in a directional manner,
and there is still a lack of design schemes to introduce thermally
excited triplet diradicals into radical-induced photochromic mate-
rials through synthesis.

Photothermal conversion is another significant application
of thermally excited triplet diradical materials. In particular,
near-infrared (NIR) thermal conversion materials can efficiently
utilize the NIR light region that accounts for a certain proportion
of sunlight to achieve the conversion of light energy into heat
energy.32–34 At the same time, when thermally excited triplet
materials are used to meet the real-world demand for freshwater
enrichment, their performance in both water evaporation and
conversion efficiency is not inferior to that of inorganic
nanomaterials.35–39 Herein, we develop a synthesis strategy for
introducing thermally excited triplet photoinduced radicals with
strong air/water stability into high-performance NIR photother-
mal conversion materials. By selecting non-conjugated large
steric-hindered anionic guests to fill the cavities, the host–guest
electronic interactions with the silver ion framework are wea-
kened and the intrinsic properties of the main skeleton are
revealed. The spectroscopic properties of stable photoinduced
radicals were successfully investigated through EPR characteriza-
tion, and the transient-state photoluminescence spectra further
validated the existence of triplets with a phosphorescence life-
time of approximately 2.5 ms at room temperature. The out-
standing solar-driven water evaporation performance broadens
the practical application of photochromic materials in photo-
thermal conversion performance, and provides a blueprint for
the future directional design and synthesis of high-performance
photoluminescence/photothermal conversion materials.

Results and discussion
Compositional and structural characterization

The synthesis of MOF 1 was carried out by means of a mild
solution approach. In a homogeneous solution, [Ag(NH3)2]+

ions and four-connected TEPE ligands self-assemble to form
an ordered metal–organic framework, while the ordered cavity
filled with large-scale anionic ADC� guests forms the target
product 1 (Fig. 1a). Thermogravimetric analysis, infrared ana-
lysis, and elemental analysis are conducive to disclosing the
detailed composition information, indicating that the pores of
each individual unit were filled with nine H2O molecules
(Fig. S1 and S2, ESI†). The room temperature powder diffrac-
tion pattern of 1 is in excellent accordance with the simulation
diagram, which ensures the purities of the samples for the
subsequent characterization (Fig. S3, ESI†).

In order to further discuss the interaction between the main
framework and guest molecules, we analyze the structural com-
position of MOF 1 through single-crystal X-ray diffraction (SC-
XRD). MOF 1 crystallizes in the orthorhombic Pcca space group
(Table S1, ESI†), and its asymmetric unit contains an indepen-
dent silver ion with a distorted tetrahedral local configuration
that is coordinated with m4-TEPE ligands (Fig. 1b). The average

Ag–N bond length is 2.318 Å, and the N–Ag–N bond angles range
from 84.841 to 118.551 (Table S2, ESI†), demonstrating the feature
of a distorted tetrahedral coordination geometry. As can be seen
in the three-dimensional (3D) stacking diagram, 1 possesses
exquisitely structured pores and cavities that are ready to accom-
modate large-sized guest molecules (Fig. 1c and Fig. S4, ESI†).
Probing into the characteristics of the pores, the filled ADC�

anions are in a disordered state since the non-conjugated anionic
guests do not have sufficient host–guest interactions with the
main framework, and thus lack fixed conformations (Fig. 1d). By
abstracting the Ag ions and TEPE ligand as four-connected
nodes, the topology of 1 can be analyzed using the TOPOSPro
software. A classical 4,4-connected sqc183 topological framework
with point symbol {42�84} is obtained (Fig. 1e).

Interestingly, even though the topology of 1 is very similar to
that of the 4-connected structures of the silver-MOFs we have
previously published,28 its linker TEPE is rather distorted. As
Fig. 1f shows, the dihedral angles of adjacent pyridine rings are
extremely discrepant, ranging from 48.681 to 87.221. For struc-
tures with conjugated anions, however, the four dihedral angles
of NC/BC are basically close, indicating that the TEPE ligands
do not experience significant rotational distortion (Table S3,
ESI†). The ligand distortion effect was also observed in another
silver-MOF NTF with a non-conjugated anionic guest. By quan-
tifying the distortion degree of the TEPE linker with variance, it
can be clearly seen that ADCA (MOF 1) 4 NTF 4 NC = BC
(Fig. 1g). This phenomenon reveals that the main framework of
Ag-MOF determines the allowable size of the guests, but the
space structures and degrees of conjugation of the anionic
guests can dynamically regulate the conformation of the lin-
kers, thereby expressing the property differences driven by the
host–guest interaction.

Photochromism and photoinduced radicals

MOF 1 showcases distinct and rapid photochromism under the
perturbation of UV light. Under room light conditions, 1
appears as a pale-yellow crystal, but after 365 nm light irradia-
tion, the color deepens significantly and is visibly stabilized to a
brownish-red color (Fig. 2a). Time-dependent ultraviolet-
visible-near infrared (UV-Vis-NIR) reflection spectra display
the photo-responsive behaviors of 1 and the corresponding
photoproduct 1*. Before 365 nm light irradiation, the absorption
of 1 is only concentrated in the deep UV region, with the central
absorption at around 294 nm. After illumination, the absorption
characteristics of 1* change drastically. The original absorption
gradually decreases, while the absorption from the near UV to
NIR region increases significantly (Fig. 2b). By splitting each
characteristic absorption peak of 1* for more detailed examina-
tion, the UV, visible, and NIR regions show different behaviors.
With the increase of the three-hour illumination time, the peaks
positioned at 276 nm and 294 nm continue to decrease (Fig. 2c).
These locations belong to the characteristic absorption of the
ethylene bond, suggesting the presence of the photoactive sites of
1.40–42 In the visible region, the changes at 470, 512 and 556 nm
are mainly investigated. The absorption increases rapidly within
10 minutes of irradiation and remains basically stable after
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20 minutes, indicating the accumulation of ethylene-bond radicals
in 1* (Fig. 2d). More importantly, 1* acts differently in the NIR
region compared to the visible region (Fig. 2e). The increase in its
absorption slows down, and even when it reaches a steady state at
3 hours, it still maintains an upward trend. This phenomenon
hints at the potentially excellent NIR-photothermal conversion
behaviors, and the mechanism will be further analyzed combining
with theoretical calculations.

The PXRD pattern of photoirradiation product 1* displays a
slightly higher angular shift compared to MOF 1 before 365 nm
light irradiation (Fig. S5, ESI†). In order to further discuss the
initiation mechanism of the photothermal reaction, parallel
tests were carried out on MOF 1 at different power densities of
irradiation light sources. The threshold for the light-driven

reaction was 130 mW cm�2 (Fig. S6, ESI†). Furthermore, an
investigation into the reversibility of 1* which had been placed
in the dark for one week was performed. The slight change in
absorbance confirmed that the photophysical properties of
light-stable 1* could be maintained for a long time (Fig. S7,
ESI†). According to previous studies, the emergence of ethylene-
bond radicals can distort the skeleton of silver MOFs, thus
resulting in a slightly higher angular shift in the PXRD
pattern.28,43,44 In order to further verify the above conjecture,
we further conducted variable-temperature EPR measurements
on 1*. As shown in Fig. 2f, there is an obvious organic radical
signal at a g-value of 2.005 (at 337 mT), confirming the produc-
tion of TEPE radicals. Intriguingly, with the increase of tem-
perature, the intensity of EPR does not minish due to the

Fig. 1 (a) Synthesis roadmap of the framework-assembly and guest-encapsulation processes for target silver MOF 1. Therein, the yellow tetrahedron
represents the central silver ion, the green deformed polyhedron represents the TEPE ligand, and the blue sphere represents the ADC� guest. (b)
Coordination environment of TEPE ligands and silver atoms. The anionic guests are omitted for clarity. Color code: Ag, pink; N, dark blue; and C, grey.
Symmetry code: (a) A�X, Y, 1/2 � Z; B�1/2 + X, 1 � Y, 1/2 � Z; and C 1/2 � X, 1 � Y, Z. (c) 3D packing structure along the a-axis direction. (d) In order to
further exhibit the relative position of the framework and guests, ADC� anionic guests are filled into the pores in the a-axis stacking diagram. (e) The
topological analysis of 1. The silver ions and m4-TEPE are regarded as 4-connected nodes and linkers, respectively. The selected anionic guests are
represented as space-filling mode with green and blue spheres to represent two disordered parts. (f) Diagram of the distortion of TEPE ligands. The
colored planes represent the different pyridine ring planes, and the numbers in the figure represent the dihedral angles of the adjacent planes. (g) Dihedral
angle data and statistical diagrams of 4-connected silver MOFs with m4-TEPE ligand coordination. The ordinate value is the variance of the four dihedral
angles of each silver MOF. The five symbols represent different anionic guest names whose crystal structures have been published: NC for the
1-naphthoic anion (CCDC 2286685†), BC for the 1-benzoic anion (CCDC 2389943†), NTF for bis(trifluoromethylsulfonyl)imide (CCDC 2325498†), and
ADCA for the 1-amantadanic anion. Color code: NC, pale purple; BC, dark red; NTF, green; and ADCA, aqua green.
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common thermal quenching phenomenon, but rather an
obvious thermal enhancement performance can be observed
(Fig. S8, ESI†).45–47 In other words, the fundamental reason for
breaking the EPR silence of 1 is the existence of the thermally
excited triplet state, and it has been proved that a half-field
transition signal is hard to be captured either in a powder
sample or a solution sample.48

In order to assess the stability of the thermal excited triplet
state of 1*, time-dependent EPR spectra were obtained for the
1* sample that was exposed to the air and water. Firstly, EPR
tests were performed on 1* that had been illuminated for 30
minutes, and it was observed that the signal of the sample
gradually weakened as time increased. Nevertheless, the radical
signal was still detectable after 14 days (Fig. 2g and Fig. S9,
ESI†). Additionally, after re-testing the samples that had been

exposed to 9 hours of 365 nm light irradiation under the same
conditions, we were surprised to find that the relaxation process
of its EPR signal was consistent with that of the previous
samples (Fig. 2h). The EPR spectra of samples with different
irradiation durations within similar time periods were succes-
sively compared, and the intensity and location were basically
similar. This phenomenon indicates that 1* has a rapid photo-
response rate, and the generation process of photoinduced
radicals can be accomplished within a short time achieving
stable performance for a long period. Time-dependent EPR
characterization upon water immersion is conducive to explor-
ing the resistance to water erosion of sample 1*. As depicted in
Fig. 2i, the EPR intensity changes rapidly in the initial stage of
water immersion (within 0–3 days) and then stabilizes at a fixed
value. The above studies have shown that the photoinduced

Fig. 2 (a) The photochromic pictures of complexes before (left) and after (right) UV light irradiation. (b) Time-dependent UV-Vis-NIR diffuse reflection
spectra of 1 in the solid state after being irradiated with 365 nm light. (c) The changes in absorbance of the absorption peaks of 1 at 276 nm (red) and
294 nm (orange). (d) The changes in absorbance of the absorption peaks of 1 at 470 nm (green), 512 nm (aqua green) and 556 nm (blue). (e) The changes
in absorbance of the absorption peaks of 1 at 716 nm (dark purple) and 880 nm (purple). (f) Solid-state temperature-dependent EPR spectra of 1* from
100 K to 300 K. The inset presents the variation of the EPR intensity with temperature. (g) Solid-state time-dependent EPR spectra of 1* after the removal
of external 365 nm irradiation at room temperature. Sample 1* was irradiated for 30 minutes in the air. (f) Solid-state time-dependent EPR spectra of 1*
after the removal of external 365 nm irradiation at room temperature. Sample 1* was irradiated for 9 hours in the air. (i) Solid-state time-dependent EPR
spectra of 1*, which was stored by being immersed in water.
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radicals in 1* have a strong ability to resist the destruction by air
and water and exhibit ultrahard EPR activities.

Ultralong-decay photoluminescence behavior

The steady-state and transient-state photoluminescence spectra
are collected to study the optical characteristics of MOFs 1 and
1*. The excitation spectra monitored at the characteristic
emission wavelengths exhibit the broadband nature, indicating

that the emissions of 1 and 1* can be excited at multiple
wavelengths (Fig. S10, ESI†). Under the excitation at 355 nm,
the emission broad band of 1 at 100 K is concentrated at
around 450 nm, and with the increase of temperature, a blue
shift occurs at 430 nm and 300 K (Fig. 3a and Fig. S11, ESI†).
The lifetime decay curves at 100/160/240/300 K were monitored
under the excitation at 405 nm, where the values obtained
by double exponential fitting at 100 K are approximately 1 ns

Fig. 3 (a) Temperature-dependent emission spectra of 1 (excited at 355 nm) in the solid state ranging from 100 K to 300 K. (b) Lifetime measurements
for 1 in the solid state at 100 K, with the mean lifetime of t1 = 1.56 ns (53.12%) and t2 = 7.00 ns (46.88%), which are fitted by a double exponential function
(lex = 405 nm and lem = 450 nm). (c) Lifetime measurements for 1 in the solid state at 300 K, with the mean lifetime of t1 = 1.16 ns (39.19%), t2 = 3.81 ns
(45.09%) and t3 = 12.38 ns (15.72%), which are fitted by a triple exponential function (lex = 405 nm and lem = 450 nm). (d) Temperature-dependent
emission spectra of 1* (excited at 355 nm) in the solid state from 100 K to 300 K. (e) Lifetime measurements for 1* in the solid state at 100 K, with the
mean lifetime of t1 = 4.46 ms (18.24%), t2 = 21.68 ms (49.56%) and t3 = 111.69 ms (32.20%), which are fitted by a triple exponential function (lex = 355 nm
and lem = 850 nm). (f) Lifetime measurements for 1 in the solid state at 300 K, with the mean lifetime of t1 = 2.52 ms (40.52%), t2 = 11.28 ms (51.25%) and
t3 = 49.06 ms (8.23%), which are fitted by a triple exponential function (lex = 355 nm and lem = 850 nm). (g) Under 355 nm excitation, the decay curves
were collected for 1 and 1* at an emission wavelength of 650 nm, and the statistical graph of the lifetime results obtained by triple-exponential fitting is
used, where the numbers represent the proportion of the longest lifetime (t1). Color code: t1, blue; t2, green; and t3, black.
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and 7 ns (Fig. 3b and Fig. S12, ESI†). At room temperature, a
slightly longer lifetime of about 12 ns can be obtained by using
three exponential function analysis (Fig. 3c).

Comparatively, the emission behavior of 1* has changed
significantly, covering from 550 nm to 900 nm, and the central
position is concentrated at 850 nm, while the NIR photolumi-
nescence is the characteristic performance of organic radicals
(Fig. 3d and Fig. S13, ESI†).49–51 Transient-state decay behavior
of 1* realizes the transition from nanoseconds to microse-
conds, suggesting the generation of triplet state products.52,53

The attenuation behavior of 1* becomes very complicated, and
the decay results of the distribution range can be obtained by
three-exponential fitting of the lifetime curves for different
temperatures (from 100 to 300 K). The basic rule can be
summarized as that the absolute value and proportion of
long-lived t3 gradually decrease with the increase of tempera-
ture (Fig. 3e, f and Fig. S14, ESI†). It demonstrates that relaxa-
tion of the triple state at low temperatures favors radiative
transition mechanisms, while at high temperatures, it favors
other relaxation processes, such as the thermal energy conver-
sion processes of non-radiative transitions.

To further explore the impact of photo-induced radicals on
the photoluminescence behavior, the crossed emission bands
of 1 and 1* at 650 nm were monitored under 355 nm excitation.
The interferon regulatory factor (IRF) excited by a 355 nm
microsecond pulse lamp was collected to assess the influence
of the background (Fig. S15, ESI†), and the fitted IRF result is
3.9 ms. Thus, we believe that the three fitted sets of lifetimes are
from the sample. The decay of MOF 1 at 650 nm is on the order
of microseconds, but both the lifetime length and the relative
proportion are affected by temperature (Fig. 3g and Fig. S16,
S17, ESI†). The summary tables of the decay lifetimes and
relative proportions of 1 and 1* are presented in Tables S4–S6
(ESI†). It can be observed that the phosphorescence decay
lifetimes at 650 nm (15385 cm�1) are longer than those at
850 nm (11765 cm�1) at different temperatures. The above
results indicate that the energy transfer pathway may be from
the singlet state to the high-energy triplet state (650 nm), and
then shift to a low-energy triplet state (850 nm), thereby leading
to differences in decay lifetimes.

In order to further analyze the blue-light fluorescence emis-
sion of MOF 1 at the central position of 450 nm and the red-
light and near-infrared phosphorescence emissions of 1* at 650
and 850 nm,54–56 the fluorescence intensity ratio (FIR) was
utilized to describe the dynamic change of 1*. Given the
fluorescence emission behavior at 450 nm of MOF 1, we take
the intensity at 450 nm of 1* as the reference and evaluate
their absolute sensitivities (Sa) and relative sensitivities (Sr). The
data were measured using the following equations: FIR =

A � exp(�T/B) + C, Sa ¼
dFIR

dT

����
���� ¼ A� exp �T

B

� �
� 1

B

����
���� and

Sr ¼
dFIR

dT
� 1

FIR

����
����� 100%, where A, B, and C are the fitting

parameters and T is the absolute temperature (K).57 As shown
in Fig. S18–S20 (ESI†), the emission at 850 nm has a higher
temperature sensitivity than that at 650 nm, suggesting that the

process of the transition from high-energy triplet states to low-
energy triplet states is influenced by non-radiative transition
processes.

Photothermal conversion and solar evaporation

Optical data reveal that 1* tends to possess excellent photo-
thermal conversion performance at room temperature. Before
irradiation, the temperature of 1 did not show a significant
increase under the laser irradiation of 1 W cm�2 at 808 nm.
However, 1* warmed up to 185 1C within 1 minute (Fig. 4a), and
the structure remained stable under laser irradiation (Fig. S21,
ESI†). Five heating–cooling cycles of 1* demonstrated that the
photothermal conversion properties remained highly stable
(Fig. 4b), while the power-dependent photothermal conversion
tests indicated that the temperature (DT) increased along with
the increase of power density (Fig. 4c). The linear relationship
between DT and power density also verified that the excellent
photothermal conversion performance had good controllability
and operability (Fig. S22, ESI†). The dynamic IR thermal images
of 1* confirmed the rapid accumulation of heat, and the heat
could be dissipated rapidly within 40 seconds after the removal
of the 808 nm laser (Fig. 4d). This phenomenon verifies that 1*
has a swift response rate of the photothermal conversion effect,
confirming that it is an outstanding controllable material. The
photothermal conversion effect of 1* can be well-described by
the linearly fitted time constant ts of 784.2 seconds (Fig. 4e) and
the competitive efficiency of 45.09% (the specific calculation
process is shown in the ESI†).

According to EPR data, the photoinduced radicals of 1*
remain stable in water. Hence, solar-driven water evaporation
experiments were carried out on the 1*-loaded airlaid paper
covering water to assess the practical application of the photo-
thermal conversion (Fig. S23, ESI†). When sample 1* was
immersed directly in water and tested under 808 nm laser
irradiation, the temperature of the 1* suspension increases to
around 30 1C, while the temperature of pure water is 23 1C
(Fig. 4f). This phenomenon implies that the sample will bring
about excellent solar-driven water evaporation properties.
Furthermore, sample 1* was loaded on airlaid paper and then
covered with water to perform standard water evaporation
efficiency characteration. Under AM 1.5 G irradiation, the tem-
perature of the pristine airlaid paper increased by 8 1C, while the
temperature of the 1*-loaded airlaid paper rapidly increased by
17 1C (Fig. 4g). The heat trapped in the sample and escaped into
the environment, promoting evaporation and reducing the
mass of the water. When irradiated for 30 minutes, the water
evaporation effect brought by sample 1* led to a mass loss of
0.6 kg m�2, while the blank airlaid paper showed a mass
reduction of 0.3 kg m�2 (Fig. 4h). Five parallel cycles confirmed
the stability of water evaporation performance and yielded an
average evaporation rate of 1.232 kg m�2 h�1 (Fig. 4i). A high
solar-driven water evaporation efficiency of 80.0% is presented,
which reveals that the appearance of the ultrahard photoinduced
radicals results in outstanding water evaporation photothermal
conversion performance.
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Theoretical calculation and analysis

To gain further insights into the origin of photoinduced radicals,
DFT/TD-DFT calculations were carried out to assess the singlet
state of 1 and the triplet state of 1*. For the singlet state, the
highest occupied molecular orbital (HOMO, Fig. 5a) and the
lowest unoccupied molecular orbital (LUMO, Fig. 5b) are mainly
delocalized to pyridine and ethylene units, respectively, with the
HOMO–LUMO gap of 4.27 eV. For the simulated UV-Vis-NIR
absorption spectrum, there is a single broad peak with the
strongest oscillator strength located at 323.85 nm (Fig. 5c). As
can be observed from the visualization, the transition originates
mainly from the pyridine (HOMO�6) to the ethylene group
(LUMO+2). Considering the other sub-strong oscillator positions,
such as 328.89, 324.68 and 314.60 nm, the absorption transitions
are mostly similar to that at 323.85 nm (Fig. S24–S26, ESI†).

In contrast, the excited state of 1* possesses more abundant
properties. The spin density distribution of 1* reveals that the

spin density is mainly delocalized on the central ethylene unit,
suggesting that it is the active site of the photoinduced electron
transfer process (Fig. S27, ESI†). An in-depth examination of the
energy of the frontier molecular orbitals shows that the HOMO
and the LUMO have energy levels of �5.71 eV and �4.26 eV,
respectively (Fig. 5d and e), and the electron clouds of both are
primarily distributed in pyridine units. To study the changes of
absorption in the UV, visible and NIR regions of 1*, the simulated
absorption spectra of three optical regions are analyzed in detail.
The transition at 314.60 nm is similar to the singlet state
(Fig. S28, ESI†), while the variation at 324.94 nm clearly shows
that the electron cloud changes in the ethylene bond (Fig. S29,
ESI†). Based on the experimental data, the absorbance of 1 at 276
and 294 nm decreased with the increase of illumination time,
which indicates the generation of ethylene radicals.

The increase in absorption in the visible region suggests the
secondary processes of ethylene radicals. Transitions at 483.26 nm

Fig. 4 (a) Photothermal conversion curves of 1 (grey line) and 1* (red line) under 1 W cm�2 808 nm laser irradiation. (b) Five heating–cooling cycles for
photoproduct 1*. (c) Photothermal conversion curves of irradiated 1* at different NIR laser intensities. (d) IR thermal images of 1* under on and off irradiation of
the 1 W cm�2 808 nm laser. (e) Plot of time versus �ln(y) according to the data recorded using an IR camera during the cooling period. (f) Photothermal
conversion curves of 1* suspension in water (red circles). The properties of pure water are also provided as a comparison (grey circles). (g) Temperature changes
of pristine airlaid paper (grey line) and photoproduct 1* loaded on airlaid paper (red line) taking up water under AM 1.5G irradiation. The inset shows the
photographs captured using an IR thermal camera upon 1 sunlight. (h) Water evaporation curves with airlaid paper (grey line) and 1*-loaded airlaid paper (red line)
under AM 1.5G. (i) The solar-driven water evaporation rate of 1*-loaded airlaid paper in five cycles, with a mean rate of 1.232 kg m�2 h�1.
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and 523.07 nm hint that the electron cloud will delocalize to the
adjacent pyridine ring (Fig. S30 and S31, ESI†), while absorption at
571.88 nm indicates that electrons located in pyridine will resonate
on the ethylene bond again (Fig. S32, ESI†). The reversible
resonance process of the diradical is reasonable,58 which confirms
the deduction that the conjugated groups can stabilize ethylene
radicals. Interestingly, the theoretical absorption mechanism in
the NIR region is different from that in the UV and visible regions.
As can be seen from Fig. 5f, the HOMO�19 has the participation of
the 4dz2 orbital of Ag, while the electron cloud of the LUMO is
distributed around the ethylene group, which exhibits the inter-
ligand transitions that are different from those described
above.59,60 Therefore, despite utilizing the non-conjugated ADC�

guests, 1* can still show ultra-stable properties and excellent
photothermal conversion properties, which may be related to the
potential metal to ligand charge transfer process.

Conclusions

Herein, we have synthesized crystalline material MOF 1
through the self-assembly of the large steric-hindered non-
conjugated anionic guests and the cationic silver framework.
Under irradiation at 365 nm, 1 can be transformed into

EPR-active photochromic product 1*. The time-dependent UV-
Vis-NIR diffuse reflectance spectra demonstrate that the three
light regions in the generation process of 1* have significantly
different dynamic changes. Particularly, the absorption in the
NIR region rapidly increases along with the accumulation of
irradiation time. The photochromic behavior follows the
photoinduced-radical mechanism, and the 1* radical possesses
ultrahigh water and air stability. The variable-temperature EPR
spectra show that 1* has a rare thermal enhancement property,
which is attributed to the appearance of the thermal excitation
triplet state. The photoluminescence spectra also provide spec-
troscopic evidence for the generation of thermally excited
triplets, showing not only the broadband red/NIR emission of
the radicals but also the room temperature phosphorescence
behavior at the millisecond level. Interestingly, in spite of the
excellent emission behavior, 1* still exhibits a competitive photo-
thermal conversion behavior. Under the irradiation of an 808 nm
laser, the measured photothermal conversion efficiency is
45.09%. At the same time, the evaporation rate of the solar-
driven water evaporator can reach 80% under 1 kW m�2 solar
irradiation, and the evaporation rate can reach 1.232 kg m�2 h�1.
In this work, silver MOFs with a thermally excited triplet state
were designed and synthesized by utilizing photoinduced radi-
cals, and excellent photothermal conversion performance for

Fig. 5 Energy diagrams optimized by the B3LYP function and def2-svp basis sets, as well as pictorial representations of the HOMO (a) and LUMO (b) of 1
(with ADC� anionic guests omitted) in the singlet state. (c) Experimental (dashed blue line) and simulated (solid red line) UV-Vis-NIR absorption spectra of
1 in the singlet state based on TD-DFT calculations. The strongest oscillator strength at 323.85 nm was derived from the transition from HOMO�6 to
LUMO+2. For the triplet state, the frontier molecular orbitals ((d) for the LUMO and (e) for the HOMO) and the simulated UV-Vis-NIR absorption spectrum
((f), solid blue line) of 1* are shown, with the experimental data (dashed red line) for comparison. The visualization was conducive to discussing the
absorption at 802.02 nm, indicating the transition from HOMO�19 to the LUMO. The vertical solid red/blue lines indicate the oscillator strengths of the
simulated absorption peaks. Color code: Ag, orange; C, silver; N, blue; and H, white.
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solar-driven water evaporation was achieved while ensuring a
long decay lifetime at the phosphorescence scale.
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