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Atmospheric humidity-triggered reversible spin-
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The practical application of molecular switches is highly dependent on the reversible spin-state switching

under ambient conditions, which needs a delicate materials design. Here, by confining a spin-crossover
material into a sponge, the challenging goal of reversible spin-state switching in the solid state under
ambient conditions has been realized, upon irradiation with a 980 nm laser for 120 s followed by
shutting off the laser for 150 s. More importantly, further integration of the hygroscopic material has
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endowed the sponge with the merits of effective atmospheric humidity-triggered reversible spin-state

switching under ambient conditions for the first time, accompanied by a reversible color variation upon
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Introduction

Switchable magnetization, or the so-called spin-crossover
(SCO), refers to the re-arrangement of spin sites between high-
spin (HS) and low-spin (LS) states as a response to external
stimuli.’*® This kind of spin-state switching is usually accom-
panied by reversible variations in magnetic, mechanical,
dielectric, and optical properties, thus showing the potential to
be applied in molecular memory, sensors, displays, molecular
electronics, etc.' Among these external stimuli, photo-
irradiation has shown the most-practical value, owing to the
merits of high local precision, high polarization, remote
controllability, =~ temporal = dynamics, and ease of
manipulation.”*¢ The typical examples of photo-triggered spin-
state switching are the light-induced excited spin-state trapping
(LIESST) and reverse LIESST, which involve visible-light-
induced LS-to-HS state transition and near-infrared (NIR)
light-induced HS-to-LS state transition, respectively, giving rise
to practical application in photo-triggered memory devices.'”>°
However, both the LIESST and reverse LIESST usually occurred
below 100 K, which limited greatly their wide application.
Hence, the design of a special system with photo-triggered spin-
state switching under ambient conditions is of significant
importance.

The search for external stimuli from the ambient environ-
ment to trigger spin-state switching has shown promising
potential for practical applications, as it can promote the
challenging goal of “energy conservation and emission
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naturally occurring humidity capture/release cycles. This work is expected to provide a fairly good
strategy for developing novel molecular switches triggered by natural energy sources at the device level.

reduction”.*** Among the various energy sources in the
ambient environment, atmospheric humidity is rather over-
looked owing to its annoying attributes.***® However, the
earth's atmospheric humidity was estimated to be about 13 000
trillion liters, and the conversion of this huge free source to use
physical forms, electrical energies, and physical signals, will
certainly make a big difference in the development of
a sustainable society.>’”** From this point of view, the use of
atmospheric humidity to trigger spin-state switching, which
remains un-studied, represents an effective strategy for “energy
conservation and emission reduction”, and is expected to
promote the device application of atmospheric humidity-
related detection, displays, and switching.

Here in this work, via confinement of a two-dimensional (2D)
SCO material into a hygroscopic sponge, the atmospheric
humidity-triggered reversible spin-state switching under
ambient conditions has been achieved. The related sponge was
composed of a hydrophobic polymer poly(vinylidene fluoride)
(PVDF) and a hydrophilic polymer polyethylene glycol (PEG),**
which act as a three-dimensional bracket that disperses the 2D
SCO material in space. The related 2D SCO material was an NIR-
sensitive species 2D-SCO@UCNPs (Fig. 1),*> where, 2D-SCO =
single-layered 2D nanosheets of the SCO material [Fe(1,3-bis(4-
pyridyl)-propane),(SCN),],;** and UCNPs = zero-dimensional
(0D) upconverting nanoparticles NaYF4:20 mol% Yb**,1 mol%
Er**, which are capable of upconverting 980 nm NIR-light into
500-700 nm visible-light that matches well with the energy
required for spin-state switching of 2D-SCO.** Upon photo-
irradiation with a 980 nm laser, the species of 2D-
SCO@UCNPs in the sponge has shown a complete HS-to-LS
transition, which was reverse LIESST, within 120 s, and shut-
ting off the laser can induce the reverse LS-to-HS transition
within 150 s, suggesting a photo-triggered reversible spin-state

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematics of the fabrication process and materials used for the sponges; the photo- and humidity-triggered reversible spin-state

switching under ambient conditions have been highlighted.

switching in the solid state under ambient conditions. More
importantly, in the presence of the hygroscopic material,*
atmospheric humidity-triggered reversible spin-state switching
under ambient conditions, accompanied by a dramatic revers-
ible color variation of the sponge, has been observed, which was
due to the naturally occurring humidity capture/release cycles
within the hygroscopic sponge (Fig. 1). At this point, the chal-
lenging goal of “energy conservation” has been realized with the
hygroscopic sponge. Being an effective way to develop the
natural energy source-triggered molecular switching at the
device level, the present work may open a new avenue for the
development of next-generation molecular switch systems.

Results and discussion
Fabrication of the sponge

The fabrication process and materials used for the sponge are
illustrated in Fig. 1. 2D-SCO, UCNPs, 2D-SCO@UCNPs, and the
naked sponge were prepared according to our previous work;***
their transmission electron microscopy (TEM) images are pre-
sented at the bottom of Fig. 1. The obtained naked sponge was
almost colorless (Fig. S17), while after being incorporated with
yellow-colored  2D-SCO@UCNPs, the sponge displayed
a uniformly distributed bright yellow color (Fig. 2a), suggesting
the fine dispersion of 2D-SCO@UCNPs in the sponge. Interest-
ingly, this kind of sponge is porous (Fig. 2b), which can act as
a channel for the transmission of small molecules.*" IR spectra
have suggested that the confinement in the sponge has made
a significant influence on the intermolecular interactions of 2D-
SCO@UCNPs, as the vibrational peaks for SCN (at around
2000 cm™ ') have decreased dramatically in the sponge (Fig. 2c).

This journal is © The Royal Society of Chemistry 2023

For comparison, confining of individual 2D-SCO into the sponge
has been performed. As expected, a similar bright-yellow color
for 2D-SCO in the sponge has been observed (Fig. S2t), which is
also accompanied by a dramatic decrease of the vibrational
peaks for SCN (at around 2000 cm ') (Fig. 2d). From this point of
view, the electronic state around the Fe(n) ion in 2D-
SCO@UCNPs must have been altered after being confined in
the sponge, and at this point, the effective spin-state switching
can be expected in the sponge state.

NIR-triggered spin-state switching

Fig. 3a shows that the confinement in the sponge has improved
three times the intensity of the metal-to-ligand charge transfer
(MLCT) bands for 2D-SCO (550-700 nm), which matches well with
the energy of the green up-converting light (UCL) from the UCNPs
irradiated with a 980 nm laser.***® These results have demon-
strated significantly the superiority of the sponge for photo-
triggered spin-state switching. Note that, compared with 2D-
SCO in the sponge, a further increase of the MLCT bands has
been observed for 2D-SCO@UCNPs in the sponge, which was
accompanied by a decrease of the d-d transition bands (at around
480 nm) for the LS state Fe(u) species (Fig. 3b), suggesting that
UCNPs will play a key role for the photo-triggered spin-state
switching in the sponge. More interestingly, compared with
individual 2D-SCO@UCNPs which shows mainly the LS state Fe(u)
species (Fig. 3b), the confinement in the sponge has induced the
HS state. In this sense, promising photo-triggered spin-state
switching in the sponge under ambient conditions is certain.
We then irradiated 2D-SCO@UCNPs in the sponge with
a 980 nm laser under ambient conditions, and as expected,
aremarkable decrease of the MLCT bands (centered at 625 nm),
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Fig.2 (a) Optical and (b) SEM images of 2D-SCO@UCNPs in the sponge; IR spectra illustrating the variation of intermolecular interactions for (c)

2D-SCO@UCNPs and (d) 2D-SCO in the sponge.

as well as a remarkable increase of the d-d(Fe) transition bands
for the LS state (centered at 480 nm), have been observed with
irradiation for only 30 s (Fig. 3c), which corresponded to the
photo-triggered reverse LIESST. Note that, these variations can
be further strengthened until 120 s, suggesting that the
complete HS to LS state transition has been completed in the
sponge within 120 s. Importantly, the reverse process, that is the
complete LS to HS state transition, can be achieved by shutting
off the laser for 150 s, demonstrating that for the first time, the
challenging goal of photo-triggered reversible spin-state
switching under ambient conditions, has been achieved in the
sponge state with alternating NIR laser on for 120 s followed by
laser off for 150 s. More interestingly, the above-mentioned
reversible process is expected to be repeated infinitely, with
no decrease in the efficiency that can be observed after 5 cycles
(Fig. 3d), suggesting that the present sponge has shown
potential to be practically applied as a switching device.

For practical applications, excellent stability and chemical
tolerance are the premises. The porous features have suggested
that the sponge may undergo shrinkage and swelling. To verify
this aspect, heating of the sponges (including the naked sponge,
2D-SCO in the sponge, and 2D-SCO@UCNPs in the sponge)
under 45 °C has been performed, as shown in Fig. S3f; upon
heating, all the sponges had undergone continuous shrinking

1234 | J Mater. Chem. A, 2023, 11, 1232-1238

and color-darkening, reaching about one-fourth of the original
volume within 30 min. Interestingly, Raman spectra that track
the heating process have suggested that the shrunk sponges, for
both the “2D-SCO in the sponge” (Fig. S4t) and “2D-SCO@UCNPs
in the sponge” (Fig. S51), all have shown identical spectra with
the shrunk naked sponge (Fig. S6t). More importantly, these
heated sponges can be restored to their initial state by being
immersed in a DMF solution. As shown in Fig. S7 and S8, the
shrunk sponges have undergone continuous swelling upon DMF
immersion, reaching 75% of the initial volume within 30 min,
suggesting vividly the reversible shrinking-swelling performance.
Meanwhile, this reversible shrinking-swelling did not destroy the
integrity of the sponge, as the recovered species have shown
almost identical Raman spectra with the initial samples (Fig. S4—
S67). In this sense, the excellent stability and chemical tolerance
of the present sponge are expected to promote its practical
application in complex environments.

Atmospheric humidity-triggered spin-state switching

Considering that the porous features can promote small mole-
cules, such as water, through the sponge, we then focus on the
practical application of the sponge in a humid environment, to
achieve the ambition of “energy conservation”, that is,

This journal is © The Royal Society of Chemistry 2023
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(a) UV-vis absorption spectra of 2D-SCO, 2D-SCO in the sponge, and the UCL emission of UCNPs, and the inset shows the photograph of

green emission from the UCNPs in a hexane solution excited with a 980 nm laser; (b) comparison between the UV-vis absorption of 2D-
SCO@UCNPs, 2D-SCO in the sponge and 2D-SCO@UCNPs in the sponge; (c) time-dependent variation of UV-vis absorption spectra for 2D-
SCO@UCNPs in the sponge under irradiation with a 980 nm laser; (d) alternating laser on and off as a function of the absorption intensity in (c) at

625 nm.

atmospheric humidity-triggered spin-state switching. For this
purpose, the 2D super hygroscopic material,**** which featured
efficient humidity capture capacity under ambient conditions,
as well as fast water release triggered by natural sunlight, has
been employed. As shown in Fig. 4a, the integration of the blue-
colored super hygroscopic material into the yellow-colored
sponge has given birth to a blackish-green-colored hygro-
scopic sponge. Under an atmosphere with a relative humidity of
90% at room temperature, this hygroscopic sponge can capture
humidity rapidly, accompanied by a dramatic color change
from blackish-green (humidity content of 0%), through the
intermediate state green (humidity content of 13%), to finally
yellow (humidity content of 25%). Note that, this color variation
can be attributed to the different intermolecular interactions
involving the water molecules and 2D surfaces of both hygro-
scopic and SCO materials.**** Importantly, this color-variation
process is reversible, as the yellow-colored species (humidity
content of 25%) can return to the blackish-green state, upon
humidity release triggered by natural sunlight, which also goes
through an intermediate state of green (humidity content of
12%, Fig. 4a). These results have demonstrated significantly the
practical potential of this hygroscopic sponge for humidity-
related sensing, display, response, monitoring, and so on.

To further demonstrate the above-mentioned promising
aspect, the humidity content-dependent UV-vis absorption

This journal is © The Royal Society of Chemistry 2023

spectra of the hygroscopic sponge have been collected. Fig. 4b
shows that upon humidity capture, the MLCT bands (centered
at 625 nm) of 2D-SCO@UCNPs have undergone a continuous
increase with humidity contents increasing from 0 to 25%
(water capture g g of the sponge), corresponding to the LS-to-
HS transition. While upon humidity release with humidity
content decrease from 25 to 2%, the increased MLCT bands fall
back (Fig. 4c), suggesting the reverse HS-to-LS transition. At this
time, atmospheric humidity-triggered reversible spin-state
switching has been demonstrated for the first time. One thing
that should be stressed is that this kind of HS-to-LS transition is
not exactly the reverse process of the LS-to-HS transition, as the
humidity release process was much slower than the humidity
capture process, giving birth to a hysteresis loop for larger than
10% humidity content on the ygg vs. humidity content plots
(Fig. 4d). This phenomenon can be attributed to the strong
interactions between the water molecules and the 2D surfaces
of the SCO material, making it difficult for water release. More
important, for the yellow-colored hygroscopic sponge (the
hygroscopic sponge with a humidity content of 25%), photo-
triggered reverse LIESST, which was the HS-to-LS transition,
can also be observed within 120 s (Fig. 4e), suggesting that the
presence of water molecules does not affect the spin-state
transition performance of 2D-SCO@UCNPs in the hygroscopic
sponge. Hence, for the first time, the atmospheric humidity-

J. Mater. Chem. A, 2023, 11, 1232-1238 | 1235
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Fig. 4 (a) Photo images showing the fabrication process of the hygroscopic sponge, and the color-variation as a response to humidity capture/
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from 25 to 2% g g+ of the sponge; (d) the related yys vs. humidity content plots; (e) photo-triggered reverse LIESST of the hygroscopic sponge

with a humidity content of 25%.

triggered spin-state transition, which occurred naturally under
ambient conditions in the sponge state, has been realized.

Conclusion

In summary, we have demonstrated that via the confinement in
the sponge, the 2D SCO material 2D-SCO@UCNPs can show
effective photo-triggered reversible spin-state switching with
alternating laser on and laser off under ambient conditions.
Furthermore, with the incorporation of the hygroscopic mate-
rial, the hygroscopic sponge has shown atmospheric humidity-
triggered reversible spin-state switching and color variation for
the first time, as a response to naturally occurring humidity
capture/release cycles, achieving the challenging goal of “energy
conservation” at the device level. Given the vigorous

1236 | J Mater. Chem. A, 2023, 11, 1232-1238

developments in SCO materials with multiple functions, our
work provides a fairly good prototype for the development of
multi-functional molecular switching triggered by natural
energy sources in the ambient environment.

Experimental section
General considerations

All syntheses were performed under ambient conditions and all
the chemicals were of analytical grade and were used without
further purification.

Characterization

The surface morphologies of the sponge were characterized
using a field emission scanning electron microscope (FE-SEM,

This journal is © The Royal Society of Chemistry 2023
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HITACHI S-4800 20 kV). Infrared spectra were recorded on
a Shimadzu IR Prestige-21 FTIR-8400S spectrometer in the
spectral range 4000-500 cm ', with the samples in the form of
potassium bromide pellets. UCL spectra of UCNPs were
measured with a fluorescence spectrometer (Edinburgh, LFS-
920) using an external CW 980 nm laser (Xi'an Saipulin Laser
Technology Institute, China) with a tunable power of 0-3 W
acting as the excitation source. UV-vis absorption spectra were
recorded with a Shimadzu UV-3150 double-beam spectropho-
tometer. The irradiation experiments were performed by using
a CW 980 nm NIR laser (SD980- 5000G3, Xi'an Saipulin Laser
Technology Institute, China) at a laser power density of 1.0 W
cm 2. Raman spectra were recorded using a Raman microscope
(Kaiser Optical Systems, Inc., Ann Arbor, MI, USA) with 785 nm
laser excitation, and the spectra were obtained by 2 min expo-
sure of the CCD detector in the wavenumber range 50-

3500 cm ™.

Preparation of 2D-SCO@UCNPs

The preparation of 2D-SCO@UCNPs was reported in our
previous work.*>~%*

Preparation of the naked sponge

To a 50 mL three-necked flask with PEG-6000 (0.45 g), 15 mL of
DMF was added, which was ultrasonicated for 10 min to
completely dissolve. Then 2 g of PVDF was added slowly and the
resulting mixtures were stirred for 3 h to get a clear solution.
Products of the naked sponge were obtained by placing the
solution in the mold for 24 h after degassing.

Preparation of 2D-SCO@UCNPs in the sponge

To a 50 mL three-necked flask with PEG-6000 (0.45 g), 15 mL of
DMF was added, which was ultrasonicated for 10 min to
completely dissolve. Then 2 g of PVDF was added slowly and the
resulting mixtures were stirred for 3 h to get a clear solution. After
that, 36 mg of 2D-SCO@UCNPs was added and stirred for 1 h. The
resulting suspension was then transferred to a 90 °C water bath
with continuous stirring for 6 hours. Products of 2D-SCO@UCNPs
in the sponge were obtained by placing the solution in the mold
for 24 h after cooling to room temperature and degassing.

Preparation of 2D-SCO in the sponge

To a 50 mL three-necked flask with PEG-6000 (0.45 g), 15 mL of
DMF was added, which was ultrasonicated for 10 min to
completely dissolve. Then 2 g of PVDF was added slowly, and
the resulting mixtures were stirred for 3 h to get a clear solution.
After that, 30 mg of 2D-SCO was added and stirred for 1 h. The
resulting suspension was then transferred to a 90 °C water bath
with continuous stirring for 6 hours. Products of 2D-SCO in the
sponge were obtained by placing the solution in the mold for
24 h after cooling to room temperature and degassing.

Preparation of the hygroscopic sponge

It is identical with the process for fabrication of 2D-
SCO@UCNPs in the sponge, except for the addition of 5 mg of

This journal is © The Royal Society of Chemistry 2023
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the hygroscopic material. To a 50 mL three-necked flask with
PEG-6000 (0.45 g), 15 mL of DMF was added, which was ultra-
sonicated for 10 min to completely dissolve. Then 2 g of PVDF
was added slowly, and the resulting mixtures were stirred for 3 h
to get a clear solution. After that, 5 mg of the hygroscopic
material and 30 mg of 2D-SCO@UCNPs were added and stirred
for 1 h. The resulting suspension was then transferred to a 90 °C
water bath with continuous stirring for 6 hours. Products of the
hygroscopic sponge were obtained by placing the solution in the
mold for 24 h after cooling to room temperature and degassing.

Humidity capture for the hygroscopic sponge

Under the atmosphere at a relative humidity of 90% (created by
the saturated aqueous solution of KCl), the hygroscopic sponge
was put on glass and exposed to the atmosphere. The adsorp-
tion rates and adsorption capacities were investigated by
weighing the adsorbed species on an electronic balance at the
set time interval. The variations in phase state were recorded
using a camera.

Humidity release for the hygroscopic sponge

The humidity release process was carried out by using a halogen
lamp (AM 1.5) to irradiate the yellow-colored hygroscopic
sponge, and the desorption rates were investigated by weighing
the desorbed species on an electronic balance at the set time
interval.
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