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Stepped spin crossover (SCO) complexes with three or more spin states have promising applications in
high-order data storage, multi-switches and multi-sensors. Further synergy with other functionalities,
such as luminescence and dielectric properties, will provide a good chance to develop novel
multifunctional SCO materials. Here, a bent pillar ligand and luminescent pyrene guest are integrated
into a three-dimensional (3D) Hofmann-type metal-organic framework (MOF) [Fe(dpoda){Au(CN),},]-
pyrene (dpoda = 2,5-di-(pyridyl)-1,3,4-oxadiazole). The magnetic data show an incomplete and two-
step SCO behavior with the sequence of 1 « 1/2 < 1/4. The rare bi-directional light-induced excited
spin-state trapping (LIESST) effect and light-induced stepped thermal relaxation after LIESST are
observed. The pyrene guests interact with dpoda ligands via offset face-to-face m-- 7 interactions to
form intermolecular exciplex emissions. The competition between thermal quenching and stepped SCO

properties results in a complicated and stepped exciplex fluorescence. Moreover, the stepped dielectric

iig:gé% gstrdaa;u;géfom property with higher dielectric permittivity at lower temperature may be related to the more frustrated
octahedral distortion parameters in the intermediate spin states. Hence, a 3D Hofmann-type MOF with

DOI: 10.1039/d4sc00331d bent pillar ligands and fluorescent guests illustrates an effective way for the development of

rsc.li/chemical-science multifunctional switching materials.
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Introduction

Spin crossover (SCO) complexes are typical multi-responsive
molecular switches that exhibit magnetic, structural and spec-
troscopic changes triggered by external stimuli such as
temperature, light irradiation, pressure or guest molecules, and
have potential applications in data storage, displays, switches
and sensors.'” Most SCO materials only show an entropy-driven
spin transition between high-spin (HS) and low-spin (LS) states.
However, additional intermediate spin states can be observed as
collective phenomena in two-step or multi-step SCO
compounds, which result from symmetry breaking to generate
unique SCO sites in different spin states.'®'* Such stepped SCO
complexes provide a good platform for the study of multifunc-
tional materials with new potential applications in high-order
data storage, multi-switches and multi-sensors.”*™*
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Since the discovery of the light-induced excited spin-state
trapping (LIESST) effect in 1984, light irradiation has become
an effective tool to regulate spin states.'”” The transitions from
the LS to the light-induced HS* state (LIESST) and from the HS*
to the LS state (reverse-LIESST) can be achieved by irradiation
with different wavelengths of light.**** However, the LIESST and
reverse-LIESST effects can only switch between two electric
states. Stepped SCO compounds may provide a chance to
observe the unique bi-directional LIESST effect, which can
directly regulate the tristability between the ground interme-
diate spin state and the light-induced HS* and LS* states.”>*
Moreover, the rare phenomenon of stepped thermal relaxation
after LIESST has been observed in some stepped SCO
compounds.**2® Hence, the stepped SCO complexes provide
a possibility for the development of new generation photo-
responsive magnetic materials with multi-addressing capabil-
ities, which have promising applications in quantum logic gates
and spintronic devices.*

It is well known that accompanying the spin state change are
often dramatic physical responses in the structural, optical and
electrical properties, which provide a chance to produce
a luminescence response in a synergetic way. Hence, lumines-
cent SCO materials have been actively pursued in the past
decade.**** Luminophores can be incorporated into the SCO
materials by physical or chemical methods. The latter can

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc00331d&domain=pdf&date_stamp=2024-06-15
http://orcid.org/0009-0005-5098-4786
http://orcid.org/0000-0001-5047-3445
http://orcid.org/0000-0003-0665-960X
http://orcid.org/0000-0003-4725-0798
https://doi.org/10.1039/d4sc00331d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00331d
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015024

Open Access Article. Published on 14 May 2024. Downloaded on 1/18/2026 6:33:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

combine the luminescent unit with the SCO centres into
a single entity in a covalent bond, counterion or guest
manner.>** For example, exciplex fluorescence is red-shifted
and often with a long lifetime in comparison with monomer
fluorescence, which has received great attention in the fields of
exciplex-based organic light-emitting materials and devices.***
The pyrene molecule as a typical intermolecular exciplex was
introduced into a three-dimensional (3D) Hofmann-type metal-
organic framework (MOF) [Fe(bpben){Au(CN),},] (bpben = 1,4-
bis(4-pyridyl)benzene), which exhibited synergy between exci-
plex fluorescence and SCO properties.*®

Herein, the pyrene guest is introduced into a 3D Hofmann-
type MOF with a bent pillar ligand to form a solvent-free
clathrate [Fe(dpoda){Au(CN),},]-pyrene (1, dpoda = 2,5-di-
(pyridyl)-1,3,4- oxadiazole), which exhibits an incomplete and
two-step SCO behavior. The rare bi-directional LIESST and
stepped thermal relaxation after LIESST are observed. The
variable-temperature luminescence properties of 1 and its
diamagnetic isostructural derivative [Zn(dpoda){Au(CN),},]-
pyrene (2) suggest that the stepped exciplex fluorescence is
correlated with two-step SCO behavior. Moreover, the dielectric
anomaly seems to be related to the more frustrated octahedral
distortion parameters in the intermediate spin states, which
provide an effective strategy for the development of multifunc-
tional optomagnetic and electromagnetic materials.

Results and discussion

Yellow/white crystals of 1/2 were synthesized by slow diffusion
of Fe(ClO,),-6H,0/Zn(Cl0O,4), - 6H,0, K[Au(CN),] and the dpoda
ligand in a 1:2:1 molar ratio along with an excess of pyrene in
N,N-diethylformamide/ethanol solution. Thermogravimetric
(TG) analysis illustrates that 1/2 can be thermally stable up to
226/232 °C (Fig. S5 and S6t), which precludes the presence of
solvent molecules. The pyrene molecules begin to escape from
the lattice upon heating and then the frameworks of 1 and 2
collapsed at 414 and 454 °C, respectively.

Crystal structure

Single-crystal X-ray diffraction (SC-XRD) was performed at 260,
203, 198, 145 and 100 K to reveal symmetric breaking in 1. The
crystal data of 2 at the corresponding temperatures illustrate
that 2 and 1 are isostructural except for metal ions. At 260 K, 1
and 2 crystallize in the orthorhombic space group Pbca (Table
S1 and S27). The asymmetric unit of 1/2 is composed of two
crystallographically unique Fe(11)/Zn(u) ions, two dpoda ligands,
four [Au(CN),] ™ linkers and two pyrene guests (Fig. S7 and S8%),
in which one pyrene is disordered over two positions with
aratio of 61: 39 for 1 and 50 : 50 for 2. Each Fe(u)/Zn(u) ion in 1/2
is coordinated equatorially by four [Au(CN),]  linkers, resulting
in an undulated Hofmann layer along the ab plane (Fig. 1). The
organic bridging ligands thread through one Hofmann layer
and connect two adjacent layers along the ¢ axis to form a two-
fold interpenetrating 3D Hofmann-type MOF with pcu topology
(Fig. S11t). Strong aurophilic interactions (3.03 and 3.09 A in 1
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Fig.1 (a) Crystal structure of 1 at 100 K. Hydrogen atoms are omitted
for clarity. The dpoda ligands in one interpenetrated framework are
simplified as the pink lines. Four crystallographically unique pyrene
guests are distinguished by four different colors. Color codes: Fe, pink;
Au, yellow; C, gray; N, blue; O, red. (b) Structural illustration of offset
face-to-face m---m interactions (red dashed lines) and C—H-- -7t inter-
actions (green dashed lines) in 1 along the ¢ axis. The interpenetrated
frameworks are shown in gray.

and 3.03 and 3.10 A in 2) between two 3D frameworks are
observed (Fig. 1 and Table S3, S47).

Upon cooling, the diamagnetic derivative 2 remains in the
same space group at 203, 198, 145 and 100 K. In contrast,
symmetric breaking is observed in 1, in which the space group
changes from the centrosymmetric Phca at 203 K to the chiral
P2,2,2, at 198 K, 145 and 100 K. Accordingly, the number of
crystallographically unique Fe(u) ions changes from 2 to 4
(Table S17). Since disordered pyrene becomes ordered at lower
temperatures in 1, four unique dpoda ligands and pyrene guests
with different orientations result in the absence of an inversion
center and glide plane, leading to a chiral space group at 198,
145 and 100 K. In contrast, such results have not been observed
in 2 (Table S27), in which one pyrene is still disordered over two
positions with a ratio 50: 50 at low temperatures. Compared to
260 K, the unit cell volume of 1 is decreased by 1.6%, 2.1%, 4.1%
and 5.9% at 203, 198, 145 and 100 K, respectively, indicating an
obvious volume change. In contrast, the unit cell volume of 2
slightly decreases upon cooling and the total volume change
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from 260 K to 100 K is only 0.8%, which is mainly due to thermal
contraction.

The structural parameters were further compared to struc-
turally reveal the presence of SCO behavior. The detailed bond
distances and angles are listed in Table S3 and S4.f At 260 K, the
average <Fe-N> bond distances are 2.165 and 2.170 A for Fel
and Fe2, respectively, indicating that the Fe(u) ions are in the HS
state. At 203 K, the average <Fe1-N> bond distance decreases to
2.100 A corresponding to the mixed spin state, while the Fe2 ion
is still in the HS state with <Fe2-N> = 2.166 A. Upon cooling to
198 K, four crystallographically unique Fe(u) ions appear. The
average Fe-N bond distances are 2.015, 2.155, 2.160 and 2.151 A
for Fel-Fed4, respectively, which is close to that of the
HSy.75LSo 25 state. These <Fe-N> values further change to 1.960,
2.013,2.160 and 2.136 Aat 145 K, illustrating an HS, sLS 5 state.
At 100 K, the average <Fe-N> bond distances of Fel-Fe4 sites
are 1.960, 1.988, 2.160 and 1.983 A, respectively, corresponding
to three LS ions and one HS Fe(u) ion. Hence, Fel, Fe2 and Fe4
ions exhibit different SCO trends, while the Fe3 ion remains in
the HS state.

The presence of a pyrene guest leads to abundant -7
interactions in 1 and 2. At 260 K, the asymmetric units of 1 and 2
are composed of two crystallographically unique dpoda ligands,
which are almost perpendicular to each other (Fig. S7 and S8t).
Accordingly, two pyrene guests are also almost perpendicular to
each other, in which the disordered pyrene is nearly parallel to
the dpoda ligand along the bc plane (Fig. S12 and S137). Four
benzene units of disordered pyrene in 1 and 2 are effectively
involved in the formation of four sets of offset face-to-face 7+ 7
interactions along the a axis with two adjacent 1,3,4-oxadiazole
and pyridine units in two dpoda ligands from two 3D frame-
works (Fig. 12, S13 and Table S5, S7t). Under the influence of
host-guest interactions, the dpoda ligand along the bc plane
has small dihedral angles between 1,3,4-oxadiazole and each
pyridine (2.88/5.61° in 1 and 6.41/2.50° in 2 at 260 K). One
pyridine unit in this dpoda ligand forms a C-H:--v interaction
with the 1,3,4-oxadiazole unit from the other framework, illus-
trating the host-host interaction in 1 and 2 (Fig. S12, S13 and
Table S6, S87). Since the dpoda ligand is bent, a relatively large
void is left for the ordered pyrene. The ordered pyrene in 1 at
260 K becomes involved in C-H---m interactions with the
disordered pyrene and pyridine unit of the dopda ligand,
illustrating the weak guest-guest and host-guest interactions,
respectively (Fig. S12 and Table S6t). However, one additional
offset face-to-face m---7 interaction is observed between the
ordered pyrene and 1,3,4-oxadiazole unit of the dpoda ligand in
2 at 260 K (Fig. S13 and Table S77). The intermolecular inter-
actions in 1/2 at 203 K are similar to those at 260 K, in which
their structural parameters are slightly changed upon cooling
(Fig. S14 and S15%).

Accompanying the volume contraction and symmetry
breaking, more m---7w interactions appear in 1 at lower
temperatures. The asymmetric unit of 1 in the chiral P2,2,2,
space group contains four unique pyrene guests and four dpoda
ligands. The disordered pyrene at 260 and 203 K becomes two
ordered molecules at 198, 145 and 100 K, which become
involved in effective offset face-to-face m---7v interactions
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between the host and guest along the a axis (Fig. S16, S18 and
S207). Meanwhile, the relatively free pyrene at 260 and 203 K
becomes two unique guests at lower temperature. The C-H---7
interactions observed at 260 and 203 K are still present at 198,
145 and 100 K (Fig. S16, S18 and S207). Moreover, one pyrene
forms an additional offset face-to-face m---7 interaction with
the 1,3,4-oxadiazole unit of the dpoda ligand at 198 and 145 K
(Fig. S16 and S187). At 100 K, it becomes involved in an addi-
tional offset face-to-face 7---7v interaction with the pyridine unit
of the dpoda ligand (Fig. S20 and Table S21+). Since the unit cell
volume of 2 is only slightly decreased, the numbers of offset
face-to-face m---m interactions and C-H:- -7 interactions remain
the same at five temperatures (Fig. S13, S15, S17, S19 and S217).
In contrast, an increase in offset face-to-face 7t---7t interactions
for one ordered pyrene is observed in 1 (Fig. S16, S18 and S207),
which is associated with the obvious volume change. Hence,
four unique dpoda ligands with different orientations within
and between the ligands and four pyrene guests with different
orientations lead to abundant host-guest, guest-guest and
host-guest interactions with different structural parameters in
1 at lower temperatures.

Photomagnetic properties

Variable-temperature magnetic susceptibility data at 2
K min ! revealed an incomplete and two-step SCO behavior in
the temperature range of 10-300 K (Fig. 2 and S22%). The T
value is 3.76 cm® K mol " at 300 K, indicating that all the Fe(u)
ions are in the HS state. It remains in the HS state till 255 K and
then gradually decreases to 1.82 cm® K mol™ " at 125 K. Upon
further cooling, it abruptly drops to 1.12 cm® K mol " at 105 K
and then gradually decreases to 0.73 cm® K mol™ ' at 10 K,
illustrating an incomplete SCO behavior. The subsequent SCO
curve in the warming mode is consistent with that in the
cooling mode, which excludes the presence of thermal
hysteresis. The differential magnetic curve exhibits two peaks
at 117 and 204 K, indicating a two-step SCO behavior. The spin
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Fig. 2 Variable-temperature magnetic susceptibility data (blue) and
bidirectional photomagnetic data of 1 irradiated at 532 (green) and
830 nm (red) at 2 K min~*. Inset: the first derivative curves of photo-
magnetic data.
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sequence is yys = 1 <> 1/2 < 1/4. However, the crystal data at
198 K clearly exhibit four unique Fe ions with the average Fe-N
bond distances of 2.015, 2.155, 2.160 and 2.151 A, suggesting
the presence of the HS,;sLS,,s state. Unfortunately, the
magnetic curve does not show any obvious plateau near 198 K.
Hence, three-step SCO behavior with the sequence of yys =1
< 3/4 < 1/2 < 1/4 is hidden, which is revealed only by the
combination of the magnetic and crystal data.

The photomagnetic experiments were performed on a small
amount of microcrystalline sample at 10 K to explore a unique
bidirectional LIESST effect (Fig. 2).** By irradiation with
a 532 nm laser at 10 K, the x\T value gradually increases and
finally reaches a photostationary state of 2.01 cm® K mol " after
2 h, indicating the LIESST effect. Then, the green light was
turned off for the following magnetic susceptibility measure-
ment in the warming mode. The x\T value increases to 2.74
em® K mol™* at 36 K, which originated from the zero-field
splitting effect of HS Fe(u) ions. Subsequently, the x\T value
rapidly decreases with an obvious slope change and goes back
to the original thermal SCO curve at 74 K. Two minima of
(xmT)/IT at 49 and 71 K clearly illustrate the two-step spin
transition process with an intermediate 1HS : 1LS state. Hence,
the unique stepped thermal relaxation after LIESST is observed,
which is rare in the SCO field.>*?*

The reverse-LIESST effect is further explored by irradiating
with an 830 nm laser at 10 K. The x\T value gradually decreases
from 0.73 cm® K mol " to 0.48 cm® K mol " after 18 h, hinting at
the presence of a hidden LS* state. Upon warming, the xu7T
value gradually increases to 0.61 cm® K mol " at 32 K, slightly
decreases to 0.58 cm® K mol " at 52 K and then quickly returns
to the thermal equilibrium state at 74 K. The maximum of
(xmT)/OT suggests a reverse-LIESST temperature of 66 K.
Therefore, 1 exhibits a rare bidirectional LIESST effect, which
provides an opportunity to regulate the tristability.

Fluorescence properties

To verify the correlation between luminescence and SCO
behavior, temperature-dependent fluorescence emission
spectra for 1 and 2 were measured in the heating mode with a 2
K temperature interval in the range of 70-150 K and a 5 K
interval in the range of 150-300 K (Fig. 3). An excitation wave-
length of 338 nm determined from the excitation spectrum of 1
at 300 K was used for the investigation of fluorescence emission
spectra of 1, 2, the pyrene guest and the dpoda ligand (Fig. 3 and
$23-526%).

At 300 K, a sharp peak at 392 nm and two broad peaks at 470
and 530 nm are observed for 1 upon excitation at 338 nm
(Fig. S237). However, the peak at 392 nm is very weak in 2 at 300
K. Instead, a more pronounced broad peak appears at 484 nm in
2 (Fig. 3). It is well known that pyrene monomer fluorescence
bands can be observed below 400 nm in a very dilute solution.*
In contrast, the broad and red-shifted excimer fluorescence
bands are observed at high concentration, which are formed by
the association of excited and unexcited pyrene molecules
(Fig. S267).°° Moreover, pyrene can interact with solutes or other
aromatic molecules to form broad and red-shifted exciplex

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Variable-temperature fluorescence emission spectra for 1 (a)
and 2 (b) from 70 to 300 K; temperature-dependent fluorescence
intensities at 470 and 530 nm for 1 and 2 and magnetic data for 1 (c).

fluorescence bands.”"*> Meanwhile, a sharp peak at 382 nm and
a broad band at 434 nm are observed for the dpoda ligand in
ethanol at 2.5 pM and 25 mM, respectively. Hence, the pyrene
monomer and dpoda monomer contribute to the emission
intensity of the sharp peak at 392 nm in 1.

Reminiscent of the requirement to generate excimer emis-
sion in the solid state, the aromatic molecules must be ordered
pairwise in parallel planes.”® The strong intermolecular -7
interaction between them is a key prerequisite for excimer
fluorescence.* Therefore, it can be inferred that the T-shaped

Chem. Sci., 2024, 15, 9240-9248 | 9243
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arrangement of aromatic molecules with weak C-H:---v inter-
actions can be precluded to form the excimer. The crystal data
of 1 and 2 at 260 K show that the dpoda ligands are well sepa-
rated in the 3D framework. Only one type of C-H- -7 interaction
is found between pyridine and 1,3,4-oxadiazole units from two
interpenetrating 3D frameworks, illustrating a weak host-host
interaction (Fig. S12 and S137). Hence, the possibility of the
dpoda excimer can be ruled out in 1 and 2.

Meanwhile, the pyrene guests are well separated by the
dpoda ligands. Only the T-shaped arrangement of the ordered
and disordered pyrene guests with one type of weak C-H:--7
interaction is found in the crystal (Fig. S12 and S13t), which
precludes the presence of a pyrene excimer. Therefore, the
broad and red-shifted fluorescence bands at 470 and 530 nm in
1 and at 484 nm in 2 should result from the exciplex emission
between pyrene guests and dpoda hosts via offset face-to-face
7---1¢ interactions (Fig. S12 and S137). Moreover, the intensi-
ties of exciplex bands in 1 are significantly weaker than that in 2,
which should be due to the increased overlap between the
absorption and exciplex emission properties in 1 (Fig. S271).

The temperature-dependent fluorescence spectra show that
the monomer and exciplex bands of 1 exhibit different trends as
a function of temperature, which are also different from the
respective trends of the isostructural compound 2 and pure
pyrene in the solid state (Fig. 3 and S28). The emission inten-
sities of 1 at 392 nm basically decrease upon heating, which is
due to the effect of thermal quenching. Unlike monomer fluo-
rescence, exciplex fluorescence of 1 at 470 and 530 nm exhibit
complicated changes. The emission intensities at 470 nm
basically decrease from 70 to 200 K due to thermal quenching
along with an unusual plateau between 98 and 88 K, and then
gradually increase from 200 to 300 K along with an abnormal
plateau between 260 and 240 K. Meanwhile, the emission
intensities at 530 nm gradually decrease from 70 to 180 K along
with a plateau between 128 and 82 K, and then rapidly increase
between 180 and 300 K along with a slope change at 280 K.

In contrast to the complicated and stepped exciplex fluo-
rescence in 1, the intensities at 470 and 530 nm in the non-SCO
derivative 2 almost linearly decrease from 70 to 150 K and then
from 150 to 300 K with different slopes, which are mainly due to
thermal quenching. Reminiscent of the intense and low-intense
d-d transition bands in the Vis and NIR regions for the
respective LS and HS states,*>* the exciplex fluorescence over-
laps more with the LS absorption bands than the HS ones. The
transition from LS to HS states results in an increase in emis-
sion intensities upon heating, which is contrary to the effect of
thermal quenching. Hence, the competition of the influences of
the SCO process and thermal quenching results in a general
trend of decreasing and then increasing exciplex fluorescence
intensities upon heating in 1. An almost linear decrease of
fluorescence intensities at 470 and 530 nm due to thermal
quenching is observed in 2. However, the spin transition
process is non-linear and stepped. Moreover, different offset
face-to-face m---7v interactions between pyrene guests and
dpoda hosts result in different red-shifted bands. The SCO
process and thermal quenching should have different
increasing and decreasing rates of fluorescence intensities for
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these exciplex bands, resulting in stepped exciplex fluorescence
at 470 and 530 nm with different trends and plateau positions
in 1.*%* Hence, the complicated and stepped exciplex fluores-
cence is correlated with two-step SCO behavior.

Dielectric properties

Thermal variations of the dielectric constant were measured
from 90 to 290 K at 10 kHz, 100 kHz and 1 MHz frequencies to
reveal the unusual dielectric properties (Fig. 4 and S31). The
value of the real part (¢') at 1 MHz is almost constant between 90
and 103 K and then gradually decreases between 103 and 122 K.
This phenomenon of the decrease of ¢ with increasing
temperatures is similar to that in the quantum paraelectrics
SrTiO; and KTaO;.*>*® Upon further warming, the ¢’ increases
almost linearly until 225 K and then suddenly drops to the
lowest value at 228 K. Then, it exhibits a frequency dependent
increase at higher temperature. Since the HS molecules with
four unpaired electrons are more voluminous and distorted
than the LS ones, an increase in ¢ with increasing temperatures
is usually observed for SCO compounds during the LS to HS
transition. Hence, the stepped dielectric properties below 228 K
in 1 are unusual, which is rare in the SCO field.>”*°

In order to explore the nature of dielectric properties, crystal
data of 1 at 203 and 198 K are first analysed in detail (Table S17).
The space group changes from the centrosymmetric Pbca at 203
K to the chiral P2,2,2, at 198 K, indicating the presence of
a phase transition. Meanwhile, the disordered pyrene at 203 K
becomes two ordered unique pyrene guests at 198 K. In
contrast, the diamagnetic derivative 2 remains in the same
centrosymmetric Pbca at 203 and 198 K, which still contains the
disordered pyrene. In 1, two unique Fe(u) ions at 203 K become
four unique Fe(u) ions at 198 K. The average Fe-N bond
distances are 2.100/2.166 A and 2.015/2.155/2.160/2.151 A at 203
and 198 K, respectively, illustrating a spin transition process.
Hence, we can infer that the symmetric breaking in 1 is induced
by the SCO behavior. This phase transition is further confirmed
by the differential scanning calorimetry (DSC) measurement at
10 K min~ . It shows an exothermic/endothermic peak at 203/
206 K in the cooling/heating mode, which is close to the spin

v T B T B T
200 240 280

T/K

T
160

Fig.4 Variation of the dielectric constant of 1 at 10 kHz, 100 kHz and 1
MHz in the heating mode.
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transition temperature of 204 K obtained from magnetic
susceptibility measurement. The slight temperature differences
between SC-XRD, DSC and magnetic measurements may be due
to the different scanning rates. However, the structural phase
transition temperature is far from the temperature range of
225-228 K where dielectric properties change abruptly, which is
out of the range of the temperature lag inherent in the device/
sample system. The abrupt drop of ¢ between 225 and 228 K
in 1 is contrary to the usual increase in ¢ upon heating in most
SCO compounds,* which is also different from the anomaly of
¢ observed in molecular ferroelectrics due to the ferroelectric-
to-paraelectric phase transition.*

The structural parameters of 1 can provide clues to illustrate
the nature of the unusual dielectric properties. The octahedral
distortion parameters ¥ at 260 K are 18.2 and 14.0° for two unique
HS Fel and Fe2, respectively. However, they change to 21.4 and
17.7° for Fel and Fe2 with the average Fe-N bond distances of 2.10
and 2.17 A at 203 K, which are in the mixed spin and HS states,
respectively. This means that the transition from HS to LS for
partial Fe(u) ions results in a more distorted coordination envi-
ronment in this stepped SCO compound. Hence, according to the
X values, the ¢ value at 203 K should be higher than that at 260 K,
which competes with the effect of thermal contraction and results
in an increase in ¢ upon cooling. However, the SCO behavior is
gradual upon cooling from 260 to 203 K, which can't explain the
abrupt increase in the ¢ value between 225 and 228 K. The ¢ value
should be related to all the components of the structure. Since the
space group is the same at 260 and 203 K, the structural phase
transition in this temperature range can be excluded. Upon cool-
ing, the LS component is increased. However, the mixed spin state
of the Fel ion at 203 K hints that only the averaged Fe-N bond
distance can be observed in the Pbca space group, which prevents
to know the exact structure only with the pure LS and HS Fe(u)
ions. Hence, the ¢ value at 203 K is higher than that at 260 K,
which can be inferred from the X value. However, the nature of the
abrupt increase in the ¢ value between 225 and 228 K is still
unknown.

When the temperature decreases from 203 to 198 K, a phase
transition from Phca to P2,2.2;, is observed. At 198 K, the
average Fe-N bond distances are 2.02, 2.16, 2.16 and 2.15 A for
four unique Fel-Fe4 ions, respectively, which are close to those
for one LS and three HS Fe(u) ions. The ¥ values are 20.3, 22.0,
21.1 and 22.9° for Fel-Fe4 ions, respectively, which show the
more distorted coordination environments around the Fe(u)
ions at 198 K than those at 203 K. However, the disordered
pyrene guest at 203 K becomes ordered at 198 K, which
contributes to the decrease in ¢. The dielectric properties are
related to the contributions of all components in the crystal.
Hence, the influences of the disorder-order transition of the
pyrene guest and thermal contraction compete with that of X
and result in a slight decrease in ¢ when cooling from 203 to
198 K.

The stepped dielectric properties in the lower temperature
region seem to be related to the step SCO behavior from the
magnetic data. The x,T value rapidly decreases from 125 to 105 K
with a spin transition temperature of 117 K. Meanwhile, the ¢
increases from 122 to 103 K, which is consistent with the stepped

© 2024 The Author(s). Published by the Royal Society of Chemistry
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SCO behavior. The ¥ values at 145 K are 21.7, 9.5, 17.2 and 20.5°
for Fel-Fe4 ions, respectively, corresponding to the HS,5LSos
state. Meanwhile, the ¥ values at 100 K change to 18.7, 10.2, 17.1
and 21.3°, respectively, corresponding to the HS,,5LSo 5 state.
The distributions of X in the HS, 5LS, 5 and HS, »5LS, 75 States are
more fluctuant than that in the HS state, resulting in a higher ¢ at
lower temperature. Hence, the unusual dielectric properties with
higher ¢ at lower temperature may be correlated with the more
frustrated ¥ values in the intermediate spin states.

Conclusions

In summary, we integrate the bent bridging ligand and fluo-
rescent pyrene guest into a 3D Hofmann-type MOF to develop
the multifunctional SCO material. The magnetic data show an
incomplete and two-step SCO behavior with the sequence of v
=1 < 1/2 < 1/4. However, the crystal data at 198 K illustrate
the presence of a hidden HS, ;5LS, »5 state. The 3D MOF with an
incomplete and step SCO behavior provides a good platform to
observe the unique bi-directional LIESST via 532 and 830 nm
light irradiation. The rare stepped thermal relaxation after
LIESST is also observed, which has the intermediate 1HS: 1LS
state. In comparison with the monomer fluorescence at 392 nm,
the complicated and stepped exciplex fluorescence at 470 and
530 nm originated from the offset face-to-face m---m interac-
tions between the pyrene guest and dpoda host is related to the
stepped SCO properties. Moreover, the unusual dielectric
properties with higher ¢’ at lower temperature may be correlated
with the more frustrated X values in the intermediate spin
states. Hence, bi-directional LIESST, light-induced stepped
thermal relaxation, exciplex fluorescence and dielectric anom-
alies are integrated into a stepped SCO compound for the first
time. The combination of Hofmann-type MOFs with bent pillar
ligands and fluorescent guests will provide an excellent plat-
form for the development of multifunctional SCO materials
with promising applications in optomagnetic and electromag-
netic devices.

Experimental section
Synthesis of [Fe(dpoda){Au(CN),},]- pyrene (1)

All the reagents were commercially available and used without
further purification. The dpoda ligand (0.0075 g, 0.02 mmol)
and K[Au(CN),] (0.0115 g, 0.04 mmol) in 1 mL of N,N-dieth-
ylformamide (DEF) and Fe(ClO,),-6H,O (0.0180 g, 0.02 mmol)
in 1 mL of ethanol were separately added to two arms of a H
tube. A saturated solution of pyrene in ethanol was then slowly
added to the H-tube. Yellow crystals were obtained after one
month. Anal. caled for C;,H;3Au,FeNgO: C, 39.21; H, 1.85; N,
11.43. Found: C, 39.20; H, 2.16; N, 11.33. IR (KBr pellet, cm™"):
3039 (w), 2923 (w), 2355 (w), 2170 (s), 1935 (w), 1616 (m), 1483
(m), 1425 (s), 1009 (m), 1837 (s), 711 (s), 478 (m).

Synthesis of [Zn(dpoda){Au(CN),},]- pyrene (2)

The dpoda ligand (0.0074 g, 0.02 mmol) and K[Au(CN),]
(0.0115 g, 0.04 mmol) in 1 mL of N,N-diethylformamide (DEF)
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and Zn(ClO,),-6H,0 (0.0180 g, 0.02 mmol) in 1 ml of ethanol
were added to a 5 ml tube and 30 ml vial, respectively. The small
tube was placed in the large vial and diffused with a saturated
solution of pyrene in ethanol. White crystals were obtained after
approximately 10 days. IR (KBr pellet, cm™): 3040 (w), 2177 (s),
1617 (m), 1485 (m), 1426 (m), 1087 (s), 838 (s), 712 (s), 627 (s).

Physical characterization

The FT-IR spectra were collected in the range of 4000-400 cm

on a Thermo Nicolet AVTAR 330 FT-IR spectrometer with KBr
pellets. C, H and N microanalyses were performed on an Ele-
mentar Vario-EL CHNS elemental analyzer. Thermogravimetric
(TG) analyses were recorded under a nitrogen flow at a heating
rate of 10 K min~* from ambient temperature to 800 °C on
a PerkinElmer TGA7 thermogravimetric analyzer. The powder
XRD patterns were collected by using a Rigaku SmartLab X-ray
diffractometer with CuKe (A = 1.54178 A) radiation. UV-vis
absorption spectra for the solid sample of 1 (BaSO, as back-
ground) and the liquid sample of the dpoda ligand were
recorded in the range of 200-800 nm on a Shimadzu UV-3600
Plus UV-VIS-NIR spectrophotometer equipped with an inte-
grating sphere. The fluorescence spectra for the solid or liquid
samples were measured on an Edinburgh FL 980 fluorescence
spectrophotometer equipped with a xenon lamp and connected
to an ARS cryostat. The Savitzky-Golay method with a window
point of 10 was used in OriginPro 8.5 software to smooth the
fluorescence curve without changing the actual fluorescence
properties. Differential scanning calorimetry (DSC) was per-
formed by cooling and heating the crystals in aluminum
crucibles on a NETZSCH-204 at a sweep rate of 10 K min "
under a nitrogen flow. The complex dielectric permittivity was
measured on a TH2828A impedance analyzer over the frequency
range of 10 kHz to 1 MHz with an applied electric field of 0.5 V.
Without changing the actual dielectric properties, the Savitzky-
Golay method with a window point of 10 was used to smooth the
dielectric curves in OriginPro 8.5 software.

X-ray crystallography

Variable temperature single crystal X-ray diffraction data of 1
were collected on a Bruker D8 QUEST diffractometer with Mo-K,,
(A =0.71073 A) radiation at 100, 145 and 260 K, respectively. The
data indexing and integration processes were performed using
the Bruker APEX-IV software. The structures were solved using
the SHELXT structure solution program.®® All non-hydrogen
atoms with anisotropic displacement parameters were refined
in the SHELXL refinement package using least squares mini-
mization in OLEX2.°*** The hydrogen atoms were refined using
a riding model. The crystallographic data are deposited in the
Cambridge Crystallographic Data Centre (CCDC). The deposi-
tion numbers are 2322894-2322896, 2340544, 2345335, 2345336
and 2352145-2352148.

Magnetic measurements

Magnetic susceptibility data for the dry samples of 1 were collected
at 2 K min~" using a Quantum Design MPMS3 SQUID magne-
tometer under an applied field of 5000 Oe. Pascal's coefficients
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were used to calculate the diamagnetic correction. For the pho-
tomagnetic experiments, a standard fiber optic sample holder
(FOSH) was filled with the crystalline sample (~1 mg) and irradi-
ated at 532 and 830 nm (~20 mW cm ). The exact sample mass
was corrected by using magnetic susceptibility data based on
a larger amount of the sample (22.2 mg).

Data availability

All data are available in the ESI and from the authors upon
request.
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