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Successive redox modulation in an iron(n) spin-
crossover framework+
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Spin crossover (SCO) complexes capable of exhibiting distinct spin states under external stimuli have
aroused intensive interest in materials science. Herein, we report an inverse-Hofmann-type metal—
organic framework (MOF) [Fe'(TPPE)}AU'(CN),}1I-2H,O-7TCE (1, TPPE = 1,1,2,2-tetrakis(4-(pyridin-4-yl)
phenyl)-ethene, TCE = 1,1,2,2-tetrachloroethane) with hysteretic SCO behavior. Most importantly, the
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Introduction

Bistable materials with switchable physical properties have
garnered continuous research interest due to their potential
application in developing next-generation molecule-based
sensors and actuators responding to external stimuli.'”
Notably, iron(u) spin crossover (SCO) materials are some of the
most promising candidates for molecular switches as their
spin states can be manipulated between paramagnetic high-
spin (HS) and diamagnetic low-spin (LS) states under various
external stimuli (such as temperature, irradiation, pressure
and guest molecules).>'" Spin transition involving the
rearrangement of the electronic configuration in the SCO-
active center is accompanied by prominent structural trans-
formations and changes in optical, magnetic, electronic and
mechanical properties, which leads to their wide application
in displays, chemical sensors and memory elements."***

SCO behaviors are closely related to the synergetic effect
among spin centres."®"” Enormous efforts have been devoted
to modulating the cooperativity so as to develop SCO materials
with thermal hysteresis or stepwise SCO character. Recent
studies suggest that the covalent ligation strategy where spin
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redox-active unit [AU'(CN),]™ in 1 can be sequentially oxidized by |, and Br, to form the corresponding
[AU"(CN),X,]~ units via single-crystal to single-crystal transformation, and then reduced to [Au'(CN),]~ by
L-ascorbic acid (AA). Accordingly, the SCO behavior is first regulated by successive redox reactions in the
SCO field, which provides a platform for developing multi-responsive materials.

centers are bridged by organic/cyanometallate ligands can
efficiently reinforce the cooperativity in SCO systems. One-
dimensional (1D) [Fe(Rtrz);]A,-nH,0 and 2D/3D Hofmann-type
metal-organic frameworks (MOFs) can show fascinating SCO
behaviors, and are regarded as archetype systems for theore-
tical research and nanodevice fabrication.'®*2° In addition,
exploiting SCO materials with multi-responsive capability or
successively switchable states is a burgeoning demand for
designing multi-grade molecular switches and high-order
magnetic storage. For example, taking advantage of host-guest
interactions and opto-magnetic couplings, guest-programma-
ble SCO behaviors and light-induced spin-state changes are
implemented in SCO frameworks.”'>® However, the influence
of host-guest interactions mediated by intermolecular hydro-
gen bonding or aromatic stacking on the synergistic effect and
the intrinsic multistability is unpredictable, which limits the
modulation of the cooperativity.

Modifying the ligand field of the spin center via post-syn-
thetic modification (PSM) is an advisable choice for modulat-
ing the synergetic effect. Recently, redox PSM onto cyanometal-
late/polyoxometalate linkers has been proven to be an effective
method for controlling the spin transition temperature or reg-
ulating SCO behaviors.**° Especially, hysteretic three- and
two-stepped SCO behaviors were achieved by oxidative addition
of different halogen molecules onto the open metal sites in
the cationic framework of [Fe"(TPB}{Au'(CN),}]" (TPB = 1,2,4,5-
tetra( pyridine-4-yl)benzene).>®* However, no successive redox
PSM has been investigated for SCO materials until now.

Recently, a new inverse-Hofmann-type MOF [Fe"(TPPE)
{Au'(CN),}]C10,-14MeOH-18H,0-CH,Cl, (TPPE = 1,1,2,2-tetra-
kis(4-(pyridin-4-yl)phenyl)-ethene) was reported, which exhi-
bits abrupt and incomplete SCO behavior and synergistic SCO-
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fluorescence property.”® Taking advantage of the large guest-
accessible channels and open metal sites of Au', herein, we
report a modified compound [Fe"(TPPE}{Au'(CN),}]
I-2H,0-7TCE (1, TCE = 1,1,2,2-tetrachloroethane) with high
boiling point solvents, which shows a hysteretic SCO behavior.
Air-stable crystal samples with good crystallinity were success-
fully obtained, which provide a good platform to explore suc-
cessive redox PSM via single-crystal to single-crystal transform-
ation. It can be sequentially oxidized by I, and Br, to
form [Fe"(TPPE){Au™(CN),L,}]l;-7TCE (2) and [Fe"(TPPE)
{Au™(CN),Br,}|Br;-H,0-8TCE (3) and then reduced by
r-ascorbic acid (AA) to form [Fe"(TPPE){Au'(CN),}|Br-3H,0-
8TCE (4). Hence, the hysteretic SCO behavior has been regu-
lated by a successive redox PSM process for the first time.

Experimental
Materials and methods

All the reagents and solvents were commercially available and
used without further purification. Elemental analyses of C, H
and N were carried out using an Elementar Vario-EL CHNS
elemental analyzer. Thermogravimetric analyses (TGA) were
performed on a TA Instruments NETZSCH TG 209 F3 under a
nitrogen flow atmosphere at a heating rate of 10 K min™".
FT-IR spectra were measured on a Bruker Vertex70 Hyperion
3000 instrument in crystal samples. Raman spectra were col-
lected using a Renishaw inVia Qontor instrument equipped
with a 785 nm laser source. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a Thermo Fisher
Scientific ESCALAB Xi+ system using an Al-K, source. Variable
temperature magnetic susceptibilities of polycrystalline
samples were measured on a Quantum Design PPMS3 SQUID
magnetometer under an applied field of 5 kOe with a sweeping
rate of 2 K min~'. The diamagnetic contribution was calcu-
lated based on Pascal’s constants. Powder X-ray diffraction
(PXRD) patterns were obtained on a Rigaku SmartLab X-ray
diffractometer (Cu-K,, 4 = 1.54056 A) in the capillary test mode
at room temperature.

Synthetic procedures

[Fe"(TPPE){Au'(CN),}]I-2H,0-7TCE  (1). K[Au'(CN),]-2H,0
(0.025 mmol) and TPPE (0.025 mmol) were dissolved in
4.5 mL of TCE/MeOH solution (v:v = 2:1) and placed in the
bottom of a test tube. Then, 9 mL of TCE/MeOH solution (v:v
= 1:1) was carefully added as the buffer solution, followed by
2.5 mL of methanol solution of Fel, (0.025 mmol) at the top.
Yellow block crystals suitable for single crystal X-ray measure-
ment were obtained after 2 weeks. Yield: 89.3%. Anal. calcd for
Ce,Hs5oNgFeIAuO,Clyg: C, 32.61; H, 2.21; N, 3.68. Found: C,
32.33; H, 2.15; N, 3.96.

[Fe"(TPPE){Au™(CN),L,}]I;-7TCE (2). Yellow crystals of
complex 1 were soaked in 4 mL of 0.1 M I, solution
(TCE:MeOH = 1:1) for 30 min, and then black crystals suit-
able for single crystal X-ray measurement were obtained. Yield:
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60.1%. Anal. caled for Cg,H,cNgFel;AuCl,g: C, 27.03; H, 1.68;
N, 3.05. Found: C, 27.14; H, 1.66; N, 3.35.

[Fe"(TPPE){Au™(CN),Br,}|Br;-H,0-8TCE (3). Black crystals
of complex 2 were soaked in 4 mL of 0.05 M Br, and 1 M
PPh,Br solution (TCE:MeOH = 1:1) for 15 min, and then
brown red crystals suitable for single crystal X-ray measure-
ment were obtained. Yield: 49.6%. Anal. caled for
CesH5oNgFeBrsAuOCl,,: C, 28.41; H, 1.86; N, 3.11. Found: C,
28.29; H, 1.80; N, 3.37.

[Fe"(TPPE){Au'(CN),}|Br-3H,0-8TCE (4). Brown red complex
3 was immersed in 10 mL of 0.05 M AA solution (TCE : MeOH
=1:1) overnight until the sample color changed to yellow. The
powder sample was washed three times with the mixed solu-
tion (TCE: MeOH = 1:1) and then filtered. Yield: 24.8%. Anal.
caled for CgsHs4NgFeBrAuO;Cls,: C, 31.73; H, 2.25; N, 3.47.
Found: C, 31.36; H, 2.10; N, 3.83.

X-ray crystallography

Variable temperature single crystal X-ray diffraction data of
complexes 1-3 were collected on a Bruker D8 QUEST diffract-
ometer with Mo-K, radiation (A = 0.71073 A). The structures
were solved using intrinsic phasing methods and all non-
hydrogen atoms were refined with anisotropic displacement
parameters by least-squares on F* values using the SHELXL
program in OLEX2.>'** The hydrogen atoms were refined
using a riding model. The solvents in the lattice of 1-3 are
highly disordered and were omitted using a solvent mask. The
single crystal of 3 was partly degraded during the oxidation
process and only the low-temperature structure was measured.
Crystallographic data for this paper can be obtained from the
Cambridge Crystallographic Data Centre (CCDC) with depo-
sition numbers 2249182 (1-120 K), 2249183 (1-300 K), 2249190
(2-102 K), 2249191 (2-320 K) and 2249194 (3-120 K).}

Results and discussion
Crystal structures

Complex 1 was synthesized via slow diffusion of K[Au'(CN),]
and TPPE into Fel, in TCE/MeOH solution. After soaking 1 in
0.1 M I, for 30 min, 2 was isolated as the oxidative addition
product with the color changing from yellow to black. When 2
further reacted with 0.05 M Br, for 15 min, brown red 3 was
isolated as the halogen-substituted product. When 3 was
treated with 0.05 M AA, pale yellow 4 was obtained as the
reduction product (Fig. 1).

Single-crystal X-ray diffraction (SC-XRD) experiments indi-
cate that 1 crystallizes in the orthorhombic Pmmm space group
at 120 and 300 K (Table S1, ESI}), which is different from the
reported [Fe(TPPE}Au(CN),}]|ClO,-14MeOH-18H,0-CH,Cl, in
the space group Pham at 173 K.*° As shown in Fig. 2, each Fe"
center is equatorially coordinated by four tetradentate TPPE
ligands within the bc¢ plane and is axially bridged by two
[Au'(CN),]™ pillars along the a axis, giving rise to a 3D inverse-
Hofmann-type framework.>* The pyridyl and phenyl groups of
TPPE ligands are twofold disordered at 120 and 300 K. Since

This journal is © the Partner Organisations 2023
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Fig. 1 Chemical-redox procedures and relative color changes recorded
at room temperature.

the TPPE ligand is longer than the TPB ligand, the I" ions are
far away from the Au' ions, which is different from the pres-
ence of weak I---Au interactions in [Fe(TPB)Au(CN),]
I-4H,0-4DMF.?° Water and tetrachloroethane molecules are
highly disordered in the lattice and were squeezed via a
solvent mask operation in Olex2. The guest composition was
determined by elemental analysis and thermogravimetric ana-
lysis. The average Fe-N bond length is 1.970 A at 120 K and
2.198 A at 300 K, revealing an SCO behavior of Fe" from LS to
HS states (Table S4, ESIT). Amid spin transition, the unit cell
volume increases by 8.6%.

Complex 2 was obtained via single-crystal to single-crystal
transformation from 1 after redox-PSM by I, solution. SC-XRD
reveals that 2 crystallizes in the Pmmm space group at 320 K,
but in the Fmmm space group with an 8-fold unit cell volume
at 102 K (Table S2, ESIT). It should be due to the fact that the
disordered TPPE ligand becomes ordered at a low temperature.

View Article Online
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Fig. 3 Selected clathrate structures of 2 (102 K, up) and 3 (120 K,
down).

As depicted in Fig. 3, 2 exhibits a similar skeleton to 1 except
that the linear [Au'(CN),]” linkers are transferred to square
planar trans-[Au™(CN),I,]” units after the oxidative addition of
I, onto the Au' site. The coordinated I atoms are disordered
" with an Au™™-1 length of about 2.61 A. Meanwhile,
the I" anions complex with I, to generate I;~ anions, which lie

around Au

Y 89°F1

Fig. 2 (a) Perspective view of 1 (120 K) along the c axis, (b) the 2D network of [Fe(TPPE)],, extends in the (100) plane. The hydrogen atoms and guest

molecules are omitted for clarity.
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between the neighbouring [Fe(TPPE)], layers. The average Fe-
N distances of 1.962 A at 102 K and 2.199 A at 320 K are con-
sistent with the LS and HS states of Fe"" ions in the octahedral
[FeNs] environment. Meanwhile, the octahedral distortion
parameter Y Fe in 2 decreases from 14.5° to 3.58°, which is
different from the small variation in 1 (Tables S4 and S5,
ESIY).

Successive single-crystal to single-crystal transformation
was achieved by immersing 2 in Br, solution which yields the
bromide oxidative addition product 3. Since the crystal quality
is partially damaged during the structural transformation, only
the low-temperature structure of 3 was solved with modest
refinement. As depicted in Fig. 3, the 3D framework is similar
except that the trans-[Au™(CN),I,]” unit in 2 is replaced by the
trans-[Au™(CN),Br,]" linker in 3. The Br;~ anion serves as the
counter anion, which is confirmed by elemental analysis and
Raman spectroscopy (vide infra). The bond lengths of Au™-Br
and Au"'-C are 2.40 and 1.96 A at 120 K, respectively, within
the reasonable range reported in the literature (Table S6,
ESIt).**”® The (Fe-N),, distance is 1.990 A for 3 at 120 K,
corresponding to the LS state.

View Article Online
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As evidenced by powder X-ray diffraction (PXRD) patterns
(Fig. S5-S8, ESIt), the frameworks of 1-4 remain robust during
the redox PSM process. The PXRD patterns for 1 and 2 are well
comparable with their simulated ones. The slight shifts of the
experimental PXRD pattern of 3 should be due to spin tran-
sition (vide infra) at different measuring temperatures.
Notably, the PXRD pattern of the reduction product 4 is in
good agreement with the simulated pattern of the initial
complex 1, indicating a reversible redox modulation.

Raman/IR/XPS spectra

Stepwise redox transformations were further confirmed by
Raman and infrared spectroscopy at room temperature (Fig. 4).
When 1 was oxidized to 2 by I,, two new strong Raman peaks
appeared at 112 and 142 cm ™', which can be assigned to the
stretching vibrations of the I;~ anion and the Au™-I bond,
respectively.*’*®* When 2 was further oxidized to 3 by Br,, the
strongest va,; peak in 2 disappeared and two modest peaks at
169 and 206 cm™' corresponding to the characteristic
vibrations of the Br;~ anion and the Au™-Br bond appeared in
3.373949 After treatment with AA, these characteristic peaks
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Fig. 4 Selected Raman (a), infrared spectra (b) and X-ray photoelectron spectroscopy of Au 4f (c) for chemo-redox processes.
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smeared out in 4, indicating the complete reduction of Au™
and the trihalide anions.

Infrared spectra reveal the changes in the vibration of the
cyanide group (vc=y) during redox processes. For 1, the ve=
signals are observed at 2148 and 2169 cm™', common for the
dicyanoaurate(i) modules in SCO-MOFs.*>*” After oxidation
from 1 to 2, the c-bonding between cyanide and Au™ in the
[AuU™(CN),I,]” unit is strengthened, which leads to a blue shift
of vc—y signals to 2167 and 2202 cm™ ", respectively. Similarly,
the vc—y signals in 3 are observed at 2171 and 2208 cm ™.
Moreover, we noticed that the signal at 2148 cm™" becomes a
shoulder peak, which still exists in 2 and 3. Hence, complex 1
was tested to react with I, for a longer time. However, the
signal at 2148 cm™" still exists in the oxidation product after
120 min reaction time (Fig. S13, ESI{). Additionally, the frame-
work starts to decompose with a longer reaction time or a
higher concentration of the oxidant. Therefore, this shoulder
peak in 2 and 3 may be due to a trace amount of the unoxi-
dized substance and/or asymmetric perturbation of the
cyanide groups by the Au ions induced by disordered halogen
atoms.*>*> When 3 was reduced by AA, the vc—y peaks of 4
come back to 2144 and 2169 cm™, verifying the successful
reduction of Au™ to the initial oxidative state.

X-ray photoelectron spectroscopy was performed to monitor
the change of oxidation states of Au. For 1, the doublet
recorded with binding energies of 85.20 and 88.85 eV is
characteristic of the Au' 4f peaks with spin-orbit splitting.**
For the oxidative addition product 2, only 4f;, and 4fs),
signals for Au' were recorded, which is due to the radiation-
induced damage on Au™ and it results in the reduction of the
metal ion by electron beams.***> In 3, two new peaks were
observed with higher binding energies of 87.50 and 91.15 eV,
which is strong evidence for Au™ 4f doublets. The distinct
photoreduction efficiency of 2 and 3 might be related to stron-
ger linkage of the Au-Br bond. Fitting the Au 4f signal with
the restricted intervals and area ratios of two doublets gives
rise to Au™" components of 29% in 3. Complex 4 displays only
the Au" 4f doublet at 85.40 and 89.05 eV, respectively, verifying
the reversible redox modulation.

Magnetic properties

To investigate the redox-modulated SCO behaviors, magnetic
susceptibility measurements were performed with a sweeping
rate of 2 K min~". As shown in Fig. 5, the 4T values in 1 are
around 0.3/3.5 cm® mol™ K at low/high-temperature regions,
revealing the LS/HS states of Fe". Compared with the incom-
plete SCo behavior in [Fe"(TPPE)}{AU'(CN),}]
ClO4-14MeOH-18H,0-CH,Cl,,*® complex 1 displays a complete
and hysteretic SCO behavior with critical temperatures of
240 K in the cooling process (T.;) and 247 K in the warming
process (T.y), giving rise to a hysteresis loop (AT) of 7 K. These
distinctions might be caused by the changes of anions and
solvent molecules, which result in disparate host-guest inter-
actions across the lattice.

When 1 was oxidized by I,, hysteretic SCO behavior was still
observed in 2. However, the T. values shifted toward the

This journal is © the Partner Organisations 2023
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Fig. 5 Variable-temperature molar magnetic susceptibility corres-
ponding to the chemo-redox processes.

higher temperature region and approached 288/295 K in
cooling/warming modes. In contrast, the T, values of 3 moved
back to 256/265 K and then the hysteresis loop widened to 9 K.
Hence, the oxidative addition product of Br, exhibits a lower
T, than that of I,, which is analogous to the trend in the [Fe
(pyrazine){Pt(CN),X}] system.”® The weaker ligand field in the
bromide-additive species is due to the weakening of the o-
bonding between cyanide and Au'" with the increased electro-
negativity of halogen. After reduction treatment with AA, the
SCO behavior in 4 returns to the initial spin transition region
(Tey = 241 K, T,y = 246 K) with a shrunken AT value of 5 K. A
slight deviation of SCO behavior between 1 and 4 may be
caused by anions and/or the downscale effect.’®*” SCO beha-
viors for 1-4 were further confirmed by multiple thermal
cycles of magnetic data (Fig. S18-S21, ESIf), which illustrates

Inorg. Chem. Front., 2023,10, 3577-3583 | 3581
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the reliability of redox regulation and their potential appli-
cation in developing multi-responsive materials.

Conclusions

By employing a high boiling point solvent, we reported a modi-
fied inverse-Hofmann-type Fe' SCO framework with good crys-
tallinity and stability. The porous structure of the framework
enables the open metal sites of Au' to undergo oxidative
addition with I, and Br,. Most importantly, such redox PSM
can be manipulated step by step by making good use of the
oxidation order of halogens. The Au™ species in the skeleton
can be reversibly reduced to Au' by AA. Although they still
show hysteretic SCO behaviors, the spin transition temperature
is significantly modulated by the redox PSM. The results
reported in this work demonstrate for the first time that suc-
cessive redox modulation can be realized in SCO materials.
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