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ABSTRACT: Four iron(III) complexes, [Fe(qsal-4-F)2]Y·sol (Hqsal-4-F = 4-
fluoro-N-(8-quinolyl)salicylaldimine; Y = NO3

−, sol = 0.91MeOH·0.57H2O
(1NO3); Y = PF6

− (2PF6); Y = BF4
− (3BF4); Y = OTf−, sol =1.5MeOH (4OTf)),

with a new 4-position substituted qsal type ligand Hqsal-4-F have been synthesized
and structurally and magnetically characterized. Complexes 1NO3−3BF4 consist of
1D chains formed by the [Fe(qsal-4-F)2]+ cations connected by π−π and C−H···
O interactions, which are further linked by more weak interactions to form 2D
layers and 3D networks. On the other hand, complex 4OTf has a structure of nearly
isolated 1D column where the [Fe(qsal-4-F)2]+ cations are connected by π−π, C−
H···π, and C−F···π interactions. Magnetic studies revealed the occurrence of two-
step symmetry-breaking SCO in 1NO3 and two-step gradual SCO in 2PF6. Complex
3BF4 undergoes a gradual SCO, whereas 4OTf remains almost high-spin. The
smaller anions tend to stabilize the low-spin state, while larger anions tend to
stabilize the high-spin state. In addition, the intermediate spin state of 1NO3 could
be thermally trapped by quenching from the high temperature, thereby kinetically suppressing the spin transition to the full low-spin
state. This work represents a good example that the position of the substituent and the anions plays critical roles in the preparation
of SCO materials with tunable properties.

■ INTRODUCTION
Spin crossover (SCO) can occur in 3d transition metal
complexes with a d4−d7 electron configuration in a suitable
ligand field.1,2 It refers to the switching between a high-spin
(HS) and a low-spin (LS) state.1 Although the SCO complexes
have been studied extensively for many years, they continue to
attract great interest from researchers in coordination
chemistry and material science.3,4 The interest in such systems
stems from their inherent bistabilities in many physical
properties, such as magnetism, conductivity, dielectricity, and
so on, which lead to great potential applications in sensors,
display devices, and high-density data storage devices.5

Although SCO is theoretically possible for any complex with
a d4−d7 electron configuration in a suitable ligand field, it is
most widely studied in the d5 and d6 systems, such as FeII and
FeIII complexes, because they exhibit the greatest structural and
magnetic changes during the SCO transition.1,6

In the case of FeII complexes, the on−off switch from the
paramagnetic HS state (S = 2) with four unpaired electrons to
the diamagnetic LS state (S = 0) is very attractive, and the
studies on the FeII SCO continue to expand rapidly.7

Compared with the FeII SCO systems prone to oxidation,
FeIII compounds have the advantage of generally being air-
stable and thus may be expected to form more robust
materials.4,8 In the case of FeIII SCO complexes, the thermally

induced SCO is associated with a switch between the S = 1/2
(LS) and S = 5/2 (HS) spin states.8,9 Importantly, although
the change of the spin value is the same (ΔS = 2) as that in the
FeII complexes, the changes of the spin entropy (9.13 J K−1

mol−1) and the metal−ligand bond lengths (0.10−0.13 Å)
during the spin transition in the FeIII complexes are both
significantly smaller than those in the FeII complexes (13.38 J
K−1 mol−1 and typically around 0.20 Å). These differences lead
to significantly different behaviors of the FeIII SCO complexes,
such as the rapid spin interconversion rates between the LS
and HS states, difficulty to achieve FeIII SCO complexes with
abrupt SCO transition, and rare observation of the LIESST
effects.4,8,9 To fulfill the desired ligand field for the SCO
transition, a suitable coordination donor set is required, which
is usually an N6 donor set for the FeII system and an N4O2
donor set for the FeIII system.10,11 Experimentally, the N4O2
environment for the FeIII SCO system is usually realized by the
coordination of two tridentate Schiff-base ligands, which are
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often easily prepared from salicylaldehyde and different
amines. Among these Schiff-base ligands, the N-quinolylsali-
cylaldimine (Hqsal) ligand has been studied most widely,
generating many interesting SCO materials of outstanding
performances.4,8 Many of these materials exhibit abrupt,
hysteresis, and/or stepwise SCO behaviors. For example, one
of the first FeIII complexes to exhibit abrupt SCO with a wide
thermal hysteresis loop was [Fe(qsal)2]NCSe reported in
2001.12 This interesting result demonstrated that high
cooperativity and wide hysteresis loop can be achieved in the
FeIII SCO compounds and promoted further intensive research
on related SCO compounds of the tridentate Schiff-base
ligands.13,14

One convenient strategy is to prepare the substituted Hqsal
ligands with groups of different properties, such as size,
electronegativity, and so on. The first FeIII complex with a
substituted Hqsal ligand was [Fe(qsal-3-OMe)2]PF6·nH2O (n
= 0 or 2), reported by da Gama et al. in 2009, in which the
water solvate stays in the HS state whereas the nonsolvated
compound is LS at room temperature.15 Following these
studies, the substituted members of this family, especially the
halogen-substituted Hqsal ligands, have been explored mostly.
The [Fe(qsal-5-X)2]NCS·sol (X = F−, Cl−, Br−) complexes
show a stepped SCO, while [Fe(qsal-5-I)2]NCS·0.25CH2Cl2·
0.5MeOH remains LS at RT.16 In addition, different anions
and crystallized solvent molecules were also used to modify the
structures and SCO properties. Complexes [Fe(qsal-5-
I)2]OTf·MeOH and [Fe(qsal-5-Br)2]NO3·2MeOH are of
high cooperativity and exhibit very abrupt symmetry-breaking
SCO behaviors,17,18 while compound [Fe(qsal-5-I)2]NTf2
(NTf2 = bis(trifluoromethanesulfonyl)imide) reported by
Harding et al. exhibits a wide hysteresis loop caused by
reversible anion conformational change and the resulted
scissoring of the 1D chains.19 Due to its excellent SCO
performance, [Fe(qsal-5-I)2]NTf2 molecules are assembled on
graphene surfaces to obtain a room temperature switchable
FeIII tunnel junction.20 Furthermore, Harding et al. reported an
interesting series of complexes, [Fe(qsal-5-F)2]Y (Y = PF6

−,
OTf−, NO3

−, ClO4
−, BF4

−, NCS−), with no crystallized
solvents.21 These solvent-free complexes have the same overall
packing array and provide an excellent system where the
influence of the anion on the magnetic properties can be
directly probed.

In addition to the halogen-substituted Hqsal ligands, the
MeO-substituted Hqsal ligands have also been explored a lot.
Besides the LS complex [Fe(qsal-3-OMe)2]PF6·nH2O,15

related complexes [Fe(qsal-5-OMe)2]Y·sol (Y = Cl−, NCS−,
BF4

−, PF6
−, BPh4

−) with the MeO− group substituted in the 5-
position all exhibit SCO, in three cases with hysteresis,22 while
complexes [Fe(qsal-4-OMe)2]Y (Y = ClO4

−, NO3
−, PF6

−,

OTf−) with substituent in the 4-position are mostly HS
complexes with the exception of the OTf− derivative exhibiting
a gradual 25% SCO.23 Magneto-structural analysis revealed
that the distortion of the qsal-4-OMe− ligand and intermo-
lecular C−H···O interactions seem to be responsible for the
loss of SCO.23 Besides, the complex [Fe(qsal-5-OMe)2]NCS
can be encased with discrete anionic supramolecular motifs by
co-crystallizing with 1,3,5-triiodotrifluorobenzene. The co-
c r y s t a l l i n e comp l e x [Fe(q s a l - 5 -OMe) 2 ] [ (1 , 3 , 5 -
triiodotrifluorobenzene)(NCS)]·MeOH/H2O displays a three-
fold magnetic hysteresis through the reversible exchange of
MeOH and water.24

From these reported examples, it is clear that the position of
the substituent plays a crucial role in their SCO properties.
However, it seems that the Hqsal-4-X ligands with a
substituent group in the 4-position are very scarcely reported.
Among all the ligands in the [Fe(qsal-X)2]Y system, most of
them are qsal-5-X or qsal-3-X, except for the above-mentioned
several HS [Fe(qsal-4-OMe)2]Y compounds reported in
2016.23 Structural analyses on these compounds suggested
that the 4-position substituted MeO− group might be
responsible for the distorted qsal-4-OMe ligand and the
existence of weak π−π and C−H···O interactions, which
weaken the ligand field and lead to the HS state of the
complexes. It is worth exploring whether it is possible to obtain
interesting SCO behaviors by replacing another suitable
substituent at the 4-position to change the ligand field and
the intermolecular interaction mode in the structure. From this
point, it is very tempting to prepare a new SCO compound
from an Hqsal-4-X ligand and to investigate their structure−
property relationships. Following these considerations, we
synthesized a new 4-fluorine-substituted Hqsal ligand, Hqsal-4-
F, and successfully constructed a new family of FeIII SCO
complexes: [Fe(qsal-4-F)2]Y·sol (Y = NO3

− (1NO3), PF6
−

(2PF6), BF4
− (3BF4), OTf− (4OTf), Scheme 1). Magnetic

investigations on these complexes revealed interesting SCO
performances depending on different anions. In addition,
detailed structural characterizations of all compounds at
multiple temperatures allow us to gain some in-depth
understanding of their magneto-structural relationships.

■ EXPERIMENTAL SECTION
Physical Measurements. Elemental analyses of C, H, and N

were performed on an Elementar Vario MICRO analyzer. Powder X-
ray diffraction data (PXRD) were recorded on a Bruker D8 Advance
diffractometer with a Cu Kα X-ray source (λ = 1.54056 Å) operated
at 40 kV and 40 mA. Thermogravimetric analysis data (TGA) were
measured in Al2O3 crucibles using a PerkinElmer Thermal Analysis
over the temperature range of 30−600 °C under flowing nitrogen at a
heating rate of 10 °C min−1. Thermal-mass spectrometer (TG-MS)

Scheme 1. Synthesis of [Fe(qsal-4-F)2]Y·Sol
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data were collected during 35−250 °C at a heating rate of 10 °C
min−1 under a nitrogen atmosphere using an STA-499C NETZSCH
differential scanning calorimeter equipped with a QUADSTAR-422
PFEIFFER mass spectrometer. The 1H NMR spectra were performed
on a Bruker 400 MHz spectrometer, and the chemical shifts (δ) in 1H
NMR were reported of NMR solvent: CDCl3 (7.26 ppm). UV−vis
spectra of 1NO3−4OTf in MeOH were measured by a UV-1900 UV−
visible spectrophotometer (SHIMADZU, Japan), and the reflection
UV−vis spectra for solid complexes 1NO3−4OTf were determined by a
UV−vis−NIR spectrophotometer (Shimadzu SolidSpec-3700i). The
ATR FT-IR absorption spectra were recorded at room temperature in
the range of 4000−400 cm−1 (50 scans, resolution 4 cm−1) using an
FT-IR Bruker model Vertex 70 V spectrometer (Germany). The ATR
measurements were performed using a Platinum-ATR (Bruker)
accessory equipped with a pure diamond crystal. Magnetic measure-
ments were measured under a dc field of 1 kOe with a Quantum
Design VSM magnetometer between 5 and 300 K at a cooling/
heating rate of 5 K min−1 for 1NO3−4OTf or at different sweeping rates
as specified in the main text. The experimental data were corrected for
the diamagnetic contribution of the sample holders and for the
complexes employing Pascal’s constants.
Synthesis. All reagents were obtained from commercial sources

and used without further purification. Ligand Hqsal-4-F was
synthesized by a Schiff-base condensation reaction between 4-
fluorosalicylaldehyde and 8-aminoquinoline. The purified ligand was
obtained by recrystallization in diethyl ether and characterized by 1H
NMR (400 MHz, CDCl3): δ = 8.99 (dd, J = 4.2, 1.8 Hz, 1H), 8.89 (s,
1H), 8.20 (dd, J = 8.0, 1.9 Hz, 1H), 7.63−7.29 (m, 3H), 6.74 (dd, J =
8.0, 2.4 Hz, 1H), 6.63 (td, J = 8.4, 2.5 Hz, 1H) (Figure S1). The one-
pot method was used to prepare the complexes of the Hqsal-4-F
ligand that was not isolated from the synthesis.

Synthesis of [Fe(qsal-4-F)2]NO3·0.91MeOH·0.57H2O (1NO3). A
solution of 8-aminoquinoline (288 mg, 2 mmol) and 4-fluorosalicy-
laldehyde (280 mg, 2 mmol) in MeOH (40 mL) was heated at reflux
for 3 h. The obtained orange solution was cooled, and Fe(NO3)3·
9H2O (404 mg, 1 mmol) in MeOH (10 mL) was added with vigorous
stirring. The resulting mixture was filtered and kept undisturbed for
slow evaporation at room temperature. Dark brown colored crystals of
complex 1NO3 were obtained from the filtrate after 10 days. Yield: 52%
(based on Fe) . E l ementa l ana l y s i s : c a l cd (%) fo r
C32.91H24.77F2FeN5O6.48 (687.71 g mol−1): C 57.47, N 10.18, H
3.63; found C 57.62, N 10.03, H 3.63. Selected IR data (cm−1): 3063
(νCH), 1603 (νC=N), 1585 (νC=C), 1339 (νN−O).

Synthesis of [Fe(qsal-4-F)2]PF6 (2PF6). A similar synthetic method
as for complex 1NO3 was employed for the synthesis of complex 2PF6,
except that FeCl3·6H2O (270 mg, 1 mmol) and NaPF6 (168 mg, 1
mmol) were used. Dark brown colored crystals of 2PF6 were obtained
from the filtrate after slow evaporation over 2 weeks. Yield: 36%
(based on Fe). Elemental analysis: calcd (%) for C32H20F8FeN4O2P
(731.34 g mol−1): C 52.55, N 7.66, H 2.76; found C 52.39, N 7.45, H
2.89. Selected IR data (cm−1): 3090 (νCH), 1608 (νC=N), 1585 (νC=C),
830 (νP−F).

Synthesis of [Fe(qsal-4-F)2]BF4 (3BF4). A similar synthetic method
as for complex 1NO3 was employed for the synthesis of complex 3BF4,
except that FeCl3·6H2O (270 mg, 1 mmol) and NH4BF4 (105 mg, 1
mmol) were used. Dark brown colored crystals of 3BF4 were obtained
from the filtrate after slow evaporation over 2 weeks. Yield: 34%
(based on Fe). Elemental analysis: calcd (%) for C32H20BF6FeN4O2
(673.18 g mol−1): C 57.09, N 8.32, H 2.99; found C 56.95, N 8.15, H
3.18. Selected IR data (cm−1): 3067 (νCH), 1607 (νC=N), 1585 (νC=C),
1088 (νB−F).

Synthesis of [Fe(qsal-4-F)2]OTf·1.5MeOH (4OTf). A similar
synthetic method as for complex 1NO3 was employed for the synthesis
of complex 4OTf, except that Fe(OTf)3 (503 mg, 1 mmol) salt was
used. Dark brown colored crystals of 4OTf were obtained from the
filtrate after slow evaporation over 10 days. Yield: 48% (based on Fe).
Elemental analysis: calcd (%) for C34.5H26F5FeN4O6.5S (783.50 g
mol−1): C 52.89, N 7.15, H 3.35; found C 53.07, N 7.26, H 3.13.
Selected IR data (cm−1): 3067 (νCH), 1604 (νC=N), 1586 (νC=C), 1258
(νS−O), 1150 (νC−F), 1028 (νS−O).

The purity of these complexes was confirmed by the PXRD where
the experimental patterns agree well with the theoretical patterns
calculated from the single crystal data (Figure S2). In addition, the
numbers of the crystallized solvents in 1NO3 were obtained from the
refinement of the disordered solvents in the single-crystal data, which
are also consistent with the elemental analysis and TGA result (Figure
S3a). The TGA analysis of 1NO3 reveals a 5.73% weight loss in the
30−90 °C range that is well consistent with the calculated weight loss
of 5.72% corresponding to the MeOH and H2O molecules in 1NO3.
The existence of these two crystallized solvent molecules in 1NO3 is
also supported by the results of TG-MS (Figure S4). MeOH release
was proved by the curves of m/z = 32 (CH3OH), 31 (CH3O), and 15
(CH3), while H2O corresponded to the curves of m/z = 18 (H2O),
17(OH), and 16 (O). The TGA results of 2PF6−4OTf are also
consistent with their formula. There are no solvent molecules in the
structure of complexes 2PF6 and 3BF4 and no significant weight loss in
their TGA curves (Figure S3b,c). The weight loss of complex 4OTf is
5.94%, slightly lower than the theoretical value of 6.13% (1.5 MeOH
molecules), due to a small number of solvent molecules escaping from
the sample before 30 °C (Figure S3d). The UV−vis absorption
spectra of complexes 1NO3−4OTf in the MeOH solution were
obtained, and the characteristic absorption peaks are very similar
(Figure S5). The intense absorption bands at about 330 and 395 nm
are assigned to π−π* and ligand-to-metal charge-transfer (LMCT)
transitions, respectively,23 which correspond to the absorption bands
at 330 and 410 nm in reflection UV−vis spectra for solid complexes
1NO3−4OTf (Figure S6).
X-ray Crystallography. Single-crystal X-ray crystallographic data

were collected on a Bruker APEX-II diffractometer with a CCD area
detector (Mo Kα radiation: λ = 0.71073 Å). The data of 1NO3−90 K
(fast cooling) were obtained by cooling the instrument to 90 K before
quickly mounting the single crystal into the instrument. Except for the
data of 1NO3−90 K (fast cooling), other data were all collected after
slowly changing the temperature of the single-crystal samples. The
APEX II program was used to determine the unit cell parameters and
for data collection. The data were integrated and corrected for
Lorentz and polarization effects using SAINT.25 Absorption
corrections were applied with SADABS.26 The structures were solved
by direct methods and refined by the full-matrix least-squares method
on F2 using the SHELXTL crystallographic software package27 and
OLEX 2.28 There is a serious disorder of the NO3

− anions and solvent
molecules in the single-crystal structure of 1NO3 at all temperatures.
We tried our best to model these disorders in the crystal data of
1NO3−90 K (fast cooling) and determined the number of solvent
molecules in combination with elemental analysis, TGA (Figure S3a),
and TG-MS (Figure S4). For the data at other temperatures of 1NO3,
the structures were solved by removing the disordered solvent
molecules from the crystal by the SQUEEZE routine of PLATON. All
the non-hydrogen atoms were refined anisotropically. Hydrogen
atoms of the organic ligands were refined as riding on the
corresponding non-hydrogen atoms. Additional details of the data
collection and structural refinement parameters are provided in
Tables S1−S4. Selected bond lengths are listed in Tables S5−S8. The
distances of the weak supramolecular interactions (C−H···O, C−H···
F hydrogen bonds, C−H···π, π−π, and F···π interactions) for these
complexes are listed in Tables S9−S12. The CCDC numbers are as
follows: 2168580−2168590.

■ RESULTS AND DISCUSSION
Description of the Crystal Structures. To stay

consistent with the observed magnetic properties of these
complexes (vide post), the crystal structures of 1NO3 and 2PF6
were determined at 90, 150, and 300 K, while the structure
data of 3BF4 and 4OTf were collected at 90 and 300 K. As
expected, the FeIII centers are all in a pseudo-octahedral
geometry with two meridionally coordinated tridentate qsal-4-
F− ligands in all complexes.
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Although complex 1NO3 crystallizes in the triclinic space
group P1̅ at all temperatures, the contents in the unit cells are
different between the structures at low temperatures (90 and
150 K) and that at 300 K (Figure 1), indicating the occurrence
of a thermal-induced phase transition. As shown in Figure 1c,
at 300 K, the unit cell consists of two symmetry-related
[Fe(qsal-4-F)2]+ cations, two NO3

− anions, and some
disordered molecules, which means that there is only one
unique FeIII center at 300 K. The average Fe−N and Fe−O
bond lengths are 2.107 and 1.904 Å, respectively, characteristic
of the HS FeIII center in similar environments (Table S5). At
low temperatures, the unit cell doubles in size as compared to
that at 300 K, and there are two independent FeIII centers at 90
and 150 K (Figure 1). This means that one crystallographic
distinct FeIII center was split into two unique FeIII centers,
which is a clear indication of thermal-induced symmetry
breaking, as observed also in a similar compound, [Fe(qsal-
Br)2]NO3·2MeOH.18 At 150 K, the Fe1−N and Fe1−O bond

lengths are on average 2.053 and 1.881 Å, which are 0.054 and
0.023 Å less than those at 300 K, respectively, while the
average Fe2−N and Fe2−O bond lengths reduce by 0.138 and
0.034 Å, with an average of 1.969 and 1.870 Å, respectively,
which are consistent with the LS FeIII centers. These changes
in bond lengths are indicative of SCO transition at both Fe1
and Fe2 centers, although the changes in the Fe2 center are
much larger than those in the Fe1 center. When the
temperature decreases slowly to 90 K, the Fe1−N and Fe1−
O bond lengths are on average 1.958 and 1.871 Å, and Fe2−N
and Fe2−O bond lengths are on average 1.956 and 1.871 Å.
These bond lengths are consistent with the LS FeIII centers.
Furthermore, the spin state assignments of these FeIII centers
are also supported by the changes of other octahedral
distortion parameters Σ (the sum of the deviation from 90°
of the 12 N/O−Fe−N/O angles of the FeN4O2 octahedron)
and Θ (the sum of the deviation from 60° of the 24 trigonal
angles of the projection of the FeN4O2 octahedron onto its

Figure 1. Unit cell components of 1NO3 at (a) 90 K, (b) 150 K, and (c) 300 K.

Figure 2. (a) The Fe1 and Fe2 chains along the b axis and the 2D layer along the bc plane formed by connecting the chains by π−π and C−H···π
interactions. (b) The 3D structure of 1NO3 formed by connecting the 2D layers in panel a by weak π−π interactions. Only the hydrogen atoms
involved in the interactions are shown for clarity. The intrachain and interchain interactions are indicated by dotted pink and yellow lines.

Figure 3. View of the (a) 2D layer and (b) 3D structure of 1NO3 at 300 K. The intrachain and interchain interactions are indicated by dotted pink
and yellow lines.
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trigonal faces) (Table S5),29 which are significantly reduced in
the LS state because of the more distortion of the octahedron
in the HS state.

To form the 3D structure, the [Fe(qsal-4-F)2]+ cations are
connected to each other and the NO3

− anions by different
supramolecular interactions. At low temperatures (90 and 150
K), both types of Fe centers form similar individual 1D chains
along the b axis with the [Fe(qsal-4-F)2]+ (Figure 2a). For
both chains, there are two types of π−π interactions: type A
(between the 4-fluorophenyl ring and the quinoline ring,
center−center distance of 3.641 Å at 90 K) and type B
(between two quinoline rings, center−center distance of 3.478
Å at 90 K) for the Fe1 chain, and type A′ (3.642 Å at 90 K)
and type B′ (3.406 Å at 90 K) for the Fe2 chain (Figure 2a and
Table S9). The Fe1 chains are further connected to Fe2 chains
through the C−H···π and π−π interactions (type C, between
two 4-fluorophenyl rings) to form a 2D layer along the bc
plane. And finally, the 2D layers are further connected through
the π−π interactions (type D, also between two 4-fluorophenyl
rings) along the a axis to form the whole 3D structure (Figure
2). As for the NO3

− anions, they interact with the 1D chains
through weak C−H···O interactions with H···O distances of
2.2−2.7 Å at 90 K (Figure S7 and Table S9), respectively,
which are regarded as nonconventional hydrogen bonds.30 At
300 K on the other hand, although the unit cell parameters of
the crystal are different with a smaller unit cell, the packing in
1NO3 is very similar to that at low temperatures, with slight
differences on account of the existence of only one type of Fe
center. As shown in Figure 3a, the two 1D chains formed by
Fe1 and Fe2 centers at low temperatures merge into one
unique chain, which was also formed by connecting the
adjacent [Fe(qsal-4-F)2]+ cations with weak π−π interactions
of type A and type B (Table S9). Apparently, different π−π
interactions of type A and A′ (and also type B and B′) become
equivalent. Similarly, the 1D chains are further connected to
neighboring chains through π−π interaction (type C) and C−
H···π interactions to form planar 2D layers, which form the 3D
structure through additional type D π−π interactions (Figure 3
and Table S9). The NO3

− anions located between the cationic
chains are also connected to the chains through weak C−H···O
interactions with H···O distances of 2.5−2.7 Å at 300 K
(Figure S8 and Table S9), which are slightly longer than those
at low temperatures.

Interestingly, during the single-crystal X-ray diffraction
experiment, we accidentally mounted the single-crystal of
1NO3 directly in the X-ray diffractometer already cooled at 90
K. Surprisingly, this quench of the temperature from room
temperature down to 90 K leads to the trapping of the
structure to a structure similar to the one at 150 K (not 300
K!). As can be seen in Table S1, the unit cell parameters of this
trapped structure at 90 K are very close to the ones at 150 K
obtained by slow cooling. Besides, the packing mode in the
trapped structure of 1NO3 is almost the same as that at 150 K,
containing also two independent FeIII centers in the structure.
However, the trapped structure is slightly different from the
structure at 150 K obtained by slow cooling. The main
difference is that in the trapped intermediate structure, the
average Fe1−N and Fe1−O bond lengths are 2.125 and 1.917
Å, indicating an HS state, while the average Fe2−N and Fe2−
O bond lengths are 1.973 and 1.875 Å, indicating an LS state
(Table S5). By contrast, at 150 K, all Fe2 centers are LS, and
Fe1 centers start to change from the HS to LS state (not
completely HS). This conclusion was also supported by the

octahedral distortion parameters Σ and Θ (Table S5). Based
on this, we believe that the quenching of the temperature from
room temperature down to 90 K leads to the trapping of the
structure at a temperature slightly above 150 K. Furthermore,
the observation of the structure trapping upon temperature
quenching prompted us to perform more magnetic measure-
ments on 1NO3 using different temperature cooling rates (vide
post).

Compounds 2PF6 and 3BF4 are isostructural and crystallize in
the monoclinic space group C/2c. The structures of 2PF6 and
3BF4 are similar, and the asymmetric units contain half a
[Fe(qsal-4-F)2]+ cation and half a PF6

− or BF4
− anion at all

temperatures. Interestingly, compound 2PF6 has only one
unique FeIII center at all temperatures, although a stepped
SCO was observed in the magnetic study, while complex 3BF4,
which is similar in structure to 2PF6, exhibits a gradual SCO
(vide post). The Fe−N/O bond lengths of compounds 2PF6
and 3BF4 at different temperatures are shown in Tables S6 and
S7, together with the corresponding octahedral distortion
parameters. The changes in these structure parameters are
consistent with the SCO transitions, increasing gradually with
the temperatures. As for the packing of the [Fe(qsal-4-F)2]+

cations in 2PF6 and 3BF4, 1D chains along the c axis were both
formed by π−π (type A) and C−H···O interactions (Figure 4

and Tables S10−S11). In addition, the anions in 2PF6 and 3BF4
also contribute to linking the 1D chains by forming rather
weak C−H···F embraces and F···π interactions with the
[Fe(qsal-4-F)2]+ cations (Figures S9 and S10 and Tables S10
and S11). Similar to that observed in 1NO3, the 1D chains in
2PF6 and 3BF4 are connected to each other through type B π−π
interactions along the b axis to form planar 2D layers along the
bc plane (Figure 5a), which are further connected by the F···π
interactions to form the 3D structure (Figure 5b). Despite
their similar structures, BF4

− and PF6
− anions of different sizes

result in different intra- and interchain distances. Because the
smaller BF4

− anions in 3BF4 occupy less space between the 1D
chains, the shortest intrachain Fe···Fe distance (dintra) in
compound 3BF4 is longer than that in compound 2PF6 (7.446 vs
7.298 Å at 90 K), while the interchain distances (dchain and
dlayer, see Figure S11) are shorter (Table S13). These
differences have been reported to have a certain impact on
the SCO property. The smaller BF4

− anion tends to stabilize
the low-spin state, while the larger PF6

− anion is in favor of the
high-spin state,21,22 which is considered to be responsible for
the different SCO behaviors of compounds 2PF6 and 3BF4.

As for compound 4OTf, it crystallizes in a monoclinic P21/n
space group at all temperatures. The Fe−N and Fe−O bond
lengths are on average 2.134 and 1.908 Å, respectively, at 300
K, which are characteristic of the HS FeIII center (Table S8).

Figure 4. The 1D chain structure in 2PF6 and 3BF4 formed by the
cations connected by C−H···O and type A π−π interactions.
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Upon cooling, the Fe−N and Fe−O bond lengths and
octahedral distortion parameters Σ and Θ change only slightly,
indicating an incomplete spin transition. The packing mode in
compound 4OTf is much different from that in compounds
1NO3−3BF4. As shown in Figure 6a, the [Fe(qsal-4-F)2]+

cations in 4OTf were held together to form a 1D column by
weak π−π interactions between the phenyl and quinoline rings,
and intermolecular C−H···π and C−H···F interactions. The
OTf− anions are located inside the column and interact with
the cations through weak F···π and C−H···O interactions
(Figure S12). Therefore, the 1D columns in compound 4OTf
are fairly isolated from each other with no significant weak
supramolecular interactions among them (Figure 6b). The
details of these supramolecular interactions at different
temperatures are listed in Table S12. The increased distances
of all these interactions at 300 K indicate weaker cooperativity
at high temperatures.
Magnetic Properties. The magnetic susceptibilities of

1NO3−4OTf were measured by SQUID VSM magnetometry
between 5 and 300 K under a dc field of 1 kOe at cooling and
heating rates of 5 K min−1, and the results are presented as
χMT versus T plots in Figure 7. We can see that all compounds
are SCO active below 300 K with different SCO profiles and
none of them show hysteresis loops with overlapped curves in
the cooling and heating modes. The χMT values of compounds
1NO3, 2PF6, and 4OTf are between 4.05 and 4.20 cm3 mol−1 K at
300 K and consistent with the HS FeIII center as reported in
related [Fe(qsal-X)2]+ compounds (the spin-only χMT value is
4.375 cm3 mol−1 K for HS FeIII).11,22 The magnetic profile of

1NO3 shows a two-step spin crossover. Upon cooling, the χMT
value gradually decreases to a plateau and reaches ca. 2.34 cm3

mol−1 K at 125 K with the first-step spin transition occurring at
T1/2 (first step) = 232 K, which is obtained from the
temperature of the maximum of d(χMT)/dT. From 125 K, the
χMT value decreases abruptly again, reaching ca. 0.90 cm3

mol−1 K at 85 K with the second-step spin transition occurring
at T1/2 (second step) = 104 K. The curve becomes more
gradual again and reaches a final value of 0.71 cm3 mol−1 K at 5
K, which indicates that 92% of the Fe centers are in the LS
state (assuming χMT = 0.375 cm3 mol−1 K for LS FeIII; χMT = γ
× 4.375 + (1 − γ) × 0.375, γ = %HS). Structural studies
indicate that the two-step SCO of compound 1NO3 originates

Figure 5. (a) The 2D layer in 2PF6 and 3BF4 formed by 1D chains connected by type B π−π interactions. (b) The 3D packing structure formed by
the 2D layers as shown in panel a connected by F−π interactions.

Figure 6. (a) The 1D column in 4OTf formed by the cations connected by π−π, C−H···F, and C−H···π interactions. (b) The packing diagram
showing that the 1D columns in 4OTf are isolated from each other. Only the hydrogen atoms involved in the interactions are shown for clarity.

Figure 7. χMT versus T plots for 1NO3−4OTf. The cooling and heating
rates are all 5 K min−1.
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from the symmetry breaking upon cooling from 300 to 150 K
and the existence of two crystallographic independent Fe
centers at low temperatures. The SCO occurs from an HS state
through an [HS−LS] intermediate to an [LS−LS] state.

The PF6
− derivative 2PF6 also shows a gradual two-step SCO

between 50 and 200 K, and the χMT value at 5 K is 1.02 cm3

mol−1 K, consistent with 84% of the Fe centers being LS state.
The spin-transition temperature T1/2 in the first and second
steps are 80 and 133 K, respectively, which are both slightly
lower than those of compound 1NO3. In addition, as there was
no clear plateau in the two-step SCO in complex 2PF6, the
crystal structure of the intermediate spin state could not be
determined. However, as we have described above, the crystal
structures of 2PF6 at 90, 150, and 300 K all have the same space
group, indicating that no structural phase transition occurs in
2PF6. In addition, only one crystallographic distinct FeIII center
can be found in 2PF6 at all temperatures. This feature indicates
that after the first SCO transition, no three-dimensional long-
range ordering of the HS and LS state FeIII sites is established
in the structure. This phenomenon has also been observed in
many SCO compounds such as many dinuclear FeII

complexes.31 Also, we noticed that although both complexes
1NO3 and 2PF6 exhibit two-step SCO behaviors, the intrinsic
sources of their behaviors are not the same.

As for complex 3BF4, its χMT curve is consistent with an
incomplete SCO transition with the χMT value being 3.78 cm3

mol−1 K at 300 K, which indicates the existence of an 85% HS
state of the FeIII center. In contrast to the stepped SCO
behaviors observed in 1NO3 and 2PF6, the χMT value decreases
rapidly to 0.98 cm3 mol−1 K at 150 K before decreasing more
gradually to 0.66 cm3 mol−1 K at 5 K, which is indicative of
93% of the FeIII centers in the LS state. The SCO temperature
T1/2 of 3BF4 is estimated to be 250 K. The different SCO
behaviors of the isostructural complexes 2PF6 and 3BF4 result
from the different anions and their influence on the 3D
structures (see structural analysis above). Finally, for complex
4OTf containing the OTf− anion, the χMT curve shows a very
gradual SCO below 235 K with about 25% transition. Below 10
K, the abrupt decrease of the χMT curve is probably due to the
zero-field splitting effect of the FeIII center.

In addition, as mentioned above, we noticed the trapping of
the structure at about 150 K of complex 1NO3 when the
temperature of the crystal is quenched from room temperature
down to 90 K. This trapping of the structure indicates a slower
rate of the structural phase transition as compared with the
temperature sweeping rate. We anticipated that it should also
lead to the observation of the trapping of the spin state in the
magnetic measurement. In fact, in some reported cases, the
high-temperature HS states could indeed be thermally
quenched by fast cooling, thereby kinetically suppressing the
spin transition.32,33 To verify this, the magnetic measurements
on 1NO3 were performed further under different temperature
cooling rates from 2 up to 35 K min−1, which is the maximum
scan rate that our SQUID VSM magnetometer can achieve.

As shown in Figure 8a, a one-step gradual SCO transition
was observed under cooling rates of 10, 20, and 35 K min−1.
These χMT curves all resemble the first transition step of the
curve obtained under a cooling rate of 5 K min−1: they
decrease more quickly at higher temperatures above 150 K and
more slowly at lower temperatures. The χMT value is about
2.03 cm3 mol−1 K at 5 K, indicative of 50% LS FeIII centers and
50% HS FeIII centers. This is consistent with the structure data
of 1NO3 obtained after fast cooling, in which the Fe1 center

remains HS while the Fe2 center is LS as suggested by the
average bond lengths and the Σ and Θ parameters (Table S5).
This is the same as the first plateau obtained from the cooling
rate of 5 K min−1, with the corresponding structure containing
50% LS FeIII centers and 50% HS FeIII centers. At higher
temperature-sweeping rates, the transition temperatures appear
to be lower than that obtained under a cooling rate of 5 K
min−1. This inconsistency in the transition temperatures is
normal for the measurement under high sweeping rates and
should originate from the slow thermal balance in the VSM
chamber that leads to the temperature lag between the sample
and the thermometer of VSM. At a lower cooling rate of 2 K
min−1, the χMT curve almost overlaps with the cooling curve of
5 K min−1, indicating that the slower cooling rate has no
observable effect on the SCO transition. In addition, we have
also measured the magnetic data upon warming under different
heating rates of 1 and 5 K min−1, hoping to check if the spin
state at low temperatures can relax back to the original LS
state. However, even at a slow rate of 1 K min−1, the χMT curve
almost overlaps with the cooling curve (Figure 8b), which
means that once the trapped state is reached, the spin state
remains metastable and thermal energy is unable to promote
relaxation into the LS state.33

As for the magneto-structure relationship, it has been
reported in the literature that for similar SCO materials with
different counter ions, smaller anions tend to stabilize the low-
spin state or exhibit higher spin transition temperatures, while
larger anions tend to stabilize the high-spin state or exhibit
lower transition temperatures.21,22 Indeed, this relationship has
also been observed in complexes 1NO3−4OTf. The sizes of the
four anions are in the order of OTf− > PF6

− > BF4
− ≈

Figure 8. (a) χMT versus T plots of 1NO3. The cooling rates are 2, 5,
10, 20, and 35 K min−1, respectively. (b) χMT versus T plots of 1NO3.
The cooling and heating rates are 35 and 1 K min−1, respectively.
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NO3
−,21,34 which is also the increasing order of the SCO

temperatures. In particular, while the larger size of the OTf−
anion seems to be responsible for the almost loss of SCO in
complex 4OTf, the other three smaller anions lead to complexes
1NO3−3BF4 with stepped or gradual SCO properties. On the
other hand, considering the various supramolecular inter-
actions (π−π interactions, nonconventional hydrogen bonds,
C−H···π, F···π interactions, and so on) in these complexes, it is
reasonable to anticipate the existence of the strong cooperation
and thus observable hysteresis effect in these complexes.
However, no hysteresis loops can be observed for all four
complexes. Unfortunately, we do not know the reason behind
this observation. The hysteresis loops could be driven by many
factors, such as the change in the anion conformation;35 tight
yet flexible structure and cooperativity;21 lattice-solvent
molecules and a distorted molecular geometry;36 aging,
phase changes, and solvent loss;14 and so on. And the SCO
transition is a very delicate phenomenon, and even the slightest
changes in the coordination environment of the metal centers
and weak interactions might lead to a dramatic modification of
the SCO properties.

In addition, to gain some knowledge on the effect of the
substituent positions in the qsal ligands, we compare our
compounds with the complexes [Fe(qsal-5-F)2]Y reported by
Harding et al. in 2020.20 To exclude the influence of solvents,
we only discuss the solvent-free complexes [Fe(qsal-4-F)2]Y
(2PF6 and 3BF4) and [Fe(qsal-5-F)2]Y (Y = PF6

−, BF4
−). Both

complexes of qsal-5-F exhibit gradual SCO: complex [Fe(qsal-
5-F)2]PF6 is LS state below 200 K, while complex [Fe(qsal-5-
F)2]BF4 changes from the LS to HS state after 250 K. These
properties are significantly different from the SCO properties
of 2PF6 and 3BF4. The transition temperatures of the 5-
substituent complexes are lower than those of the 4-substituent
complexes with the same counterions, which, at a first glance,
seem to indicate a stronger ligand field strength of the qsal-4-F
ligand. However, this might not be true as the magnetic
properties in the solid states are closely related to their crystal
structures. More experiments, including the magnetic measure-
ments in the solution state and with other metal centers (such
as NiII), are required to compare the ligand field strengths of
ligands qsal-4-F and qsal-5-F. Besides the different crystal field
strengths induced by the different substituent positions, the
change of the substituent positions also has a remarkable, yet
unpredictable, influence on the crystal structures, packing
modes, and type and distance of the interactions, and
eventually lead to different SCO behaviors. For these
complexes, the [Fe(qsal-4-F)2]Y complexes crystallize in the
monoclinic space group C2/c with only one type of Fe center
at all temperatures, while [Fe(qsal-5-F)2]Y complexes are in
the triclinic space group P1̅ with two types of Fe centers. These
differences should also be related to their different magnetic
properties. Moreover, different substituents in the same
position also have a great influence on the structures and
properties of the resulting complexes. In this regard, the
reported 4-substituent nonsolvated complex [Fe(qsal-4-
OMe)2]PF6 remains HS state at all temperatures,23 signifi-
cantly different from the two-step SCO behavior in 2PF6.

In addition to the kind and position of the substituent
groups in the family of [Fe(qsal-X)2]+ complexes, there are
many complicated factors affecting their spin transition
behaviors, such as the counterions, solvent molecules, packing
modes, weak interactions, and so on. These factors may not
work independently but function synergistically or antagonis-

tically. There have been a lot of studies relating to the above
results in [Fe(qsal-5-X)2]+ and [Fe(qsal-3-X)2]+ systems in
recent years. To a large extent, these studies have made
remarkable achievements in the realization of interesting
structures and SCO properties and a deeper understanding
of the magneto-structural relationship. However, the Hqsal-4-X
ligands with a substituent group in the 4-position are very
scarcely reported, which is to some extent rather strange
considering the very similar synthetic procedure of these
ligands and related complexes. Thus, our work may provide
new insights into the family of the [Fe(qsal-X)2]+ complexes.

■ CONCLUSIONS
In conclusion, we have successfully synthesized four [Fe(qsal-
4-F)2]Y·sol (Y = NO3

−, PF6
−, BF4

−, OTf−) complexes of the
new Hqsal-4-F ligand. Detailed structural and magnetic studies
revealed the different SCO properties of these rare examples of
the 4-position substituted Hqsal ligand. Complex 1NO3 exhibits
a two-step symmetry-breaking SCO. At low temperatures,
there are two independent FeIII centers in 1NO3, while the
phase transition leads to a high-temperature structure with
only one unique FeIII center. In addition, the intermediate spin
state of 1NO3 could be thermally trapped by quenching from
the high temperature, thereby kinetically suppressing the spin
transition to the full low-spin state. On the other hand,
although complexes 2PF6 and 3BF4 have similar structures and
packing modes, 2PF6 exhibits stepped SCO, while 3BF4 shows
gradual SCO. Finally, complex 4OTf with the largest anion
remains almost high-spin with only a 25% SCO transition. The
different SCO properties of these complexes indicate that
anions of larger size favor the high-spin state, while the smaller
anions tend to stabilize the low-spin state with a higher
transition temperature. This work demonstrates that the
position of the substituent plays a critical role in the
preparation of the SCO materials and regulating their
properties. Further studies on other qsal-related compounds
with different 4-substituent groups are underway.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01795.

Powder X-ray diffraction (PXRD) spectra, thermogravi-
metric analysis data, more structure figures showing
weak interactions and crystal packing, crystallographic
data and structure refinement of main geometric data at
different temperatures, selected bond lengths, bond
angles, average Fe−O and Fe−N bond lengths,
octahedral distortion parameters (Σ and Θ), parameters
for the selected weak interactions (H-bonds, π−π, C−
H···π, C−F···π) for all complexes, and shortest intra-
chain and interchain Fe···Fe distances of 2PF6 and 3BF4.
(PDF)

Accession Codes
CCDC 2168580−2168590 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

CCDC numbers 2168580−2168590 contain the supple-
mentary crystallographic data for this paper. These data can be

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c01795
Inorg. Chem. 2022, 61, 12726−12735

12733

https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01795?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01795/suppl_file/ic2c01795_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2168580&id=doi:10.1021/acs.inorgchem.2c01795
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2168590&id=doi:10.1021/acs.inorgchem.2c01795
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


obtained free of charge via www.ccdc.cam.ac.uk/data_request/
cif, or by emailing data_ request@ccdc.cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author

Xin-Yi Wang − State Key Laboratory of Coordination
Chemistry, Collaborative Innovation Center of Advanced
Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China;

orcid.org/0000-0002-9256-1862; Email: wangxy66@
nju.edu.cn

Authors
Hui-Juan Sheng − State Key Laboratory of Coordination
Chemistry, Collaborative Innovation Center of Advanced
Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China

Cheng-Cai Xia − State Key Laboratory of Coordination
Chemistry, Collaborative Innovation Center of Advanced
Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China

Xin-Yu Zhang − State Key Laboratory of Coordination
Chemistry, Collaborative Innovation Center of Advanced
Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China

Cheng-Cheng Zhang − State Key Laboratory of Coordination
Chemistry, Collaborative Innovation Center of Advanced
Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China

Wen-Jie Ji − State Key Laboratory of Coordination Chemistry,
Collaborative Innovation Center of Advanced
Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China

Yue Zhao − State Key Laboratory of Coordination Chemistry,
Collaborative Innovation Center of Advanced
Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China;

orcid.org/0000-0001-6094-4087
Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.2c01795

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Key R&D Program
of China (2018YFA0306002) and the National Natural
Science Foundation of China (21973039).

■ REFERENCES
(1) (a) Spin Crossover in Transition Metal Compounds I, II, and III;

Gütlich, P.; Goodwin, H. A. Eds.; Springer Verlag: Berlin, Germany,
2004; Topics in Current Chemistry Vols. 233−235. (b) Halcrow, M. A.
Ed.Spin-crossover materials: properties and applications; John Wiley &
Sons Ltd., 2013, pp. 1−54.
(2) Gütlich, P.; Gaspar, A. B.; Garcia, Y. Spin State Switching in Iron

Coordination Compounds. Beilstein J. Org. Chem. 2013, 9, 342−391.
(3) (a) Halcrow, M. A. The Foundation of Modern Spin-Crossover.
Chem. Commun. 2013, 49, 10890−10892. (b) Yao, Z.-S.; Tang, Z.;
Tao, J. Bistable Molecular Materials with Dynamic Structures. Chem.
Commun. 2020, 56, 2071−2086.

(4) Harding, D. J.; Harding, P.; Phonsri, W. Spin Crossover in
Iron(III) Complexes. Coord. Chem. Rev. 2016, 313, 38−61.
(5) (a) Molnar, G.; Rat, S.; Salmon, L.; Nicolazzi, W.; Bousseksou,

A. Spin Crossover Nanomaterials: From Fundamental Concepts to
Devices. Adv. Mater. 2018, 30, 1703862. (b) Bousseksou, A.; Molnar,
G.; Salmon, L.; Nicolazzi, W. Molecular Spin Crossover Phenomen-
on: Recent Achievements and Prospects. Chem. Soc. Rev. 2011, 40,
3313−3335. (c) Senthil Kumar, K.; Ruben, M. Emerging Trends in
Spin Crossover (SCO) Based Functional Materials and Devices.
Coord. Chem. Rev. 2017, 346, 176−205. (d) Li, H.; Peng, H. Recent
Advances in Self-Assembly of Spin Crossover Materials and Their
Applications. Curr. Opin. Colloid Interface Sci. 2018, 35, 9−16.
(6) Gebretsadik, T.; Yang, Q.; Wu, J.; Tang, J. Hydrazone Based

Spin Crossover Complexes: Behind the Extra Flexibility of the
Hydrazone Moiety to Switch the Spin State. Coord. Chem. Rev. 2021,
431.
(7) (a) McConnell, A. J. Spin-state switching in Fe(II) helicates and

cages. Supramol. Chem. 2018, 30, 858−868. (b) Hogue, R. W.; Singh,
S.; Brooker, S. Spin crossover in discrete polynuclear iron(II)
complexes. Chem. Soc. Rev. 2018, 47, 7303−7338.
(8) Nihei, M.; Shiga, T.; Maeda, Y.; Oshio, H. Spin Crossover

Iron(III) Complexes. Coord. Chem. Rev. 2007, 251, 2606−2621.
(9) Koningsbruggen, P. J.; Maeda, Y.; Oshio, H. Iron(III) Spin

Crossover Compounds. Top. Curr. Chem. 2004, 233, 259−324.
(10) (a) Sundaresan, S.; Kitchen, J. A.; Brooker, S. Hydrophobic

Tail Length in Spin Crossover Active Iron(II) Complexes Predictably
Tunes T1/2 in Solution and Enables Surface Immobilisation. Inorg.
Chem. Front. 2020, 7, 2050−2059. (b) Yuan, M.; Levchenko, G.; Li,
Q.; Berezhnaya, L.; Fylymonov, H.; Belen Gaspar, A.; Seredyuk, M.;
Antonio Real, J. Variable Cooperative Interactions in the Pressure and
Thermally Induced Multistep Spin Transition in a Two-Dimensional
Iron(II) Coordination Polymer. Inorg. Chem. 2020, 59, 10548−
10556. (c) Ahmed, M.; Xie, Z.; Thoonen, S.; Hua, C.; Kepert, C. J.;
Price, J. R.; Neville, S. M. A New Spin Crossover FeII Coordination
Environment in a Two-Fold Interpenetrated 3D Hofmann-Type
Framework Material. Chem. Commun. 2021, 57, 85−88. (d) Pavlik, J.;
Masarova, P.; Nemec, I.; Fuhr, O.; Ruben, M.; Salitros, I.
Heteronuclear Iron(III)-Schiff Base Complexes with the
Hexacyanidocobaltate(III) Anion: On the Quest To Understand
the Governing Factors of Spin Crossover. Inorg. Chem. 2020, 59,
2747−2757. (e) Ouyang, Z.-J.; Mo, X.-Y.; Yang, M.; Zhong, L.; Chen,
W.-B.; Gao, S.; Dong, W. High Temperature Fe(III) Spin Crossover
Behaviours in Three Unprecedented FeIII-MII-FeIII (M = Fe, Cd)
Linear Trinuclear Complexes. Inorg. Chem. Front. 2020, 7, 1526−
1531.
(11) Miyawaki, A.; Mochida, T.; Sakurai, T.; Ohta, H.; Takahashi, K.

The Impact of the Next-Nearest Neighbor Dispersion Interactions on
Spin Crossover Transition Enthalpy Evidenced by Experimental and
Computational Analyses of Neutral π-Extended Heteroleptic Fe(III)
Complexes. Inorg. Chem. 2020, 59, 12295−12303.
(12) Hayami, S.; Gu, Z.-z.; Yoshiki, H.; Fujishima, A.; Sato, O.

Iron(III) Spin-Crossover Compounds with a Wide Apparent Thermal
Hysteresis around Room Temperature. J. Am. Chem. Soc. 2001, 123,
11644−11650.
(13) (a) Floquet, S.; Boillot, M.-L.; Rivier̀e, E.; Varret, F.;

Boukheddaden, K.; Morineau, D.; Négrier, P. Spin Transition with
a Large Thermal Hysteresis Near Room Temperature in a Water
Solvate of an Iron(III) Thiosemicarbazone Complex. New J. Chem.
2003, 27, 341. (b) Hayami, S.; Kawahara, T.; Juhász, G.; Kawamura,
K.; Uehashi, K.; Sato, O.; Maeda, Y. Iron(III) Spin Transition
Compound with a Large Thermal Hysteresis. J. Radioanal. Nucl.
Chem. 2003, 255, 443−447. (c) Vieira, B. J. C.; Dias, J. C.; Santos, I.
C.; Pereira, L. C. J.; da Gama, V.; Waerenborgh, J. C. Thermal
Hysteresis in a Spin-Crossover FeIII Quinolylsalicylaldimine Complex,
FeIII(5-Br-qsal)2Ni(dmit)2·solv: Solvent Effects. Inorg. Chem. 2015,
54, 1354−1362.
(14) Phonsri, W.; Harding, P.; Liu, L.; Telfer, S. G.; Murray, K. S.;

Moubaraki, B.; Ross, T. M.; Jameson, G. N. L.; Harding, D. J. Solvent
Modified Spin Crossover in an Iron(III) Complex: Phase Changes

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c01795
Inorg. Chem. 2022, 61, 12726−12735

12734

http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin-Yi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9256-1862
https://orcid.org/0000-0002-9256-1862
mailto:wangxy66@nju.edu.cn
mailto:wangxy66@nju.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui-Juan+Sheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng-Cai+Xia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin-Yu+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng-Cheng+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wen-Jie+Ji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yue+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6094-4087
https://orcid.org/0000-0001-6094-4087
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01795?ref=pdf
https://doi.org/10.3762/bjoc.9.39
https://doi.org/10.3762/bjoc.9.39
https://doi.org/10.1039/c3cc44171g
https://doi.org/10.1039/c9cc09238b
https://doi.org/10.1016/j.ccr.2016.01.006
https://doi.org/10.1016/j.ccr.2016.01.006
https://doi.org/10.1002/adma.201703862
https://doi.org/10.1002/adma.201703862
https://doi.org/10.1039/c1cs15042a
https://doi.org/10.1039/c1cs15042a
https://doi.org/10.1016/j.ccr.2017.03.024
https://doi.org/10.1016/j.ccr.2017.03.024
https://doi.org/10.1016/j.cocis.2017.12.007
https://doi.org/10.1016/j.cocis.2017.12.007
https://doi.org/10.1016/j.cocis.2017.12.007
https://doi.org/10.1016/j.ccr.2020.213666
https://doi.org/10.1016/j.ccr.2020.213666
https://doi.org/10.1016/j.ccr.2020.213666
https://doi.org/10.1080/10610278.2017.1406093
https://doi.org/10.1080/10610278.2017.1406093
https://doi.org/10.1039/c7cs00835j
https://doi.org/10.1039/c7cs00835j
https://doi.org/10.1016/j.ccr.2007.08.007
https://doi.org/10.1016/j.ccr.2007.08.007
https://doi.org/10.1007/b95409
https://doi.org/10.1007/b95409
https://doi.org/10.1039/c9qi01478k
https://doi.org/10.1039/c9qi01478k
https://doi.org/10.1039/c9qi01478k
https://doi.org/10.1021/acs.inorgchem.0c00978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c00978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c00978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0cc07326a
https://doi.org/10.1039/d0cc07326a
https://doi.org/10.1039/d0cc07326a
https://doi.org/10.1021/acs.inorgchem.9b03097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b03097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b03097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c9qi01560d
https://doi.org/10.1039/c9qi01560d
https://doi.org/10.1039/c9qi01560d
https://doi.org/10.1021/acs.inorgchem.0c01378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0017920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0017920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b207516d
https://doi.org/10.1039/b207516d
https://doi.org/10.1039/b207516d
https://doi.org/10.1023/a:1022503609539
https://doi.org/10.1023/a:1022503609539
https://doi.org/10.1021/ic502278d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic502278d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic502278d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c6sc05317c
https://doi.org/10.1039/c6sc05317c
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and an Exceptionally Wide Hysteresis. Chem. Sci. 2017, 8, 3949−
3959.
(15) Dias, J. C.; Vieira, B.; Santos, I. C.; Pereira, L. C. J.; Gama, V. d.

Synthesis and Characterization of Fe(III)(3-CH3O-qsal)2PF6·nH2O
(n=0, 2). Inorg. Chim. Acta 2009, 362, 2076−2079.
(16) Phonsri, W.; Harding, D. J.; Harding, P.; Murray, K. S.;

Moubaraki, B.; Gass, I. A.; Cashion, J. D.; Jameson, G. N. L.; Adams,
H. Stepped Spin Crossover in Fe(III) Halogen Substituted
Quinolylsalicylaldimine Complexes. Dalton Trans. 2014, 43, 17509−
17518.
(17) Harding, D. J.; Phonsri, W.; Harding, P.; Gass, I. A.; Murray, K.

S.; Moubaraki, B.; Cashion, J. D.; Liu, L.; Telfer, S. G. Abrupt Spin
Crossover in an Iron(III) Quinolylsalicylaldimine Complex: Struc-
tural Insights and Solvent Effects. Chem. Commun. 2013, 49, 6340−
6342.
(18) Harding, D. J.; Phonsri, W.; Harding, P.; Murray, K. S.;

Moubaraki, B.; Jameson, G. N. L. Abrupt Two-Step and Symmetry
Breaking Spin Crossover in an Iron(III) Complex: an Exceptionally
Wide [LS−HS] Plateau. Dalton Trans. 2015, 44, 15079−15082.
(19) Whittaker, J. J.; Harding, P.; Clegg, J. K.; Harding, D. J.

Structural Origin of Magnetic Hysteresis in an Iron(III) Spin-
Crossover Material. Cryst. Growth Des. 2020, 20, 7006−7011.
(20) Karuppannan, S. K.; Martin-Rodriguez, A.; Ruiz, E.; Harding,

P.; Harding, D. J.; Yu, X.; Tadich, A.; Cowie, B.; Qi, D.; Nijhuis, C. A.
Room Temperature Conductance Switching in a Molecular Iron(III)
Spin Crossover Junction. Chem. Sci. 2021, 12, 2381−2388.
(21) Dáaz-Torres, R.; Phonsri, W.; Murray, K. S.; Liu, L.; Ahmed,

M.; Neville, S. M.; Harding, P.; Harding, D. J. Spin Crossover in
Iron(III) Quinolylsalicylaldiminates: The Curious Case of [Fe(qsal-
F)2](Anion). Inorg. Chem. 2020, 59, 13784−13791.
(22) (a) Harding, D. J.; Sertphon, D.; Harding, P.; Murray, K. S.;

Moubaraki, B.; Cashion, J. D.; Adams, H. FeIII Quinolylsalicylaldimine
Complexes: A Rare Mixed-Spin-State Complex and Abrupt Spin
Crossover. Chem. − Eur. J. 2013, 19, 1082−1090. (b) Sertphon, D.;
Harding, D. J.; Harding, P.; Murray, K. S.; Moubaraki, B.; Cashion, J.
D.; Adams, H. Anionic Tuning of Spin Crossover in FeIII−
Quinolylsalicylaldiminate Complexes. Eur. J. Inorg. Chem. 2013,
2013, 788−795.
(23) Sertphon, D.; Harding, D. J.; Harding, P.; Murray, K. S.;

Moubaraki, B.; Adams, H.; Alkas,̧ A.; Telfer, S. G. Substituent-
Influenced Spin Crossover in FeIII Quinolylsalicylaldiminates. Eur. J.
Inorg. Chem. 2016, 2016, 432−438.
(24) Zuluaga, A. R.; Brock, A. J.; Pfrunder, M. C.; Phonsri, W.;

Murray, K. S.; Harding, P.; Micallef, A. S.; Mullen, K. M.; Clegg, J. K.;
Harding, D. J.; McMurtrie, J. C. Three-Way Switchable Single-
Crystal-to-Single-Crystal Solvatomorphic Spin Crossover in a
Molecular Cocrystal. Chem. Mater. 2020, 32, 10076−10083.
(25) SAINT Version 7.68A, Bruker AXS, Inc., Madison, WI, 2009.
(26) Sheldrick, G. M. SADABS, Version 2008/1; Bruker AXS, Inc.,

Madison, WI, 2008.
(27) (a) Sheldrick, G. M. A Short History of SHELX. Acta
Crystallogr., Sect. A: Found. Crystallogr. 2008, 64, 112−122.
(b) Sheldrick, G. M. SHELXT - Integrated Space-Group and
Crystal-Structure Determination. Acta Crystallogr., Sect. A: Found.
Adv. 2015, 71, 3−8.
(28) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A.

K.; Puschmann, H. OLEX2: a Complete Structure Solution,
Refinement and Analysis Program. J. Appl. Crystallogr. 2009, 42,
339−341.
(29) Ketkaew, R.; Tantirungrotechai, Y.; Harding, P.; Harding, D. J.;

Marchivie, M. OctaDist: A Tool for Calculating Distortion Parameters in
Coordination Complexes. 2019. https://octadist.github.io.
(30) Scheiner, S. Contribution of CH· · ·X Hydrogen Bonds to

Biomolecular Structure. Hydrogen Bonding�New Insights; Grabowski,
S. J. Ed.; Springer Netherlands, 2006; pp. 263−292.
(31) (a) Clements, J. E.; Airey, P. R.; Ragon, F.; Shang, V.; Kepert,

C. J.; Neville, S. M. Guest-Adaptable Spin Crossover Properties in a
Dinuclear Species Underpinned by Supramolecular Interactions.
Inorg. Chem. 2018, 57, 14930−14938. (b) Real, J. A.; Bolvin, H.;

Bousseksou, A.; Dworkin, A.; Kahn, O.; Varret, F.; Zarembowitch, J.
Two-Step Spin Crossover in the New Dinuclear Compound
[Fe(bt)(NCS)2]2bpym, with bt = 2,2′-bi-2-thiazoline and bpym =
2,2′-bipyrimidine: Experimental Investigation and Theoretical Ap-
proach. J. Am. Chem. Soc. 1992, 114, 4650−4658. (c) Zaiter, S.; Kirk,
C.; Taylor, M.; Klein, Y. M.; Housecroft, C. E.; Sciortino, N. F.;
Clements, J. E.; Cooper, R. I.; Kepert, C. J.; Neville, S. M. Heteroatom
Substitution Effects in Spin Crossover Dinuclear Complexes. Dalton
Trans. 2019, 48, 7337−7343. (d) Gaspar, A. B.; Muñoz, M. C.; Real,
J. A. Dinuclear Iron(II) Spin Crossover Compounds: Singular
Molecular Materials for Electronics. J. Mater. Chem. 2006, 16, 2522.
(32) (a) Weihermueller, J.; Schlamp, S.; Dittrich, B.; Weber, B.

Kinetic Trapping Effects in Amphiphilic Iron(II) Spin Crossover
Compounds. Inorg. Chem. 2019, 58, 1278−1289. (b) Paradis, N.;
Chastanet, G.; Palamarciuc, T.; Rosa, P.; Varret, F.; Boukheddaden,
K.; Létard, J.-F. Detailed Investigation of the Interplay Between the
Thermal Decay of the Low Temperature Metastable HS State and the
Thermal Hysteresis of Spin-Crossover Solids. J. Phys. Chem. C 2015,
119, 20039−20050. (c) Delgado, T.; Tissot, A.; Guenee, L.; Hauser,
A.; Javier Valverde-Munoz, F.; Seredyuk, M.; Antonio Real, J.; Pillet,
S.; Bendeif, E.-E.; Besnard, C. Very Long-Lived Photogenerated High-
Spin Phase of a Multistable Spin-Crossover Molecular Material. J. Am.
Chem. Soc. 2018, 140, 12870−12876. (d) Wang, H.; Baldé, C.;
Grosjean, A.; Desplanches, C.; Guionneau, P.; Chastanet, G. Seven-
Coordinated Iron(II) Spin-Crossover Molecules: Some Learning from
Iron Substitution in [FexMn1−x(L222N3O2)(CN)2]·H2O Solid Sol-
utions. Dalton Trans. 2018, 47, 14741−14750. (e) Ye, Y. S.; Chen, X.
Q.; De Cai, Y.; Fei, B.; Dechambenoit, P.; Rouzier̀es, M.; Mathonier̀e,
C.; Clérac, R.; Bao, X. Slow Dynamics of the Spin-Crossover Process
in an Apparent High-Spin Mononuclear FeII Complex. Angew. Chem.,
Int. Ed. 2019, 58, 18888−18891.
(33) Gómez, V.; Sáenz de Pipaón, C.; Maldonado-Illescas, P.;

Waerenborgh, J. C.; Martin, E.; Benet-Buchholz, J.; Galán-Mascarós, J.
R. Easy Excited-State Trapping and Record High TTIESST in a Spin-
Crossover Polyanionic FeII Trimer. J. Am. Chem. Soc. 2015, 137,
11924−11927.
(34) Dîrtu, M. M.; Neuhausen, C.; Naik, A. D.; Rotaru, A.; Spinu, L.;

Garcia, Y. Insights into the Origin of Cooperative Effects in the Spin
Transition of [Fe(NH2trz)3](NO3)2: the Role of Supramolecular
Interactions Evidenced in the Crystal Structure of [Cu(NH2trz)3]-
(NO3)2·H2O. Inorg. Chem. 2010, 49, 5723−5736.
(35) Phukkaphan, N.; Cruickshank, D. L.; Murray, K. S.; Phonsri,

W.; Harding, P.; Harding, D. J. Hysteretic Spin Crossover Driven by
Anion Conformational Change. Chem. Commun. 2017, 53, 9801−
9804.
(36) Kumar, K. S.; Heinrich, B.; Vela, S.; Moreno-Pineda, E.; Bailly,

C.; Ruben, M. Bistable Spin-Crossover Characteristics of a Highly
Distorted [Fe(1-BPP-COOC2H5)2](ClO4)2·CH3CN Complex. Dal-
ton Trans. 2019, 48, 3825−3830.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c01795
Inorg. Chem. 2022, 61, 12726−12735

12735

https://doi.org/10.1039/c6sc05317c
https://doi.org/10.1016/j.ica.2008.09.009
https://doi.org/10.1016/j.ica.2008.09.009
https://doi.org/10.1039/C4DT01701C
https://doi.org/10.1039/C4DT01701C
https://doi.org/10.1039/c3cc42125b
https://doi.org/10.1039/c3cc42125b
https://doi.org/10.1039/c3cc42125b
https://doi.org/10.1039/C4DT03184A
https://doi.org/10.1039/C4DT03184A
https://doi.org/10.1039/C4DT03184A
https://doi.org/10.1021/acs.cgd.0c01073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c01073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0sc04555a
https://doi.org/10.1039/d0sc04555a
https://doi.org/10.1021/acs.inorgchem.0c02201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c02201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c02201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201202053
https://doi.org/10.1002/chem.201202053
https://doi.org/10.1002/chem.201202053
https://doi.org/10.1002/ejic.201201066
https://doi.org/10.1002/ejic.201201066
https://doi.org/10.1002/ejic.201501188
https://doi.org/10.1002/ejic.201501188
https://doi.org/10.1021/acs.chemmater.0c03396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c03396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c03396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
https://octadist.github.io
https://doi.org/10.1021/acs.inorgchem.8b02625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b02625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00038a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00038a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00038a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00038a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c8dt05010d
https://doi.org/10.1039/c8dt05010d
https://doi.org/10.1039/b603488h
https://doi.org/10.1039/b603488h
https://doi.org/10.1021/acs.inorgchem.8b02763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b02763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b03680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b03680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b03680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b06042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b06042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8DT02517G
https://doi.org/10.1039/C8DT02517G
https://doi.org/10.1039/C8DT02517G
https://doi.org/10.1039/C8DT02517G
https://doi.org/10.1002/anie.201911538
https://doi.org/10.1002/anie.201911538
https://doi.org/10.1021/jacs.5b07879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b07879?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic100667f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic100667f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic100667f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic100667f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7cc05998a
https://doi.org/10.1039/c7cc05998a
https://doi.org/10.1039/c8dt04928a
https://doi.org/10.1039/c8dt04928a
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

