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Spin crossover FeIII complexes with a substituted
Hqnal ligand: effects of anions and solvents†

Feng-Li Chen,‡ Xin-Li Liu,‡ Yue Zhao, Gang Li, Bo-Hong Gao and
Xin-Yi Wang *

A new substituted Hqnal ligand, Hqnal-5-Brq, and four resulting FeIII complexes [Fe(qnal-5-Brq)2]A·sol

(A = NO3
−, sol = CH3OH 1; A = ClO4

−, sol = CH3OH 2; A = OTf−, sol = 2CH3OH·H2O 3; and A = NTf2
−,

sol = CH2Cl2 4; Hqnal-5-Brq = N-(5-bromo-8-quinolinyl)-2-hydroxynaphthaldimine), have been syn-

thesized and characterized. All four complexes, despite having different anions, adopt similar 1D [Fe(qnal-

5-Brq)2]
+ cation chains linked by orthogonal π⋯π interactions. These chains are further connected to

form 2D and 3D structures by other supramolecular interactions. Complexes 1–3 all exhibit abrupt spin

crossover behaviors, with the transition temperatures being 230, 189, and 185 K, respectively, while

complex 4 is in a high-spin state. The influence of solvents on spin crossover properties was assessed via

magnetic measurements on the desolvated samples. Following desolvation, while complexes 1 and 2

show slight variations in their transition temperatures, complexes 3 and 4 undergo significant changes in

their magnetic profiles. Desolvation in complex 3 leads to either a HS state or a very incomplete hysteretic

transition with a low transition temperature for different sample batches. In contrast, the gradual desolva-

tion in complex 4 leads to diminished solvent residues and progressive transition from a stable HS state to

an SCO-active state.

Introduction

Spin crossover (SCO) materials, characterized by their mag-
netic bistability, have attracted much attention over the past
few decades for their potential use in molecular switches,
sensors, and data storage devices.1,2 These materials, which
often contain metal ions with the d4–d7 electron configuration,
are capable of switching between low spin (LS) and high spin
(HS) states under an external field.3 Among the various SCO
materials,4 FeIII complexes have been a focal point of our
research due to their enhanced air stability compared to their
FeII counterparts. The smaller changes in metal–ligand bond
lengths and spin entropy during SCO in FeIII complexes
(0.10–0.13 Å and 9.13 J K−1 mol−1) as opposed to FeII com-
plexes (∼0.20 Å and 13.38 J K−1 mol−1) lead to different SCO
characteristics.5,6 These differences result in the challenges of

achieving abrupt transitions with wide hysteresis loops around
room temperature and observing the LIESST effect.7

In the realm of the FeIII SCO materials, complexes featuring
two tridentate Schiff-base ligands and an N4O2 coordination
environment have been intensively focused on.8,9 In this
sense, Hqsal (N-quinolylsalicylaldimine) and its various deriva-
tives (Scheme 1) are among the most extensively studied
ligands.9–11 Notably, the complexes [Fe(qsal)2]NCSe·sol (sol =
MeOH, CH2Cl2, and DMSO) exhibit remarkably wide hysteresis
loops (115–180 K for the initial cycle and 70–76 K for the sub-
sequent cycles).12,13 This strong cooperativity is attributed to
the effective π⋯π interactions between the qsal ligands. These
results, along with subsequent multifunctional materials con-
taining the [Fe(qsal)2]

+ units and redox-active anions, have
prompted a deeper investigation of SCO complexes with the
Hqsal ligand and its various derivatives, Hqsal-n-R (‘n’ denotes
the position of the substituent on the benzene (Ph) ring, and
‘R’ represents different substituents).14–17 These studies have
demonstrated the efficient modification of the ligand field and
cooperativity by the ligand substituents that resulted in a
variety of intriguing SCO behaviors and the establishment of
detailed magneto-structural relationships. Halogen-substituted
Hqsal ligands, for instance, have been extensively studied,
with [Fe(qsal-5-X)2]NTf2 (X = Cl, Br, I) showing distinct SCO
behaviors.18 Notably, [Fe(qsal-5-I)2]NTf2 exhibits an abrupt hys-
teresis loop of approximately 34 K, indicating a stronger coop-
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erative effect as one moves from Cl to I. Furthermore, the influ-
ence of lattice solvents and charge-balancing anions on the
structures and the resulting SCO performances has been nicely
illustrated in complexes such as [Fe(qsal-5-Cl)2]NO3·sol (sol =
MeOH, EtOH, and i-PrOH),19 [Fe(qsal-5-I)2]A·sol (A = OTf−,
NTf2

−, sol = MeOH, EtOH, n-PrOH, i-PrOH, MeCN, and
acetone),20 [Fe(qsal-4-F)2]A·sol (A = NO3

−, sol =
0.91MeOH·0.57H2O; PF6

−; BF4
−; OTf−, sol = 1.5MeOH),21 and

[Fe(qsal-5-F)2]A (A = NO3
−, PF6

−, BF4
−, ClO4

−, SCN−),22

respectively.
As previously highlighted, robust π⋯π interactions can

effectively increase cooperativity and thereby enhance the SCO
performance. To further enhance these interactions, a novel
tridentate Schiff-base ligand with an expanded π system,
namely Hqnal (N-(8-quinolinyl)-2-hydroxy-1-naphthaldimine)
(Scheme 1a), was designed and employed to prepare new FeIII

SCO complexes. Interesting properties, such as the abrupt
transition with a 31 K hysteresis loop observed in [Fe(qnal)2]
NS23 and the modulation of conductivity in the SCO conduct-
ing molecular compound [Fe(qnal)2][Pd(dmit)2]5·acetone,

24

were observed. However, in contrast to the extensively studied
Hqsal-n-R complexes, investigations into Hqnal derivatives
have been notably sparse. To our knowledge, only one known
example of a Hqnal derivative, 7-methoxy-1[(8-quinolinyli-
mino)methyl]-2-naphthaleno (Hqnal-7-OMe) featuring an OMe
substituent group, has been reported. From this ligand, two
complexes, [Fe(qnal-7-OMe)2]PF6·acetone and [Fe(qnal-7-
OMe)2]BPh4·2MeOH, were prepared.25 Remarkably, the MeOH
solvated complex displayed an exceptionally wide hysteresis
loop of 110 K.

Considering the success of Hqsal derivatives in FeIII SCO
complexes, we are optimistic that employing similar strategies
with Hqnal ligands bearing various substituents will lead to
the discovery of new FeIII SCO complexes with interesting pro-
perties. In line with this, we have recently reported the first
quinoline-substituted Hqsal ligand, Hqsal-5-Brq (“q” specifies
that the substitution occurs on the quinoline ring), and a
series of FeIII complexes, [Fe(qsal-5-Brq)2]A·CH3OH (A = NO3

−,

BF4
−, PF6

−, and OTf−). Both complexes with NO3
− and BF4

−

anions exhibit abrupt SCO transitions with a 5 K hysteresis
loop.26

Following this recent work, we now present our research on
the quinoline-substituted Hqnal ligand. To date, apart from
the previously mentioned Hqnal-7-OMe ligand, no other
Hqnal derivatives have been reported. By introducing a Br
atom into the quinoline group, we designed a new ligand, N-
(5-bromo-8-quinolinyl)-2-hydroxynaphthaldimine (Hqnal-5-
Brq, Scheme 1b). The incorporation of the Br atom into the
quinoline group is expected to modulate the ligand field
strength of the Hqnal ligand. Moreover, the presence of the Br
atom could also engender various weak interactions, such as
halogen bond, C–H⋯Br hydrogen bond, and Br⋯π inter-
actions. These interactions have the potential to strengthen
the cooperative effects within the system, thereby enhancing
the SCO properties. Utilizing this ligand, we have synthesized
a series of new complexes, [Fe(qnal-5-Brq)2]A·sol (A = NO3

− 1,
ClO4

− 2, OTf− 3, and NTf2
− 4). These complexes have been

structurally and magnetically analyzed, providing valuable
insights into the impact of the quinoline substitution of the
Hqnal ligand and the anions on the SCO properties of FeIII

complexes. Furthermore, the impact of the crystallized solvents
on the SCO properties of all complexes has been examined.
Specifically, complexes 3 and 4 show pronounced changes in
SCO properties upon desolvation, occurring through a precise
crystal-to-crystal transition for complex 3 and a more gradual
desolvation process for complex 4. These complexes represent
the first FeIII SCO complexes featuring a quinoline-substituted
Hqnal ligand.

Experimental section
Materials

All experiments were conducted under aerobic conditions, uti-
lizing chromatographic-grade solvents for the synthesis. All

Scheme 1 (a) The structures of the Schiff-base ligands Hqsal-n-R and Hqnal-n-R; (b) the synthesis of the Hqnal-5-Brq ligand and [Fe(qnal-5-Brq)2]
A·solvent complexes.
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chemicals were purchased from Energy Chemicals or
Bidepharm and used as received without further purification.

Caution! Although we experienced no issues during our
experiments, perchlorate salts are potentially explosive and
should be used in small quantities and handled with care.

Physical measurements

Comprehensive characterization of the ligand and complexes
was performed using various techniques. Powder X-ray diffrac-
tion (PXRD) data were obtained using a Bruker D8 Advance
diffractometer with a Cu Kα X-ray source (λ = 1.54056 Å) at
40 mA and 40 kV, scanning over a 2θ range of 5–50°. UV–vis
spectra were recorded using a UV-1900 UV–visible spectro-
photometer (SHIMADZU, Japan) for 1–4 and 3·0.6H2O in
CH2Cl2. Bruker AVANCE III 600 MHz spectrometers were used
to measure the 1H and 13C NMR spectra, with tetramethyl-
silane (TMS) as the internal standard. FT-IR absorption
spectra were measured using a Bruker Vertex 70 V spectro-
meter (Germany) in the range of 4000–400 cm−1 at room temp-
erature. The ATR measurements were conducted with a
Platinum-ATR accessory equipped with a pure diamond
crystal. Thermogravimetric analysis (TGA) was performed on a
PerkinElmer Thermal Analyzer in the temperature range of
30–600 °C in Al2O3 crucibles at a heating rate of 10 °C min−1

under a nitrogen flow. Elemental analysis for C, H, and N was
performed on an Elementar Vario MICRO analyzer.
Differential scanning calorimetry (DSC) was performed on a
METTLER-DSC1 instrument, with a cooling/warming rate of
5 K min−1 under nitrogen. Magnetic measurements for all
complexes were carried out using a Quantum Design VSM
magnetometer, under a direct current (dc) field of 1000 Oe
between 5 K and 300 K or up to 400 K at a cooling/heating rate
of 5 K min−1. The experimental data were corrected for the dia-
magnetic contributions from both the sample holders and the
complexes using Pascal’s constants.

X-ray crystallography

Single crystal X-ray diffraction data were obtained on a Bruker
APEX-II diffractometer equipped with a CCD area detector
using either Mo Kα radiation (λ = 0.71073 Å) or a liquid-metal-
jet X-ray source (Ga-Kα radiation, λ = 1.34139 Å) at varying
temperatures. Bruker APEX-IV software was used for data col-
lection, reduction, and absorption correction. Crystals 1 and 2,
identified as twin crystals, were analyzed using CELL_NOW27

to determine the twin matrices, with data scaling performed
by TWINABS.28 The structures were solved and refined using
the SHELXTL crystallographic software package29,30 and
OLEX231 by the full-matrix least-squares method on F2. All
non-hydrogen atoms were refined anisotropically, while hydro-
gen atoms were added based on theoretical calculations. The
details of the structural refinement and data collection para-
meters are listed in Tables S1–S3.† Selected bond lengths are
listed in Tables S4 and S5.† The distances of the supramolecu-
lar interactions, including those of hydrogen bonds
(C–H⋯O/F/Br), halogen⋯π (F/Br⋯π), halogen bonds (Br⋯O),

C–H⋯π, and π⋯π interactions, are listed in Tables S6–S10.†
The CCDC numbers are 2367591–2367599 and 2384171.

Synthesis of N-(5-bromo-8-quinolinyl)-2-hydroxynaphthald-
imine (Hqnal-5-Brq). The ligand Hqnal-5-Brq was synthesized
following a literature procedure.32 Specifically, 5-bromoquino-
lin-8-amine (5 mmol, 1.1154 g) and 2-hydroxy-1-naphthalde-
hyde (5.5 mmol, 0.9470 g) were combined in absolute ethanol
(about 50 ml) in a round-bottomed flask. The mixture was
heated under reflux overnight, resulting in the formation of
orange microcrystals. The microcrystals were then collected via
vacuum filtration, washed with diethyl ether, and air-dried. To
obtain a single crystal suitable for X-ray diffraction, the orange
microcrystals were dissolved in dichloromethane and allowed
to evaporate slowly in a refrigerator for two weeks. Yield:
1.1544 g, 61.2%. Elemental analysis: calcd (%) for
C20H13BrN2O (377.24 g mol−1): C 63.67, N 7.43, H 3.47; found
C 63.71, N 7.38, H 3.51. Selected FT-IR data (cm−1): 3025, 2944
(νC–H), and 1622 (νCvN). The 1H and 13C NMR (600 MHz,
DMSO-d6) of the ligand can be found in Fig. S1 and S2.†

Synthesis of [Fe(qnal-5-Brq)2]NO3·CH3OH (1). Single crystals
of complex 1 were synthesized via the liquid phase diffusion
method from the ligand and metal salt within a test tube.
Hqnal-5-Brq (37.24 mg, 0.1 mmol) was dissolved in 8 mL of di-
chloromethane, to which Et3N (14 μL) was added. After stirring
for 30 minutes, the light orange solution was filtered and
transferred to the bottom of a 20 mL test tube. Concurrently,
Fe(NO3)3·9H2O (0.0202 g, 0.05 mmol) was dissolved in 7 mL of
methanol and stirred for 30 minutes. A buffer layer of a
mixture of methanol and dichloromethane (1 : 1, 4 mL) was
carefully layered on top of the ligand solution. Finally, the
metal salt solution was layered on top of the buffer layer. The
test tube was left undisturbed at room temperature. Black
plate-like single crystals suitable for X-ray analysis were
obtained in about ten days. The crystals were collected,
washed with methanol, and air-dried at room temperature.
Yield: 0.0233 g, 51.6% (based on Fe). Elemental analysis: calcd
(%) for C41H28Br2FeN5O6 (902.33 g mol−1): C 54.57, N 7.76,
H 3.13; found C 54.66, N 7.53, H 3.21. Selected FT-IR data
(cm−1): 3363 (νO–H), 3022, 2979 (νC–H), 1603 (νCvN), 1374, and
1339 (νNvO).

Synthesis of [Fe(qnal-5-Brq)2]ClO4·CH3OH (2), [Fe(qnal-5-
Brq)2]OTf·2CH3OH·H2O (3), and [Fe(qnal-5-Brq)2]NTf2·CH2Cl2
(4). Following a similar process to that for complex 1, com-
plexes 2–4 were synthesized using Fe(ClO4)3·xH2O (0.0177 g,
0.05 mmol), Fe(OTf)3 (0.0252 g, 0.05 mmol), or FeCl3·6H2O
(0.0135 g, 0.05 mmol) and LiNTf2 (0.0431 g, 0.15 mmol) as the
metal salts. Black single crystals (needle-like for 2 and 4 and
rhomboid for 3) were obtained in about fifteen days. Yield:
0.0250 g, 53.2% (2), 0.0278 g, 53.5% (3), and 0.0331 g, 56.4%
(4) (based on Fe). Elemental analysis: calcd (%) for 2
(C41H28Br2ClFeN4O7, 939.79 g mol−1): C 52.40, N 5.96, H 3.00;
found C 52.79, N 6.05, H 2.79; 3 (C43H34Br2F3FeN4O8S,
1039.45 g mol−1): C 49.68, N 5.39, H 3.30; found C 49.76,
N 5.39, H 3.35; 4 (C43H26Br2Cl2F6FeN5O6S2, 1173.36 g mol−1):
C 44.01, N 5.97, H 2.23; found C 44.19, N 5.95, H 2.31.
Selected FT-IR data (cm−1) for 2: 3031, 2977 (νC–H), 1616
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(νCvN), 1076 (νClvO), 621 (νCl–O); 3: 3478 (νO–H), 3054, 2944
(νC–H), 1588 (νOvH), 1254, 1028 (νS–O), 1146 (νC–F); 4: 3058,
2981 (νC–H), 1603 (νCvN), 1335, 1134 (νSvO), 1190 (νC–F). It is
noteworthy that crystals of 2 are prone to losing solvent, and
the elemental analysis is in good agreement with that of the
desolvated crystal. This was also proved by other characteriz-
ation techniques.

Synthesis of [Fe(qnal-5-Brq)2]OTf·0.6H2O (3·0.6H2O). The
desolvated crystals of complex 3, referred to as 3·0.6H2O, were
prepared by drying complex 3 at 140 °C in a vacuum oven for
24 h. Elemental analysis: calcd (%) for C41H25.2Br2F3FeN4O5.6S
(968.17 g mol−1): C 50.86, N 5.79, H 2.62; found C 50.79,
N 5.85, H 2.57. Selected FT-IR data (cm−1): 3478 (νO–H), 3054,
2944 (νC–H), 1588 (νOvH), 1254, 1028 (νS–O), 1146 (νC–F).

The phase purity of these complexes was confirmed
through PXRD experiments on freshly prepared samples
(Fig. S3†). For complexes 1, 3, and 4, the experimental diffrac-
tion patterns closely matched the simulated patterns derived
from single crystal data. However, complex 2 showed a slight
discrepancy in peak intensities, likely attributed to crystal
orientation effects. In addition, the numbers of the lattice
solvent molecules were validated by the thermogravimetric
analysis (TGA) of all five complexes (Fig. S4†). The weight
losses over specific temperature ranges are 3.48% (30–278 °C),
3.43% (20–195 °C), 7.72% (30–205 °C), 7.31% (30–140 °C), and
1.45% (30–100 °C) for complexes 1–4 and 3·0.6H2O, respect-
ively. These weight losses are in agreement with the elemental
analysis results and single crystal structure data. Furthermore,
the TGA data indicate that the crystallized solvents are prone
to loss, highlighting the necessity of using freshly prepared
samples for other measurements. We have also measured the
UV-visible spectra of complexes 1–4 and 3·0.6H2O in CH2Cl2.
As shown in Fig. S5,† similar absorption curves were observed
for these complexes, with peaks in about 350 nm and 450 nm
assigned to the π–π* and ligand-to-metal charge-transfer
(LMCT) transitions, respectively.33

Results and discussion
Crystal structure

The ligand Hqnal-5-Brq was prepared via Schiff-base conden-
sation, resulting in a microcrystalline form. Its asymmetric
unit is depicted in Fig. S6,† with the crystal parameters listed
in Table S3.† A PXRD study (Fig. S3e†) confirms the high
purity of the ligand Hqnal-5-Brq. We will not discuss the
ligand in detail.

To obtain the structures of both spin states, the crystal data
for the complexes were collected at different temperatures (100
and 300 K for complexes 1, 3, and 4, and 90 K for complex 2).
Our attempts to obtain the high-spin state structure of
complex 2 at high temperature were unsuccessful due to the
loss of crystallinity. Despite variations in counterions and
lattice solvents, complexes 1–4 and 3·0.6H2O all crystallized in
the triclinic crystal system with the P1̄ space group. The asym-
metric units for complexes 1–4 are displayed in Fig. 1. For all

of them, the asymmetric units consist of a [Fe(qnal-5-Brq)2]
+

cation, a charge-balancing anion (NO3
−, ClO4

−, OTf−, and
NTf2

−), and some lattice solvent molecules (one ordered
MeOH molecule for 1, one disordered MeOH for 2, one dis-
ordered water and two disordered MeOH molecules for 3, and
a CH2Cl2 molecule for 4, respectively). For desolvated
3·0.6H2O, there is still 0.6 water molecule in the asymmetric
unit, and the OTf− anion displays serious disorder. Efforts to
obtain a completely desolvated crystal of 3 and the desolvated
crystal structures of the other complexes were unsuccessful. As
observed in other similar complexes from Hqsal-n-R and
Hqnal ligands,34–37 complexes 1–4 all feature FeIII centers co-
ordinated by two tridentate Hqnal-5-Brq ligands. These two
ligands are nearly perpendicular to one another in a meridio-
nal arrangement, forming a pseudo-octahedral N4O2 coordi-
nation sphere with the oxygen atoms of Hqnal-5-Brq posi-
tioned in a cis-position.

Crystal data of these complexes correlate well with the mag-
netic measurements, illustrating the differences between the
HS and LS states of the complexes. A key indicator of the spin
state change is the average coordination bond length (Fe–Oav

and Fe–Nav). At low temperatures, the average bond lengths of
Fe–Oav and Fe–Nav for complexes 1, 2, and 3 are indicative of
an LS state,9,11,36 with values of 1.878 Å and 1.954 Å for 1,
1.880 Å and 1.954 Å for 2, and 1.876 Å and 1.960 Å for 3,
respectively (Tables S4 and S5†). In contrast, at higher temp-
eratures, complexes 1 and 3 exhibit average bond lengths of
1.920 Å and 2.114 Å, and 1.906 Å and 2.116 Å, aligning with
those expected for HS FeIII complexes.37,38 For the desolvated
complex 3·0.6H2O, the bond lengths of Fe–Oav and Fe–Nav are
1.921 Å and 2.126 Å at 150 K (Table S4†), indicating that it
remains in the HS state at this temperature. Complex 4,
however, maintains HS state bond lengths at both low and
high temperatures. The changes in bond lengths (ΔFe–Oav and
ΔFe–Nav) for complexes 1 and 3 are 0.03 Å and 0.160 Å, and
0.03 Å and 0.156 Å, respectively. For complex 4, these changes
are minimal (0.0099 Å and 0.012 Å), indicating no significant
spin state change. Furthermore, octahedral distortion para-

Fig. 1 The asymmetric units of 1 (a), 2 (b), 3(c), and 4 (d).
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meters (Θ, Σ) are valuable for assessing the spin state, with an
HS state corresponding to greater distortion and an LS state to
a more regular octahedron.37 The complexes exhibit Σ values
of 31°–36° for the LS state and 68°–75° for the HS state, and Θ

values of 92°–110° and 249°–282°, respectively (Tables S4 and
S5†). Changes in these distortion parameters (ΔΣ and ΔΘ)
confirm the extent of SCO.39 These distortion parameters are
also consistent with the CShM (continuous shape measures)
parameters calculated using Shape 2.140 (Tables S4 and S5†),
where higher values indicate greater octahedral distortion. In
addition, the unit cell volume for complexes 1 and 3 changes
by approximately 60 Å3 between the LS and HS states, a change
previously observed in other FeIII SCO complexes.11

Crystal packing of the complexes

It is widely accepted that enhancing intermolecular cooperativ-
ity is key to achieving SCO complexes with abrupt near-room-
temperature transitions and wide hysteresis loops. To delve
into these interactions and the resulting cooperativity, the
supramolecular interactions involving [Fe(qnal-5-Brq)2]

+

cations and the crystal packing of the complexes were carefully
examined.

Similar to some reported [Fe(qsal-n-R)2]
+ complexes with

the “chain-layers” structures,21,26 [Fe(qnal-5-Brq)2]
+ cations in

complex 1 are interconnected by two sets of orthogonal π⋯π
interactions between the naphthalene ring and quinoline ring,
forming a 1D chain along the c axis (Fig. 2). These interactions
are denoted as type A (with center–center distances of 3.691 Å
and 3.785 Å) and type B (with center–center distances of
3.876 Å, 3.682 Å, and 3.638 Å) (Fig. 2b and Table S6†). In
addition to these π⋯π interactions, [Fe(qnal-5-Brq)2]

+ cations
within the chain are further linked by C–H⋯O hydrogen
bonds at approximately 2.6 Å–2.8 Å and by weak C–H⋯Br
interactions at about 3.4 Å–3.6 Å (Fig. 2 and Table S6†). The
cross-section of the 1D chain is nearly square (Fig. 2a), indicat-
ing nearly equal Fe–Fe distances in the type A and type B π⋯π
interactions (ΔFe–Fe = 0.08 Å). The presence of this kind of a
1D chain structure is indicative of SCO behavior, as previously

observed in [Fe(qsal-n-R)2]
+ complexes.21,22,26,41 In addition,

the NO3
− anion employs non-classical hydrogen bonds20

(C–H⋯O at distances of about 2.4 Å–2.9 Å) to connect adjacent
cations, further enhancing intrachain interactions (Fig. 2c and
Table S6†). However, no interactions are observed between
[Fe(qnal-5-Brq)2]

+ cations and methanol molecules within the
1D chains. At high temperatures, most supramolecular inter-
actions weaken with increased bond distances, such as
increases of 0.181 Å for type A and 0.101 Å for type B π⋯π
interactions, and about 0.1 Å for C–H⋯O bonds (Table S6†).
Additionally, it is noted that NO3

− anion is disordered at 300 K
and well-ordered at 100 K, likely due to the structure becoming
more flexible at elevated temperatures.

Adjacent 1D chains in complex 1 are interconnected
through weak interactions among cations, anions, and solvent
molecules, assembling into 2D layers within the ac plane.
Specifically, π⋯π interactions between the naphthalene rings
of adjacent cations (type C) and C–H⋯O hydrogen bonds
between cations and anions and solvent MeOH molecules,
contribute to the formation of the 2D network (Fig. 3 and S7†).
These layers are then linked by additional weak interactions,
such as C–H⋯Br and Br⋯π involving the cations, and C–H⋯O
and Br⋯O interactions involving MeOH molecules and NO3

−

anions, to construct the complete 3D structure (Fig. S7†). At
high temperatures, certain interactions become weaker or even
disappear (Table S6†). The lattice solvents and anions are
located within the cavities of the chains and layers. Moreover,
the distance between neighboring chains (dchain) and layers
(dlayer), as shown in Fig. 4a, also changes at different tempera-
tures. Notably, at low temperatures, dchain is 11.35 Å and dlayer
is 12.60 Å, which is 0.30 Å shorter than dchain and 0.33 Å
longer than dlayer at high temperatures, respectively. This corre-
lates with the longer b axis value in the LS state compared to
the HS state (Table S1†), suggesting that the more tightly
packed chains at lower temperatures result in the separation of
the 2D layers.

Given their isostructural nature, the packing structure of
complex 2 mirrors that of complex 1, and comprises similar
1D chains with a square cross-section (Fig. S8a†) formed by
π⋯π interactions of types A and B (Fig. S9b†) and the 2D and
3D structures connected by other weak interactions (Fig. S10
and S11a†). However, the presence of different anions and the
disorder of the MeOH molecules in 2 introduce subtle differ-

Fig. 2 The 1D chain of 1: (a) cross-section of the 1D chain; (b) type A
and type B π⋯π interactions and the C–H⋯O interactions; (c) the C–
H⋯O interactions between NO3

− anions and cations; and (d) the C–
H⋯Br interactions between cations.

Fig. 3 (a) The 2D layer of complex 1 formed by the 1D chains con-
nected by type C π⋯π interactions and (b) 3D structure of 1 formed by
the 2D layers connected by C–H⋯Br and Br⋯π interactions.
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ences in the weak interactions (Fig. S10 and Table S7†).
Compared with complex 1, the center–center distances of π⋯π
interactions are longer in complex 2, and there are fewer C–
H⋯O hydrogen bonds. Furthermore, weaker and fewer supra-
molecular interactions between the 1D chains are observed in
2. For instance, while C–H⋯O interactions involving anions
and solvents were observed to connect the 1D chains to the 2D
layer, the absence of type C π⋯π interactions is notable.
Finally, the dchain for 2 is found to be 0.46 Å longer, while the
dlayer is 0.29 Å shorter than in complex 1 (Fig. 4b). These differ-
ences indicate a looser packing structure and weaker coopera-
tivity within complex 2.

Complex 3, despite featuring a similar 1D chain structure
as complexes 1 and 2 (Fig. S12†), exhibits obvious variations in
its packing structure due to the different anions and solvents.
The most significant distinction lies in the fact that in
complex 3, there are no apparent π–π interactions between the
1D chains. Instead, they are interconnected through C–H⋯O/
Br/π and Br⋯π interactions to form the 2D layer (Fig. S11b†),
which are further connected by other weak interactions to
form the 3D structure. The intermolecular interactions, includ-
ing the π⋯π stacking and C–H⋯O/Br/F interactions between
the cations and the OTf− anions and MeOH solvents, are com-
paratively weaker than those in complexes 1 and 2 (Table S8†).
However, despite their reduced strength, the number of the
weak C–H⋯O/Br/F interactions surpasses those in complexes 1

and 2, leading to more or less similar intermolecular inter-
actions between the FeIII cations in these complexes.
Furthermore, complex 3 exhibits longer dchain and dlayer values
compared to complexes 1 and 2 (Fig. 4c), correlating with the
larger size of the OTf− anions and number of lattice solvent
molecules.

Interestingly, the single crystal of 3 retains its integrity even
after the removal of methanol molecules, facilitating the suc-
cessful determination of the structure of 3·0.6H2O (Fig. 5).
Upon this crystal-to-crystal desolvation, the unit cell para-
meters of 3·0.6H2O undergo significant change to become iso-
structural with complexes 1 and 2. Consequently, the structure
of 3·0.6H2O exhibits a remarkable resemblance to the struc-
tures of complexes 1 and 2. Compared to complex 3, the intra-
chain π⋯π interactions between the cations in 3·0.6H2O are
slightly weaker (Fig. S11d, S13 and Table S9†). The previously
well-ordered OTf− anions in complex 3 become significantly
disordered over two positions in 3·0.6H2O, indicating also a
relative weakening of the supramolecular interactions invol-
ving the anions. Because of the absence of methanol mole-
cules, the original interactions between the lattice solvents and
the cations, as seen in complex 3, are no longer observed.
Furthermore, the removal of MeOH molecules results in a
similar 2D layer as those in complexes 1 and 2 and a tighter
packing structure, reflected in the shorter dchain and dlayer
values as compared to complex 3 (Fig. 4e). While the dchain
value of 3·0.6H2O is larger than those of complexes 1 and 2,
the dlayer is slightly shorter. Due to the absence of solvent-
mediated interactions and the overall weaker interactions
between the cations and anions, the supramolecular inter-
actions in 3·0.6H2O are generally weaker than those in
complex 3.

As for complex 4 with the largest NTf2
− anion, similar 1D

chains are formed through a comparable set of supramolecu-
lar interactions as seen in other complexes. These interactions
include type A and B π⋯π stacking, C–H⋯O/Br, and Br⋯π
interactions (Fig. S14†). The arrangement of the 1D chains in
complex 4 is similar to that of complex 3, with no notable
interchain π⋯π interactions between the cations. Instead, the
formation of the 2D and 3D structures is facilitated by a variety
of other supramolecular interactions (Fig. S11c†). The supra-
molecular interactions in complex 4 are generally weaker than
those in the other three complexes (Table S10†). In addition,
the Fe–Fe distance between the FeIII centers in the 1D chain is

Fig. 4 The packing structures of complexes 1–4 (a–d) at the low spin
state and 3·0.6H2O (e) at 150 K showing the dchain and dlayer values.

Fig. 5 The asymmetric units of complex 3 and 3·0.6H2O, showing the
crystal-to-crystal desolvation.
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longer than other complexes, and the 1D cross-section of the
chain is rectangular, not square (Fig. S8c†), with a ΔFe–Fe dis-
tance of 0.666 Å (Table S10†). The dchain and dlayer values are
also significantly larger than those in the other complexes
(Fig. 4d), indicating a more loosely packed structure, which is
consistent with its HS state (vide post ).

To analyze the intricate supramolecular interactions,
Hirshfeld surface analysis, conducted using
CrystalExplorer17,42 was employed for these complexes with
their low-temperature structures. The analysis revealed numer-
ous red spots on the Hirshfeld surfaces, indicative of various
supramolecular interactions including O⋯H, C⋯H, Br⋯H,
H⋯H, C⋯C, and so on (Fig. S15†). The specific proportions of
these interactions are shown in Fig. 6 and Table S11,† with 2D
fingerprint plots displayed in Fig. S16† for each complex.
Notably, O⋯H/H⋯O and H⋯H/H⋯H interactions predomi-
nate, indicating their significant role in the packing structures
of the complexes (Fig. S17†). The intensity and proportion of
these interactions are comparatively higher in complexes 1
and 2, suggesting stronger intermolecular interactions, likely
attributed to the effective involvement of NO3

− and ClO4
−

anions. In contrast, these interactions are less pronounced
and weaker in complex 3 with the larger OTf− anion, and even
more so in complex 4 containing the largest NTf2

− anion. This
reduction in interaction strength in complex 4 correlates with
its looser packing and the lack of an SCO transition (vide post).
Furthermore, the desolvation effect on complex 3 is evident,
with the O⋯H/H⋯O and H⋯H/H⋯H interactions being less
frequent and weaker in the desolvated 3·0.6H2O compared to
complex 3 (Fig. S17†). This reduction in interaction strength
aligns with the high spin state observed in 3·0.6H2O
(vide infra).

Magnetic properties

To investigate their SCO properties, the magnetic suscepti-
bilities of the freshly prepared crystals were measured over a
temperature range of 5 to 300 K with a temperature sweep rate
of 5 K min−1. Furthermore, to examine the desolvation effect,
the magnetic data from 5 to 400 K were also collected on the
in situ desolvated samples, which were prepared by heating to
400 K in a SQUID VSM chamber.

Complexes 1–3 exhibited similar abrupt SCO transitions,
each with slightly different transition temperatures. For
complex 1 (Fig. 7a), the χMT value at 300 K is 4.28 cm3 mol−1

K, close to the spin-only value of 4.38 cm3 mol−1 K for an HS
FeIII ion. Upon cooling, the χMT curve gradually decreases to

3.98 cm3 mol−1 K at 255 K, where the majority of FeIII centers
remain in the HS state. An abrupt decrease of the χMT curve is
observed upon further cooling, reaching 0.54 cm3 mol−1 K at
200 K. This drop signifies an abrupt SCO in complex 1, with
an estimated transition temperature T1/2 of 230 K, derived
from the peak temperature of d(χMT )/dT. Further cooling leads
to a slow decrease of χMT to 0.44 cm3 mol−1 K at 5 K, which is
slightly above the spin-only value of 0.38 cm3 mol−1 K for an
LS FeIII ion but in line with the commonly observed value of
0.50 cm3 mol−1 K. Upon heating, the χMT curve overlays with
that of cooling, indicating the absence of a hysteretic effect.
Furthermore, after in situ heating at 400 K, the profile of the
χMT curve remains similar, with a slightly higher transition
temperature of T1/2 = 259 K, again without any hysteretic effect
being observed.

Complex 2 also demonstrated a complete SCO transition
with a transition temperature T1/2 of 189 K (Fig. 7b). The χMT
value is 4.27 cm3 mol−1 K at 300 K and 0.48 cm3 mol−1 K at
5 K. No hysteresis loop was observed for this complex either.
Unlike complex 1, desolvation in complex 2 leads to a slight
decrease in T1/2 by about 10 K. Complex 3 exhibits a magnetic
profile akin to complex 2, with a transition temperature T1/2 of
185 K (Fig. 7c). At 5 K, the χMT value of complex 3 is larger
than that of complexes 1 and 2, indicating a higher HS residue
at low temperatures. While the magnetic behavior of complex
3 is similar to that of 1 and 2, desolvation exerts a different
impact on its magnetic properties. Notably, the SCO properties
of the in situ heated sample of 3 were observed to be different
for two different batches, either remaining in the HS state or
exhibiting an incomplete hysteretic SCO transition at around
100 K (Fig. 7c). For example, for one batch of sample following
in situ desolvation at 400 K in the SQUID VSM, the χMT curve
gradually decreases from 4.47 cm3 mol−1 K at 400 K to

Fig. 6 Percentage contributions of supramolecular interactions for
compounds 1–4 at low temperatures and 3·0.6H2O at 150 K.

Fig. 7 χMT versus T plots for complexes 1–4 (a)–(d) in the temperature
ranges of 5–300 K and 5–400 K at a cooling and heating rate of 5 K
min−1. The in situ desolvation of two batches of sample 3 leads to
slightly different results, and different SCO properties were observed for
complex 4 stored at room temperature for varying periods.
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4.06 cm3 mol−1 K at 125 K, then drops quickly to 3.46 cm3

mol−1 K at 70 K, and continues to decrease gradually to
3.07 cm3 mol−1 K at 5 K. The SCO transition here is only
partial, with an estimated HS FeIII residue of 77% at 70 K
(χMT = γ × 4.38 + (1 − γ) × 0.38, where γ is the proportion of HS
state). Interestingly, a hysteresis loop of 19 K is observed, with
the estimated T1/2↓ upon cooling and T1/2↑ upon heating being
97 K and 116 K, respectively. However, for another batch of the
sample, the χMT curve after in situ desolvation remains almost
constant from 400 to 5 K, indicating its HS state (Fig. 7c).
Currently, the cause of this discrepancy is unclear, especially
considering that the PXRD patterns of the two in situ desol-
vated samples after the magnetic measurement both align well
with the simulated pattern based on the single crystal data of
3·0.6H2O (Fig. S3f†). We suspect that the slightly different des-
olvation degrees of different sample batches may be attributed
for this observation.

As for complex 4, it predominantly remains in the HS state
above 5 K, with χMT values ranging from 4.50 cm3 mol−1 K at
300 K to 3.95 cm3 mol−1 K at 15 K (Fig. 7d). This is in line with
the single crystal structure results, which showed the HS state
FeIII centers at both 100 and 300 K. However, a very minor dip
in the χMT curve around 200 K can be observed, which is
indicative of a subtle change in the magnetic properties. Upon
in situ heating at 400 K, the desolvated complex 4 undergoes a
gradual and complete SCO with a T1/2 of 200 K. The PXRD pat-
terns of the desolvated sample differ significantly from those
of complex 4 (Fig. S18a†). Although the crystal structure of the
desolvated complex 4 was not obtained, it was noted that the
magnetic properties of complex 4 are highly sensitive to
storage time under ambient conditions. As depicted in Fig. 7d,
the magnetic properties were measured for samples stored at
room temperature for varying periods (1 hour, 1 day, and 20
days). The proportion of the LS state at low temperature
increases over time, with the SCO transition all occurring at
around 200 K. With increasing aging time, the SCO towards
the LS state becomes more complete, and after 20 days, the
χMT curve approaches that of the in situ desolvated sample.
Further analysis was conducted by TGA and PXRD on samples
of different aging periods (Fig. S18†). The TGA results indicate
a continuous decrease in the amount of residual lattice
solvent. Concurrently, the PXRD patterns evolve from those
characteristics of complex 4 to those of the fully desolvated
sample. However, even after 20 days of aging, some CH2Cl2
solvent molecules remain in the sample. These findings high-
light the sensitivity of complex 4 to environmental conditions
and underscore the pivotal role of lattice solvent CH2Cl2 mole-
cules on its SCO properties.

Differential scanning calorimetry (DSC) measurements

Differential scanning calorimetry (DSC) measurements on
complexes 1–3, conducted at a scan rate of 5 K min−1

(Fig. S19†) further elucidate their SCO behaviors. Complex 1
displays an exothermic/endothermic peak at 229/231 K during
the cooling/heating process. The minor 2 K temperature differ-
ence is attributed to the measurement’s temperature lag rather

than a hysteretic effect. The calculated enthalpy and entropy
changes are 6.94/6.78 kJ mol−1 and 30.28/29.34 J mol−1 K−1,
which are typical for FeIII SCO compounds.26,43 The entropy
change exceeds the theoretical value for a pure spin transition
(from 2T2 to

6A1, ΔS = R ln(6/2) = 9.13 J mol−1 K−1), suggesting
significant vibrational contributions41 and also the order–dis-
order transition of NO3

− anions. Complexes 2 and 3 exhibit
DSC peaks at 192/190 K and 183/181 K on heating/cooling,
closely aligning with their transition temperatures from mag-
netic property data. Their enthalpy and entropy changes are
1.61/1.62 kJ mol−1 and 8.39/8.51 J mol−1 K−1 for complex 2,
and 2.99/2.87 kJ mol−1 and 16.54/15.85 J mol−1 K−1 for
complex 3, respectively. These values are considerably smaller
than those for complex 1, with the entropy of complex 3 even
lower than that for a pure SCO transition. This could be
because the SCO occurs over a broad temperature range, and
the calculation of enthalpy and entropy changes are based on
only a part of this interval. Nevertheless, these values are con-
sistent with previously reported data for similar FeIII-qsal
complexes.33,44

The DSC results for complexes 1–3 were employed to fit the
χMT curves (Fig. 8) using a domain model with the following
equation:45

ln
ð1� γHSÞ

γHS
¼ nΔH

RT
� nΔS

R

where n represents the number of molecules in an indepen-
dent domain, γHS is the faction of the HS state, R is the ideal
gas constant, ΔH is the enthalpy change, and ΔS is the entropy
change. Generally, the larger n value is indicative of stronger
cooperativity. For complexes 1 and 2, the fitted n values are
close to each other with values being around 9 and 10
(Table S12†), suggesting their comparable cooperativity due to
their similar supramolecular structures. Complex 3, on the
other hand, exhibits an n value of 6, which is slightly lower
than that of complexes 1 and 2, indicating its slightly weaker
cooperativity.

Fig. 8 (a) χMT versus T plots for 1–4 between 5 K and 300 K; and (b–d)
fitting curves for complexes 1–3 using a domain model.
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Magneto–structural relationship

The analysis of the magneto–structural relationships in com-
plexes 1–4 could offer valuable insights for the further develop-
ment of SCO materials. In general, the SCO properties of the
materials are influenced by several factors, including counter-
ions, lattice solvents, and the nature and positioning of substi-
tuent groups. These factors subtly regulate the ligand field and
crystal packing, influencing intermolecular interactions and
cooperativity. In complexes 1–4, the anions and solvents in the
crystal lattice significantly impact their SCO properties, with
anion size being a key determinant of SCO temperatures
(Fig. 8a). For the isostructural complexes 1 and 2, which share
similar crystal structures and the same lattice solvent mole-
cules, the larger ClO4

− anion in complex 1 compared to the
NO3

− anion in complex 2 leads to a higher transition tempera-
ture (T1/2 = 230 K for 1 vs. T1/2 = 189 K for 2, Fig. 8a). This
aligns with the general trend that smaller anions tend to
stabilize the LS state with high T1/2 values, while larger anions
favor the HS state with lower T1/2 values.21,22 This effect is
attributed to the looser packing structures and increased dis-
tortion of the ligands and metal coordination octahedra,31

which can impede the SCO process.
The trend is also evident in complex 4, which contains the

largest NTf2
− anion and remains in the HS state. However,

complex 3, with an OTf− anion larger than ClO4
− in complex

2, exhibits a similar T1/2 value as complex 2. This discrepancy
is likely due to the influence of the solvent. As previously dis-
cussed, the presence of MeOH molecules in 3 results in more
hydrogen bonds compared to complex 2, which appears to
strengthen the intermolecular interactions (Tables S7 and
S8†). This enhanced interaction seems to counterbalance the
effect of larger OTf− anion, leading to their similar transition
temperatures.

While desolvation induces minor modifications in the SCO
properties of complexes 1 and 2, its impact is more pro-
nounced in complexes 3 and 4, resulting in significant
changes to their SCO behaviors. For complex 3, desolvation
results in either a HS state or an incomplete hysteretic tran-
sition with a low transition temperature for different sample
batches. As can be seen from its crystal structure, the desol-
vated form, 3·0.6H2O, shows weaker intermolecular inter-
actions, which may be attributed for the looser packing and
reduced transition temperature. Complex 4 also exemplifies
the pivotal role of lattice solvent molecules in SCO behavior.
Magnetic measurements on samples of varying aging times
have demonstrated that while complex 4 remains in an HS
state in the temperature range of 5 to 300 K, the removal of
CH2Cl2 molecules induces an SCO transition. This scenario
contrasts with that of complex 3. Although the precise impact
of the interactions involving CH2Cl2 on SCO is not fully under-
stood, the removal of these weakly interacting molecules leads
to tighter packing of the structure, potentially driving the SCO
transition.

Finally, as the main purpose of this study, the Br substitu-
ent on the Hqnal ligand plays a significant role in the struc-

tures and SCO properties of the studied complexes. For com-
parison, the reported FeIII SCO complexes featuring the Hqnal
ligand are listed in Table S13.† However, comparing these
complexes with our Hqnal-5-Brq compounds does not yield a
clear conclusion regarding the impact of bromine substation
on SCO characteristics. For example, among complexes with
identical anions, [Fe(qnal)2]CF3SO3·MeOH exhibits a lower T1/2
than our compound 3, while [Fe(qnal)2]NO3, which remains in
the LS state below 300 K, has a significantly higher T1/2 than
our compound 1. Therefore, while the introduction of bromine
is confirmed to influence SCO behaviors, including transition
temperatures and cooperativity, the complexity of solid-state
SCO, influenced by factors such as anions, solvents, and
substituents, makes it challenging to pinpoint the precise
effect on the properties. Direct comparisons of transition
temperatures and cooperativity among similar ligands with
different substituents in the solid state may not be explana-
tory. For a clearer understanding, it would be ideal to
examine a series of isostructural complexes that maintain
the same anions and solvents, with the only variable being
the substituent in question. Additionally, investigating SCO
behaviors in solution could provide valuable insights by
eliminating the influence of solid-state packing effects. Such
studies are scarce in the literature for FeIII SCO complexes
with qsal and qnal type ligands, and they are beyond the
scope of this manuscript. Nevertheless, it is evident that the
introduction of a substituent will invariably lead to the
development of new SCO materials with distinct structures
and magnetic properties.

Conclusions

In conclusion, we reported here the synthesis and thorough
characterization of a new quinoline-substituted ligand, Hqnal-
5-Brq, and a series of FeIII SCO complexes [Fe(qnal-5-Brq)2]
A·solvent (A = NO3

− 1, ClO4
− 2, OTf− 3, and NTf2

− 4) based on
this ligand. Despite the different anions, these complexes all
feature similar 1D [Fe(qnal-5-Brq)2]

+ cation chains primarily
formed by the π⋯π interactions between the qnal-5-Brq
ligands. Magnetic studies revealed that complexes 1–3
undergo abrupt SCO, while complex 4 remains in the high-
spin state above 5 K. The transition temperatures of these
complexes tend to decrease with the increasing size of the
anions. Furthermore, the effect of solvents on SCO properties
was examined through magnetic measurements of the desol-
vated samples. Desolvation marginally affects complexes 1
and 2 but significantly alters the SCO profiles of complexes 3
and 4. Notably, the desolvation of complex 3 proceeds via a
crystal-to-crystal transformation to obtain 3·0.6H2O, whereas
it occurs in a more gradual process for complex 4, with the
residue solvent content varying with the aging period. These
results reported here highlight the significant role of the sub-
stituent on the Hqnal ligands on the development of new
SCO materials. More results from our group will be reported
shortly.
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