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Spin-crossover (SCO) active transition metal complexes are a class of switchable molecular materials.

Such complexes undergo hysteretic high-spin (HS) to low-spin (LS) transition, and vice versa, rendering

them suitable for the development of molecule-based switching and memory elements. Therefore, the

search for SCO complexes undergoing abrupt and hysteretic SCO, that is, bistable SCO, is actively carried

out by the molecular magnetism community. In this study, we report the bistable SCO characteristics

associated with a new series of iron(II) complexes—[Fe(BPP-CN)2](X)2, X = BF4 (1a–d) or ClO4 (2)—belong-

ing to the [Fe(BPP-R)2]
2+ (BPP = 2,6-bis(pyrazol-1-yl)pyridine) family of complexes. Among the com-

plexes, the lattice solvent-free complex 2 showed a stable and complete SCO (T1/2 = 241 K) with a

thermal hysteresis width (ΔT ) of 28 K—the widest ΔT reported so far for a [Fe(BPP-R)2](X)2 family of com-

plexes, showing abrupt SCO. The reproducible and bistable SCO shown by the relatively simple [Fe

(BPP-CN)2](X)2 series of molecular complexes is encouraging to pursue [Fe(BPP-R)2]
2+ systems for the

realization of technologically relevant SCO complexes.

Introduction

The captivating phenomenon of spin-crossover (SCO)1–10

exhibited by molecular systems composed of first-row tran-
sition metal ions—featuring d4–d7 electronic configurations—
is of significance in chemistry,11–21 materials science,16,21–26

biology,27 and geology.28 In chemistry and materials science,
the synthesis and structure–property relationship studies of
SCO active molecular complexes are actively pursued to

develop molecule-based switching and memory
architectures.24,29 Molecular complexes featuring abrupt and
hysteretic spin-state switching, that is, bistable SCO, are
especially suited for switching and memory applications.30–33

Iron(II) complexes composed of all nitrogen-based BPP (BPP =
2,6-bis(pyrazol-1-yl)pyridine) ligand systems are a prominent
example of SCO complexes exhibiting bistable SCO.34–39

Various parameters, for example, intermolecular interactions,
molecular packing, and electronic substituent effects, govern-
ing the occurrence and nature of SCO—gradual, abrupt, and
bistable—in [Fe(BPP-R)]2+ complexes have been elucidated.13

Although some [Fe(BPP-R)]2+ complexes show bistable SCO,
the thermal hysteresis width (ΔT ) associated with the spin-
state switching of the complexes is well below the value of ΔT
≥ 40 K, desirable for technological applications.22

A systematic molecular-engineering-based approach and a
clear elucidation of factors governing SCO are the need of the
hour to obtain [Fe(BPP-R)]2+ complexes featuring wide ΔT.40

Although there is some understanding on the structural fea-
tures governing SCO in the [Fe(BPP-R)]2+ complexes, a pre-syn-
thesis design of [Fe(BPP-R)]2+ complexes capable of showing
ΔT ≥ 40 K is still marred by the complex interplay between the
SCO event and various structural parameters governing the
spin-state switching. Therefore, the realization of technologi-
cally useful [Fe(BPP-R)]2+ complexes could only be achieved by
systematically varying the R group on [Fe(BPP-R)]2+ complexes
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on an experimental basis. The recently reported [Fe
(BPP-COOEt)2](ClO4)2·CH3CN complex is a prominent example
of such an effort. The complex has shown a thermal hysteresis
width of 101 K (T1/2 = 233 K) for the first HS → LS → HS cycle
—the highest ΔT reported so far for an [Fe(BPP-R)]2+ complex;
however, the SCO of the complex was not stable in the sub-
sequent cycles.41 This shortcoming prompted us to search for
a new series of [Fe(BPP-R)]2+ complexes that could exhibit
stable and bistable SCO characteristics. Consequently, we have
designed and synthesized a new ligand—2,6-bis(1H-pyrazol-1-
yl)pyridine-4-carbonitrile (BPP-CN)—featuring a CN substitu-
ent at the 4-position of the central pyridine ring of the BPP
skeleton. In this study, we report the bistable SCO character-
istics of a [Fe(BPP-CN)2](X)2, X = BF4 (1a–d) or ClO4 (2) series of
complexes.

Results and discussion

The BPP-CN ligand (L) was synthesized from the precursor
4-iodo-2,6-bis(1H-pyrazol-1-yl)pyridine (I-BPP) by performing
the classical Rosenmund–von Braun reaction42 as shown in
Chart 1.

Addition of solid [Fe(BF4)2]·6H2O to a clear acetonitrile
(ACN) solution of the ligand followed by gentle swirling
resulted in the formation of a homogeneous solution, which
was allowed to stand undisturbed for a week. This procedure
resulted in the formation of an orange microcrystalline form
of [Fe(BPP-CN)2](BF4)2—1a—at the bottom of the reaction vial.

Slow diffusion of diethyl ether (Et2O) into the orange filtrate,
obtained after the separation of 1a, yielded orange plate-like
(1b) and red rod-like (1c·ACN, referred to as 1c for clarity) crys-
talline forms of [Fe(BPP-CN)2](BF4)2; complexes 1b and 1c were
manually separated for further analyses. X-ray diffraction
studies of the red rod-like crystals confirmed the formation of
the expected iron(II) complex, as shown in Chart 1. On the
other hand, the attempted structure determination of the
orange plate-like crystals was not fruitful due to the bad
quality of the crystals. To analyse the role of crystallinity on the
SCO characteristics, the powder form of [Fe(BPP-CN)2](BF4)2—
1d—was prepared using a 1 : 1 acetonitrile/dichloromethane
solvent mixture.

Remarkably, rapid precipitation of complex 2 occurred after
the addition of solid [Fe(ClO4)2]·6H2O to a clear ACN solution
of L; the complex was collected by filtration after stirring the
heterogeneous reaction mixture for two hours under ambient
conditions. Attempts to crystallise the complex from the fil-
trate by diffusing Et2O into the filtrate were not successful. On
the other hand, storage of the mother liquor in a fridge at 4 °C
for three months yielded a few crystals of the complex, referred
to as 2-cryst, suitable for X-ray structural analysis, see the dis-
cussion below.

Complex 1c crystallised with a lattice ACN solvent molecule
(Fig. 1a) in the chiral P212121 space group, belonging to the
orthorhombic crystal system. The average bond lengths and
angular parameters (Table 1 and Chart S1†) indicate the LS-
state of the complex at 293 K. Short contacts between ACN/
ClO4

− and [Fe(BPP-CN)2]
2+ entities guided the molecular

Chart 1 Synthetic step involved in the preparation of L, and the methodology devised to prepare complexes 1a–d and complex 2.
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organization in the crystal lattice (Fig. 1b). Remarkably, the [Fe
(BPP-CN)2]

2+ units packed in a non-terpyridine embrace mode
(Fig. 1c). Such packing is a deviation from the terpyridine-
embrace lattice packing mode (Fig. 1d)13,43 observed for the
[Fe(BPP-R)]2+ family of complexes exhibiting bistable SCO
(vide infra).

Lattice solvent-free 2-cryst crystallized in the P21/a space
group, belonging to the monoclinic crystal system (Fig. S1a†).
The average of the N–Fe–N bond lengths and angular com-
ponents (Table 1) of 2-cryst indicate the LS-state of the
complex at RT. Intermolecular short contacts between the
lattice anions and the complex cations guided the non-terpyri-
dine embrace packing pattern in the crystal lattice, as shown
in Fig. S1b and c.† In stark contrast to the LS-state of 2-cryst, a
HS-state was observed for 2 at 293 K (vide infra). A comparison
between the powder X-ray diffraction pattern of 2 and simu-
lated X-ray pattern of 2-cryst, obtained from the single crystal
studies, revealed different molecular organizations in the
powder and crystalline forms of the complexes (Fig. S2†). Such
differing molecular organizations in the crystallographically
different phases of 2 and 2-cryst rendered the complexes HS
and LS, respectively, at 293 K. No further analyses and mag-

Fig. 1 (a) X-ray structure of complex 1c (CCDC 1961768). Lattice ACN solvent and counter anions are omitted for clarity, (b) intermolecular short
contacts observed in the crystal lattice of 1c, (c) non-terpyridine-embrace lattice packing pattern observed for complex 1c in the crystal lattice, and
(d) typical terpyridine embrace lattice packing pattern observed for the [Fe(1-BPP-R)2](X)2 family of complexes; image reproduced with permission
from ref. 43, copyright Royal Society of Chemistry 2007.

Table 1 Average Fe–N bond lengths (Å), angles (°), and distortion
indices (°) of complexes 1c and 2-cryst (CCDC 2010806). ϕ is the trans-
N{pyridine}–Fe–N{pyridine}angle; ψ is the N{pyrazole}–Fe–N{pyrazole}
clamp angle; Σ is the distortion index, calculated using the relation
Pi¼12

i¼1
¼ 90� ij j, where i is one of the twelve cis-N–Fe–N angles; θ is the

angle between the planes of the two ligands; α is the average value of
four cis-N{pyridyl}–Fe–N{pyrazole}angles. The angles ϕ and θ represent
the degree of distortion; complexes with ideal octahedral geometry
have ϕ = 180° and θ = 90°

Parameter

Value

1c 2-cryst

T/K 293 293
rFe–N (average) 1.9(4) 1.9(3)
N3–Fe1–N9 (ϕ) 176.9(3) 176.5(2)
N7–Fe1–Nx

a (ψ) 160.4(3) 160.8(9)
N1–Fe1–Nx

b (ψ) 161.1(3) 160.6(2)
Σ 84.0(6) 83.1(7)
θ 85.4(4) 87.7(8)
α 80.4(0) 80.4(1)

a x = 12 (1c) and 11 (2-cryst). b x = 4 (1c) and 5 (2-cryst).
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netic studies of 2-cryst were performed due to the small quan-
tity of the crystals obtained from the crystallization process.
Hence, the structural description of 2-cryst only serves the
purpose of elucidating the expected complex formation.

Electronic absorption spectra of L, 1a, and 2 measured in
acetonitrile showed absorption maxima (Fig. S3 and Table S1†)
in the UV region, corresponding to the electronic transitions
originating from the ligand skeleton. The absence of a metal-
to-ligand charge transfer 1(MLCT) feature in the visible region
indicates the HS-state of the complexes in the solution.

All complexes reported in this study are SCO active, as
inferred from the variable temperature magnetic measure-
ments. Complexes 1a, 1b, 1d, and 2 showed reproducible,
abrupt, and hysteretic SCO, whereas complex 1c showed a
lattice solvent dependent SCO that varied with the cycle.
Remarkably, a reversible and reproducible bistable SCO was
observed for 1c after in situ solvent removal of the complex
inside a SQUID-VSM (MPMS 3) magnetometer at 400 K.
Complexes 1d, solvent-free 1c, and 2 showed one-step SCO,
facilitating the straightforward estimation of ΔT from the peak
positions of d(χMT )/dT (first derivative) versus T plots. In con-
trast, shoulder-like features were observed in the heating (LS
→ HS) branches of the χMT versus T plots of 1a–c, making the
estimation of ΔT less straightforward. To address this issue,
critical transition temperatures associated with the cooling
(Tc↓) and heating (Tc↑) branches of χMT versus T plots were
obtained from the peak positions of d(χMT )/dT versus T plots;
hysteresis widths were calculated using the relation ΔT = (Tc↑
− Tc↓), as shown in Fig. 2; thus for each of complexes 1a–c, at
least two different ΔT values are reported. The temperature at
which a 1 : 1 ratio of HS- and LS-states is observed is reported
as T1/2 (Fig. 2b).

Complexes 1a and 1b showed comparable bistable SCO, as
shown in Fig. 2a and S4,† respectively; the SCO remained
stable to cycling, except for small differences among the
cycles. A notable difference is the occurrence of the HS to LS
switching at higher temperatures in the second and sub-
sequent cooling steps relative to the first cooling step.

Unlike the HS to LS switching, which proceeded in a single
step, the LS to HS switching of the complexes proceeded in a
stepwise manner. A small shoulder-like intermediate region44

centred around 241 K, featuring almost equal proportions of
HS and LS complexes, was observed for 1a in the LS to HS
switching branch of the first cycle. For complex 1b, such a
shoulder-like region, centred around 253 K, appeared in the
first cycle after reaching a composition in which the HS popu-
lation (82%) is dominant (Fig. S4a†). For both complexes, the
onset temperature of shoulder formation and HS fraction
increased with increasing the cycle number—the effect is more
pronounced for 1a than for 1b. The occurrence of shoulder-
like features in the first and subsequent heating cycles resulted
in the formation of differently sized hysteresis widths for the
complexes. In cycle four, ΔT values of 15 K and 4 K were esti-
mated for 1a above and below the shoulder, respectively
(Fig. 2b). Similar values were observed for complex 1b in the
fifth cycle (Fig. S4b†). A T1/2 = ∼241 K at χMT = ∼1.95 cm3

mol−1 K was estimated for 1a and 1b in cycles four and five,
respectively. To analyse the origin of the shoulder formation in
the heating branches of 1a and 1b, scan rate-dependent mag-
netic measurements (Fig. S5†) were performed for 1b by taking
the complex as a representative example. Similar χMT versus T
profiles and comparable χMT values in the shoulder-region
were obtained for the scan rates of 0.2 K min−1 (sweep mode)
and 10 K min−1 (sweep and settle modes). Such observation
rules out the presence of a hidden LS phase or a reverse SCO
event contributing to the shoulder formation, as reported for
some SCO systems.45–47 A crystallographic phase change
mediated by the bending of the –CN substituent could have
caused the formation of shoulder-like regions in the heating
branches of 1a and 1b. Such tentative attribution is in line
with a literature report detailing the appearance of a shoulder
in the cooling branch of an iron(II)-BPP complex—[Fe
(BPP-SCH3)2](ClO4)2—featuring an –SCH3 substituent at the
fourth position of the pyridine ring of the BPP skeleton. A crys-
tallographic phase change, caused by the rotation of almost
half of the –SCH3 substituents, effected the formation of the
shoulder in the cooling branch of the χMT versus T profile of
[Fe(BPP-SCH3)2](ClO4)2, as inferred from variable-temperature
SCXRD studies. The poor crystallinity of complexes 1a and 1b
prohibited us from performing such variable-temperature
SCXRD studies. Thus, the molecular origin of the shoulder for-
mation in the LS → HS switching branches of 1a and 1b
remains to be elucidated unambiguously.

A lattice solvent-dependent SCO is observed for complex 1c.
In all cycles, the spin-state switching took place in an abrupt
manner until a particular LS : HS composition is reached, as
shown in Fig. S6.† After that, the switching became gradual,
resulting in the formation of two different hysteretic regions
composed of dominant HS or LS fractions; for example, such
regions featuring ΔT = 66 K and 6 K were observed in the
second cycle (Fig. S6b†). Remarkably, a plateau-like region
bridged the abrupt and gradual regions of the first cycle and
the LS to HS switching (heating) branch of the second cycle. In
the HS to LS switching branch of the second and subsequent
cycles, such plateau-like regions disappeared, and the SCO
became steadily gradual after the occurrence of initial abrupt
switching. The T1/2 steadily decreased at each cycle, starting
from the first cycle. A T1/2 = 247 K was obtained for the fourth
heating branch, which is close to the value of T1/2 = 243 K
obtained for the heating branches of complexes 1a (cycle 4)
and 1b (cycle 5). The comparable nature of the small- and
wide-angle X-ray scattering (SWAXS) patterns (Fig. 3) of 1c—
obtained after thermal cycling—and solvent-free 1a indicates
the conversion of the ACN solvated 1c into a solvent-free phase
1c, which has a similar molecular organization and SCO
characteristic—in the fourth heating branch—as that of 1a.

Such observation elucidates the gradual loss of the ACN
solvent molecule from the crystal lattice of 1c during the
switching process and complete removal of the lattice solvent
after the third cycle. The foregoing description illustrates a
complicated relationship between the lattice solvent content
and SCO property.41,48–51
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To elucidate the SCO characteristics of the solvent-free
phase of 1c, experiments were performed by heating a freshly
prepared sample of solvated 1c in situ inside the SQUID-VSM
magnetometer at 400 K for three hours. Elemental analysis
data of 1c obtained after the magnetic measurements confirm
the complete removal of lattice ACN (see Experimental
section). The χMT versus T plots (Fig. 4) of the solvent-free
phase of 1c revealed a stable and reproducibly bistable SCO—
T1/2 = 241 K and ΔT = 10 K.

The SCO in solvent-free 1c proceeds with a larger 10 K
thermal hysteresis width than the hysteresis widths observed
for 1a and 1b. Remarkably, the ΔT = 10 K observed for solvent-
free 1c is comparable with the hysteresis widths—11 K (cycle
1) and 8 K (cycles 2–5)—observed for 1d (see Fig. S7†). The
SCO in the cooling branch occurred in a gradual manner until
reaching a particular LS : HS composition; after that, an abrupt
switching was observed. On the other hand, a partial and
abrupt LS → HS switching occurred before the onset of the
gradual phase in the heating branch. Similar spin-state switch-

ing characteristics were also observed in the DSC curves of
solvent-free 1c (Fig. S8† and Table 2). The split peaks observed
in the heating and cooling DSC curves correspond to the mid-
point and onset temperatures of the abrupt and gradual spin-
state switching events. Our attempts to obtain the X-ray struc-
ture of solvent-free 1c were not successful due to the cracking
of the crystals during temperature cycling.

The rapidly precipitated complex 1d showed an incom-
plete and hysteretic SCO with the switching temperature
centred around 231 K and 233 K for the first and sub-
sequent cycles, respectively (Fig. S7†). At 300 K, a χMT value
of 2.5 cm3 mol−1 K was obtained, indicative of a compo-
sition made of a dominant HS fraction contaminated with a
LS fraction. As in the cases of 1a and 1b, the HS to LS
switching of the second and subsequent cycles of 1d
occurred at a higher temperature relative to the first cycle.
This resulted in the reduction of thermal hysteresis width
associated with cycles 2–5 (ΔT = 8 K) in comparison with
the first cycle (ΔT = 11 K).

Fig. 2 Bistable SCO characteristics of complexes 1a and 2. χMT versus T plots of complex 1a (a) and 2 (c). χMT versus T and d(χMT )/dT versus T plots
of 1a (b) and 2 (d), corresponding to cycles 4 and 5, respectively. Tp is the temperature at which the centre of the step-like region is situated. The
critical temperatures (Tc) associated with the cooling and heating branches are designated as Tc↓ and Tc↑, respectively. Experiments were performed
in settle mode under an applied DC field of 0.1 T; scan rates of 5 K min−1 and 1 K min−1 were employed for cycles 1–3 and subsequent cycles,
respectively.
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Complex 2—[Fe(L)2](ClO4)2—showed bistable SCO with the
widest and stable ΔT among the complexes reported in this
study, as shown in Fig. 2c and d; the spin-state switching
occurred in a straightforward manner without any intermedi-
ate region. In the first cycle, upon cooling from 300 K (χMT =
3.7 cm3 mol−1 K), an abrupt HS to LS switching occurred; sub-
sequent heating resulted in the occurrence of LS to HS switch-
ing at a higher temperature relative to the HS to LS switching,
rendering the SCO hysteretic—a ΔT = 35 K is observed at T1/2 =

237 K. In the second and subsequent cooling, the abrupt HS
to LS switching proceeded at a higher temperature relative to
the first HS to LS switching. This resulted in the reduction of
thermal hysteresis width and an increase of T1/2 for the cycles
2–5 relative to the first cycle—ΔT = 28 K and T1/2 = 241 K were
calculated for the fifth cycle.

Differential scanning calorimetry (DSC) experiments
further substantiated the reproducible nature of the SCO in
complexes 1a, solvent-free 1c, 1d, and 2. Since complexes 1a

Fig. 3 (a) Small- and wide-angle X-ray scattering (SWAXS) patterns of complexes 1a (crystallized without a lattice solvent), 1c (crystallized with a
lattice solvent), and 1d (solvent-free powder), as compared to the pattern simulated from the single-crystal structure of 1c; (b) expanded portion of
(a) in the 2θ = 8°–16° range; the stars and rings point the relevant reflections for comparison. The 1c crystals used for SC-XRD and SWAXS analysis
display different structures, presumably due to the partial lattice solvent removal during the storage under ambient conditions. After heating, the
patterns of 1c became similar to 1a, revealing the release of the lattice solvent. The SWAXS patterns of solvent-free structures 1a and 1d are also
similar; the broadened reflections observed for 1d are due to the small crystal size.

Fig. 4 Bistable SCO characteristic of lattice solvent-free 1c. (a) χMT versus T plots of solvent-free 1c at scan rates of 5 K min−1 (cycle 1) and 1 K
min−1 (cycle 2), and (b) χMT versus T plot and the corresponding d(χMT )/dT versus T plot of solvent-free 1c obtained at 5 K min−1. The critical temp-
eratures (Tc) associated with the cooling and heating branches are designated as Tc↓ and Tc↑, respectively. Experiments were performed in settle
mode under an applied DC field of 0.1 T.
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and 1b feature similar SCO characteristics, DSC experiments
were not performed for complex 1b. Overall, the T1/2 and ΔT
values obtained from the DSC measurements, performed at a
scan rate of 2 K min−1 (Fig. 5 and S8†), are comparable with
the values obtained from magnetic measurements (Table 2).

The DSC experiments were also used to derive the enthalpy
(ΔH) and entropy (ΔS) variations associated with the SCO of
the complexes. Although valid only for the case of solution-
phase SCO, the relation ΔS = ΔH/T1/2 is often used in the lit-
erature to describe the entropy variation associated with spin-
state switching in the solid state.52 Therefore, to facilitate a
meaningful comparison with the literature reported values, we
have used the relation ΔS = ΔH/T1/2 to calculate the entropy
values associated with the SCO of the complexes. The experi-
mentally deduced ΔH and ΔS values collected in Table 2 are in
the range reported for iron(II)-SCO complexes.52,53 As often
reported, the entropy values are greater than 13.4 J K−1 mol−1

expected solely on the S = 0 to S = 2 spin multiplicity change
occurring upon SCO: the excess entropy is ascribed to the
differing intramolecular vibrational modes coupled with the
spin-state switching of the complexes.54,55

The abrupt and hysteretic spin-state switching character-
istics shown by the complexes reported in this study are
remarkable. In the absence of single-crystal X-ray diffraction
studies, it is difficult to ascribe the factors contributing to the
occurrence of hysteretic SCO behaviour in complexes 1a–b, 1d,
and 2. However, some tentative insights could be drawn from
the literature reports describing SCO in the [Fe(BPP-R)2]

2+

series of complexes. Although the spin-state switching in [Fe
(BPP-R)2]

2+ complexes is often reported to proceed with
thermal hysteresis widths in the range of 1–4 K, only a handful of
[Fe(BPP-R)2]

2+ complexes are reported to show SCO with ΔT larger
than 4 K. Notable examples are [Fe(BPP-COOEt)2](ClO4)2·1CH3CN,

41

[Fe(BPP-CH2Br)2](BF4)2·4MeNO2,
56 and [Fe(BPP-CH3)2](ClO4)2.

52

Complex [Fe(BPP-COOEt)2](ClO4)2·1CH3CN showed abrupt and hys-
teretic SCO with ΔT = ∼101 K (T1/2 = 233 K); however, the SCO of
the complex is not stable and varied with cycling. Thermal hyster-
esis widths of 31 K (T1/2 = 340 K) and 18 K (T1/2 = 184 K) were
reported for [Fe(BPP-CH2Br)2](BF4)2·4MeNO2 and [Fe(BPP-CH3)2]
(ClO4)2, respectively. While the SCO profile of [Fe(BPP-CH3)2](ClO4)2
is comparable, except for T1/2 and ΔT, with the one observed for
complex 2, the SCO in [Fe(BPP-CH2Br)2](BF4)2·4MeNO2 is gradual.
Thus, the 28 K thermal hysteresis width reported in this study for

complex 2 is the widest stable ΔT reported so far for an [Fe
(BPP-R)2]

2+ complex, exhibiting abrupt spin-state switching.
Attempts have been made to establish the relation between

bistable SCO and molecular organization in the iron(II)-BPP
family of complexes. Thereby, a terpyridine embrace packing
pattern43 and Jahn–Teller (J–T) distorted HS-states have been
attributed to the occurrence of hysteretic SCO in [Fe
(BPP-CH2Br)2](BF4)2·4MeNO2 and [Fe(BPP-CH3)2](ClO4)2. On
the other hand, a J–T distorted HS-state and non-terpyridine

Table 2 Parameters associated with the SCO of the complexes discussed in this study

Complex

SQUID DSC

χMT/cm
3 mol−1 K (at 300 K)a T1/2/K and ΔT/K (at T1/2)

b T1/2/K and ΔTc,d/K ΔH and ΔSe, f

1a 3.87 241 and 4 (cycle 4) 240 and 6 (cycle 4) 13.8 and 57.5
1b 3.91 241 and 4 (cycle 5)
Solvent-free 1c 3.12 241 and 10 (cycle 2) 241 and 10 (cycle 1) 12.75 and 52.93
1d 2.47 233 and 7 (cycle 5) 234 and 8 (cycle 4) 8.15 and 34.83
2 3.75 247 and 28 (cycle 5) 241 and 32 (cycle 4) 12.36 and 51.29

a For the last performed cycle. b Scan rate = 1 K min−1. c Scan rate = 2 K min−1. dDSC measurements were not performed for 1b. eCalculated
using the relation ΔS = ΔH/T1/2. fΔH in kJ mol−1 and ΔS in J K−1 mol−1.

Fig. 5 Differential scanning calorimetry (DSC) curves of complexes
(a) 1a and (b) 2. A scan rate of 2 K min−1 was employed; endotherm (up).
The close correlation between the χMT versus T plots (Fig. 2 and 4) and
DSC curves confirms the reproducible nature of the SCO associated
with the complexes discussed in this study.
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embrace packing pattern was observed for [Fe(BPP-COOEt)2]
(ClO4)2·1CH3CN, which showed ΔT = 101 K. The bistable SCO
in complex [Fe(BPP-COOEt)2](ClO4)2·1CH3CN is thus primarily
ascribed to the occurrence of a pronounced J–T distortion in
combination with some favourable intermolecular inter-
actions.41 Specifically, while the elastic intermolecular inter-
actions propagate the spin-state switching information
throughout the lattice, the J–T distortion would act as a barrier
and energetically separate the HS- and LS states of complex [Fe
(BPP-COOEt)2](ClO4)2·1CH3CN, causing the formation of an
∼101 K wide hysteresis loop. Based on the above discussion,
we assume the J–T distorted nature of the HS-states of 1a–d
and 2 as a contributing factor in effecting the hysteretic spin-
state switching associated with the complexes. The abruptness
of the transition observed for 1a–b and 2 could have arisen
due to favourable intermolecular contacts propagating the
spin-state switching throughout the crystal lattice. As a note to
the reader, the above reductionist approach, attempting to
rationalize SCO in complexes 1a–d and 2, needs to be con-
sidered with caution; other structural factors such as anion
disorder, electrostatics, etc., could have also contributed to the
hysteretic SCO in the complexes.13

The situation is rather complicated for complex 1c, which
showed a lattice solvent-dependent SCO upon repeated heat-
cool cycling. Such SCO is commonly observed for complexes
crystallizing with lattice solvent molecules. Indeed, the high
sensitivity of SCO to the presence or absence of lattice solvent
molecules is a well-established phenomenon in the SCO
research field. On the other hand, stepwise SCO is not a
common occurrence in the case of mononuclear complexes
such as [Fe(BPP-R)2]

2+ complexes; only a handful of [Fe
(BPP-R)2]

2+ complexes have been reported showing stepwise
SCO behaviour. It is interesting to note the step-like features
present in the LS → HS switching branches of 1c. Although
less pronounced, such features (shoulder-like) also appeared
in the LS → HS branches of 1a–b. In all cases, the SCO became
more gradual after the onset of the shoulder- or plateau-like
features, effecting the formation of larger hysteresis widths
relative to the ones observed for the abrupt SCO regions. Such
observations point to the formation of a phase composed of
specific proportions of LS and HS states—for example, 1 : 1
HS/LS observed at 241 K for 1a. The nature of intermolecular
interactions varies in the low- and high-temperature phases,
causing the observed abrupt versus gradual SCO behaviour.
The absence of such stepwise LS to HS switching in deliber-
ately precipitated 1d indicates the requirement of high-quality
crystals with a singular arrangement, inducing shoulder-like
SCO features. Besides, the more broadened reflections
observed in the SWAXS patterns of 1d relative to 1a indicate
different crystal sizes of the complexes with the size of 1d in
the nanometre range. Overall, the observed difference in the
SCO between 1a and 1d could be attributed either to a specific
crystalline arrangement or to the different sizes of the crystals.
It is also possible that both factors contribute to the observed
difference; an unambiguous elucidation requires further
experimental investigations.

Conclusions

In conclusion, the pursuit of SCO complexes featuring a tech-
nologically relevant thermal hysteresis width (ΔT ≥ 40 K)
centred at or around room temperature is still on. However,
the bistable SCO characteristics associated with the complexes
reported in this study are encouraging to pursue the study of
the [Fe(BPP-R)2]

2+ family of complexes for the realization of
technologically relevant SCO systems. The amenable nature of
the –CN group for further functional group transformation is
ideally suited to design bistable [Fe(BPP-R)2]

2+ SCO complexes.
For example, the conversion of the –CN group to the tetrazole
functional group could be used to construct an SCO-active
lattice composed of hydrogen bond-forming self-assembling
motifs. Moreover, deprotonation of the same tetrazole tethered
BPP-ligand system under basic conditions could yield a mono-
anionic ligand useful for the preparation of charge-neutral
SCO complexes—such complexes are reported to undergo bis-
table SCO at or around room temperature.51,57 Moreover, the
complexes reported in this study could be used to fabricate
single molecule spin-state switchable junctions, taking advan-
tage of the –CN functionality as an anchoring group in mole-
cular electronic junctions.58

Experimental
Materials and methods

Anhydrous solvents, CuCN, Fe(BF4)2·6H2O, and Fe
(ClO4)2·6H2O, were purchased from commercial sources and
used as received. Glassware was dried in a vacuum oven at
150 °C prior to the experiments. Chemical reactions reported
in this study were performed under an argon (Ar) atmosphere
unless otherwise reported.

X-ray diffraction data collection was carried out on a Bruker
APEX II DUO Kappa-CCD diffractometer equipped with an Oxford
Cryo-system liquid N2 device, using Cu-Kα radiation (λ =
1.54178 Å). The crystal-detector distance was 40 mm. The cell para-
meters were determined using APEX2 software (M86-E01078
APEX2 User Manual”, Bruker AXS Inc., Madison, USA, 2006) from
reflections taken from three sets of 20 frames, each at 10 s
exposure. The structure was solved by direct methods using the
program SHELXS-2014.59 The refinement and all further calcu-
lations were carried out using SHELXL-2014.60 The H-atoms were
included in calculated positions and treated as riding atoms using
SHELXL default parameters. The non-H atoms were refined aniso-
tropically, using weighted full-matrix least-squares on F2. A semi-
empirical absorption correction was applied using SADABS in
APEX2; transmission factors: Tmin/Tmax = 0.5220/0.7528.

Absorption spectra were measured on a Varian Cary 100 double-
beam UV-VIS spectrophotometer and the baseline was corrected.

Magnetic measurements were performed on a MPMS-3
SQUID-VSM magnetometer (Quantum Design). The temperature
dependent magnetization was recorded at an applied DC field of
0.1 T. Temperature sweeping rates of 5 K min−1 and 1 K min−1

were employed unless otherwise specified. Gelatine capsules were
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used as sample holders in the 5 K to 300/400 K temperature range.
The diamagnetic corrections of the molar magnetic susceptibilities
were applied using Pascal’s constants.

Differential scanning calorimetry (DSC) measurements were
performed with a TA Instruments DSCQ1000 instrument operated
at a scanning rate of 2 K min−1. Small and wide angle X-ray scatter-
ing (SWAXS) patterns were obtained with a linear monochromatic
Cu Kα1 beam (λ = 1.5405 Å). The beam was obtained using a
sealed-tube generator equipped with a bent quartz monochroma-
tor and a curved Inel CPS 120 counter gas filled detector.
Periodicities up to 70 Å could be measured, and the sample temp-
erature was controlled to within ±0.01 °C from 20 °C to 200 °C.
The sample was filled in Lindemann capillaries and exposure
times were varied between 1 h and 24 h.

Synthesis of the ligand and complexes

Synthesis of 2,6-di(1H-pyrazol-1-yl)pyridine-4-carbonitrile
(L). Copper(I)cyanide (0.323 g, 3.6 × 10−3 M) was added to a
solution of 4-iodo-2,6-di(1H-pyrazol-1-yl)pyridine (1 g, ∼3 ×
10−3 M) in 5 ml of dry DMF, and the reaction mixture was
stirred at 130 °C for 12 h under argon protection. One gram of
KCN dissolved in 10 mL of water was added to the cooled reac-
tion mixture, and the mixture was stirred for 30 min and fil-
tered. The filtrate was diluted with more water and extracted
with DCM three times. The combined organic fractions were
stored over Na2SO4 for 2 h. Column chromatography with
silica gel and DCM as stationary and mobile phases, respect-
ively, yielded the ligand as a white powder.

Yield: 0.5 g (71%). 1H NMR (CDCl3, 500 MHz): 8.56 (dd, J =
2.68 and 0.65), 8.10 (s), 7.84 (dd, J = 1.59 and 0.61) and 6.58
(dd, J = 2.66 and 1.64). 13C NMR (CDCl3, 125 MHz): 150.8,
143.5, 127.3, 125.2, 115.9, 111.2, 109.1. ESI-MS: calculated for
C12H9N6 [M + H]+ = 237.09; found 237.09. Elemental analysis:
calculated for C12H8N6: C 61.01 H 3.41 N 35.58; found C 60.75
H 3.41 N 35.40.

Preparation of complexes 1a–c. To one eq. of ligand dis-
solved in 10 mL of dry acetonitrile, Fe(BF4)2·6H2O (0.5 eq.) was
added as a solid, and the mixture was swirled for a few seconds or
until the occurrence of solubilization of the iron(II) salt. The reac-
tion mixture was allowed to stand for a week, leading to the depo-
sition of orange plate-like solids (1a), which were filtered off,
washed with ether, and dried under vacuum overnight. The filtrate
was portioned into test tubes and diethyl ether was allowed to
slow-diffuse into the test tubes at 4 °C. This process resulted in the
formation of orange plate-like (1b) and red-rod shaped (1c·ACN)
crystals. The crystals were separated for analyses.

Elemental analysis of 1a: calculated for C24H16FeN12B2F8: C,
41.07; H, 2.30; N, 23.95. Found: C, 41.14, H, 2.32, N, 23.78.

Elemental analysis of 1b: calculated for C24H16FeN12B2F8:
C, 41.07; H, 2.30; N, 23.95. Found: C, 41.10, H, 2.34, N, 23.70.

Elemental analysis of 1c: calculated for
C24H16FeN12B2F8·1CH3CN: C, 42.03; H, 2.58; N, 24.51. Found:
C, 41.33, H, 2.42, N, 24.02. The discrepancy between the calcu-
lated and obtained values is due to the loss of the lattice ACN
solvent.

Elemental analysis of solvent-free 1c obtained after mag-
netic measurements: calculated for C24H16FeN12B2F8: C, 41.07;
H, 2.30; N, 23.95. Found: C, 40.8, H, 2.33, N, 23.75.

Complex 1d: to one eq. of ligand dissolved in 10 mL of dry
acetonitrile and a dichloromethane (1 : 1 v/v) solvent mixture,
Fe(BF4)2·6H2O (0.5 eq.) was added as a solid, and the mixture
was stirred for two hours, leading to the formation of a precipi-
tate. The precipitate was filtered, washed with dichloro-
methane twice, and dried under vacuum to yield an orange-
red powder (1d). Elemental analysis: calculated for
C24H16FeN12B2F8: C, 41.07; H, 2.30; N, 23.95. Found: C, 40.60,
H, 2.32, N, 23.43.

Complex 2: to one eq. of ligand dissolved in 10 mL of dry
acetonitrile, Fe(ClO4)2·6H2O (0.5 eq.) was added as a solid, and
an immediate precipitation occurred. The mixture was stirred
for two hours, filtered, and the precipitate was washed with
ether twice. Drying of the solids under vacuum yielded an
orange powder (2). Elemental analysis: calculated for
C24H16FeN12Cl2O8: C, 39.64; H, 2.22; N, 23.11. Found: C, 39.43;
H, 2.27; N, 22.62.

Caution! Perchlorate complexes are potential explosives and
should be handled with care in small quantities. However, we
experienced no problems while handling complex 2.
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