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Manipulating the spin crossover behaviour in a
series of cyanide-bridged {FeIII2 Fe

II
2} molecular

squares through NCE− co-ligands†
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Liviu Ungur *b and Yuan-Zhu Zhang *a

Manipulating the transition temperature (T1/2) of spin-crossover (SCO) complexes capable of fulfilling

practical criteria through different synthetic strategies is one of the main focuses in the field of molecular

magnetism. The reaction of the tricyanometallate precursor [(Tp*)FeIII(CN)3]
− and Fe(II) salt with the

“facially” tridentate ligand tris(2-pyridyl)phosphine oxide (TPPO) and NCE− anions afforded three isostruc-

tural {FeIII2 Fe
II
2} square complexes {[(Tp*)FeIII(CN)3]2[Fe

II(TPPO)]2[NCE]2}·Sol (E = S, Sol = 2CH3OH·6H2O, 1;

E = Se, Sol = 2MeCN·2CH2Cl2·2H2O, 2; E = BH3, Sol = 4CH3OH·2MeCN, 3). Detailed structural analysis,

variable-temperature IR analysis, magnetic susceptibility measurements and DFT calculations revealed

that all compounds exhibit complete and one-step SCO behaviour between the {FeIII;LS2 FeII;HS2 } and

{FeIII;LS2 FeII;LS2 } electronic states. As the ligand field increases from NCS− to NCSe− to NCBH3
−, T1/2 shifts

dramatically from 214 to 250 to 288 K for 1, 2 and 3, respectively, demonstrating another effective way to

tune the SCO properties of the [FeIII–CN–FeII] systems through the introduction of NCE− co-ligands.

Introduction

Spin crossover (SCO) solids in discrete and polymeric tran-
sition complexes are promising candidates to engineer and
fabricate molecule-based switches and electronic devices.1–4

Reversible switching between the enthalpy-favoured low-spin
(LS) and entropy-favoured high-spin (HS) states can be trig-
gered by various external stimuli (light irradiation, tempera-
ture, pressure, etc.), associated with drastic changes in struc-
tural, magnetic, and optical behaviours.5 Particularly, some of
these materials may show photo-induced spin transition
behaviour, named light-induced excited spin state trapping
(LIESST) or ligand-driven light-induced spin change (LDLISC),
providing a promising way to modulate various physical pro-
perties at the molecular level.6 Towards practical applications,
SCO complexes with the pronounced hysteresis region centred
at room temperature (RT) are highly desired.7 Although inten-

sive endeavours have been devoted to producing various SCO
materials, controlling the SCO properties at will within the
defined complex mode is still challenging for chemists.

Polymorphism studies on SCO complexes have provided an
extraordinary view to reveal the impact of crystal packing on
the spin transition (ST).8 For example, Hagiwara and co-
workers reported a polymorphism-dependent transition temp-
erature (T1/2) shift of 100 K that spans RT due to the differ-
ences in the weak intermolecular CH⋯X hydrogen bonds.9

Through judicious ligand modification, the synthesis of com-
plexes with similar structures is another well-established strat-
egy for synthetic chemists to explore the structure–property
relationships systematically. For example, the partially capped
tricyanoiron(III) anions of [(TpR)Fe(CN)3]

− (TpR = poly(pyrazol-
1-yl)borate)10 have been widely used for constructing structu-
rally-related SCO-active complexes, including {FeIII24Fe

II
18} clus-

ters,11 {FeIII2 FeII} trinuclear complexes,12 {FeIII2 FeII2 } squares,13

{FeIII4 FeII4 } cubes,
14 {FeIII2 FeII}n one-dimensional (1D) chains15 or

two-dimensional (2D) chains.16 Recently, our group demon-
strated in a series of {FeIII2 FeII} complexes that the SCO behav-
iour (transition speed (abrupt/gradual), the transition tempera-
ture (T1/2), and thermal hysteresis, etc.) may be finely tuned by
engineering the electric and steric effects as well as inter-
molecular interactions via equipment of different substituent
groups on a given ligand.17 Moreover, we successfully prepared
two {FeIII4 FeII4 } cubes that exhibited rare and reversible metal-to-
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metal charge transfer (MMCT) behaviour rather than the more
prevalent SCO behaviour in the [FeIII–CN–FeII] system.18

However, whether it would display MMCT or SCO behaviour
for a given mixed-valence homometallic compound is still
unclear, and more concerns are thus needed for better under-
standing this encrypted system.

It has been known that the SCO process of the mono-
nuclear complexes of [(L)FeII(NCE)2] may be engineered in a
predictable way via the substitution of NCE− (E = S, Se, BH3)
co-ligands.19 Generally, T1/2 increases with the increase of
ligand strength (NCS− < NCSe− < NCBH3

−). However, this strat-
egy has not been adopted in the homometallic cyanometallate
(Fe–Fe) system featuring electronic versatility, which may
exhibit SCO and/or MMCT behaviours.18,20 Herein, we report
the syntheses, crystal structures, DFT calculations, and
magneto-structural study of three isostructural {FeIII2 FeII2 } mole-
cular squares, in which the cyanide-bridged FeIII and FeII

centres alternately reside in the corners and each FeII centre is
further coordinated to a capping tridentate ligand (TTPO,
Scheme 1) as well as one NCE− co-ligand, giving the neutral
{[(Tp*)Fe(CN)3]2[Fe(TPPO)]2[NCE]2} square cores. All three com-
pounds display complete and one-step SCO behaviour with
T1/2 shifting from 214 K (1) to 250 K (2) to 288 K (3) due to the
increasing ligand strength (NCS− < NCSe− < NCBH3

−).

Results and discussion

Treatment of FeII(OTf)2, [(PPh3Me)][(Tp*)FeIII(CN)3], TPPO,
and NCE− co-ligands in mixed solvents of methanol and
acetonitrile with a 1 : 1 : 1 : 1 ratio afforded red block crystals
of complexes 1, 2, and 3, respectively. The purity of 1–3 in
bulk was confirmed by elemental analysis (EA) and power
X-ray diffraction (PXRD) measurements (Fig. S1–S3†). The
thermogravimetric analysis (TGA, Fig. S4†) of 1, 2, and 3 dis-
played a one-step weight loss for the lattice solvents at
around 80 °C, and then a platform up to 220 °C, suggesting
the considerable thermal stability of the desolvated phase.
Single crystal X-ray diffraction (SC-XRD) data were collected
for 1, 2, and 3, respectively, at both 100 and 300 K. The
results revealed that all complexes are isostructural and crys-
tallize in the orthorhombic space group Fdd2 at both temp-
eratures (Table 1). The asymmetric unit of 1, 2, and 3 con-
tains half a square with crystallographically unique FeIII and
FeII (Fig. S5–S7†) ions. Adjacent [(Tp*)FeIII(CN)3]

− and [(TPPO)
FeII] units (in a 2 : 2 ratio) reside in alternate corners of a
molecular square and are bridged by cyanide group. Each FeII

ion bears one additional terminal NCE− co-ligand which
adopts an anti-orientation relative to the {FeIII2 (μ-CN)4FeII2 }
square plane (Fig. 1), affording an [FeIIN6] coordination
environment. For compound 1 at 100 K, the Fe2–N bond
lengths are in the range of 1.942(2)–2.018(2) Å, whereas the
Fe1–C and Fe1–N bond lengths are in the ranges of 1.922(3)–
1.947(3) Å and 1.985(2)–2.009(2) Å, respectively, indicating the
LS FeIII and LS FeII for the Fe1 and Fe2 centers.12,21 When
increasing the temperature to 300 K, the Fe2–N bond lengths
significantly increase to 2.071(5)–2.259(5) Å, in good agree-
ment with those of reported HS FeII compounds with an N6

coordination environment. While the Fe1–C and Fe1–N bond
lengths are nearly unchanged (1.917(4)–1.937(6) Å, 2.001(5)–
2.016(4) Å, respectively), suggesting the LS FeIII for the Fe1
center. The Fe2–N bond lengths are 1.887(17)–2.033(14) Å at
100 K and 2.079(9)–2.221(10) Å at 300 K for 2, 1.938(2)–2.009

Scheme 1 The structures of the [(Tp*)Fe(CN)3]
− building block (left)

and the tridentate TPPO ligand (right).

Table 1 Crystallographic data for compounds 1, 2, and 3

1 2 3

Formula C70H88B2Fe4N26O10P2S2 C74H78B2Cl4Fe4N28O3P2Se2 C76H96B4Fe4N28O6P2
Mr/g mol−1 1824.69 2014.28 1826.33
T, K 100 300 100 300 100 300
Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic
Space group Fdd2 Fdd2 Fdd2 Fdd2 Fdd2 Fdd2
a, Å 28.476(3) 29.674(5) 28.952(13) 29.79(3) 28.913(5) 29.677(18)
b, Å 47.057(4) 47.644(9) 47.23(2) 47.45(6) 47.393(8) 47.38(3)
c, Å 13.3974(14) 13.108(3) 13.137(7) 13.324(17) 13.020(2) 13.027(9)
β, ° 90 90 90 90 90 90
V, Å3 17 953(3) 18 532(6) 17 965(15) 18 832(40) 17 841(5) 18 318(19)
Z 8 8 8 8 8 8
Dcal/g cm−3 1.223 1.210 1.490 1.232 1.203 1.172
2θ range/° 4.492–55.1 5.23–50.084 5.308–50.446 4.39–49.752 5.328–50.292 4.4–41.872
Completeness 98.8% 98.0% 98.1% 98.7% 98.9% 98.6%
Residual map, e Å−3 0.34/−0.50 0.42/−0.28 1.10/−0.84 0.29/−0.34 0.31/−0.20 0.33/−0.29
GOF on F2 1.010 1.057 1.016 0.912 1.020 1.026
Final indices [I > 2σ(I)] R1 = 0.0280 R1 = 0.0397 R1 = 0.0855 R1 = 0.0592 R1 = 0.0257 R1 = 0.0520

wR2 = 0.0687 wR2 = 0.1112 wR2 = 0.2100 wR2 = 0.1254 wR2 = 0.0629 wR2 = 0.1198
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(2) Å at 100 K and 2.030(8)–2.130(6) Å at 300 K for 3 (Table 2).
The shorter bond variations in the Fe2 site indicate the
partial LS–HS transition of 2 and 3 at 300 K. Both Fe1–N and
Fe1–C bond distances for 2 and 3 showed similar variations
with 1 (Tables S1 and S2†).

To further evaluate the spin state change at the Fe2 site of 1
to 3, the distortion indices Σ (the sum of the deviations from
90° of the 12 cis-angles of the FeN6 octahedron) and Θ (the
sum of the deviation from 60° of the 24 trigonal angles of the
projection of the [FeN6] octahedron onto its trigonal faces)22

were calculated and are listed in Table 2. Generally, an
entropy-favoured HS FeII ion adopts a more distorted octa-
hedral geometry with much larger distortion parameters than
those for its LS state. As a result, the Σ and Θ values at 100 K
showed a significant increase with varying degrees in compari-
son with those at 300 K, (Σ/Θ = 13.33/34.67, (100 K) → 34.05/
66.23 (300 K) for 1; Σ/Θ = 12.93/41.71, (100 K) → 31.94/62.82
(300 K) for 2; Σ/Θ = 11.35/32.56, (100 K) → 21.30/47.42 (300 K)
for 3). All these observations above are in accordance with the
magnetic properties (vide post).

Variable-temperature (VT) IR spectra were measured to
track the spin transition process. Overall, for compounds 1, 2,
and 3, the absorption peak located at 2151 cm−1 and the
shoulder near 2138 cm−1 are ascribed to the characteristic
cyanide vibrations of the {FeIII–CN–FeII} species and the term-
inal cyanide groups of the [(Tp*)FeIII(CN)3]

− units.10a,c,23 Only
small shifts have been observed for them in the VT-IR spectra,
which further suggests that the oxidation state in the Fe1 site
remains unchanged. However, the absorption peaks for the co-
ligand (νNCE) are clearly dependent on the spin state change of
the Fe2 center. At 310 K, 1 exhibited an absorption peak at
2063 cm−1 which is assigned to the cyanide group stretching
of the NCS− (νNCS) group.

9,24 As the temperature was lowered
to 150 K, the νNCS stretching peak for the HS phase decreased
in intensity and a new peak appeared at 2109 cm−1 (Fig. 2).
Similar spectral changes were also observed for compounds 2
and 3, where the νNCSe and νNCBH3

stretching peaks shifted
from 2061 (HS phase) to 2103 cm−1 (LS phase) and from 2191
(HS phase) to 2204 cm−1 (LS phase), respectively.

Variable-temperature magnetic susceptibility data for the
fresh samples of 1–3 were measured under an applied direct
current (dc) field of 1 kOe at a sweeping rate of 2 K min−1. The
results are shown in Fig. 3 in the form of χMT versus T plots
(where χM is molar magnetic susceptibility and T is tempera-
ture). All three compounds showed the complete one-step SCO
behaviour. The χMT value of 1.25 cm3 mol−1 K of 1 below
100 K remains nearly constant, in good agreement with the
expected value for two LS FeIII (S = 1/2, g = 2.7) and two LS FeII

(S = 0) ions.10a,12,13 Upon heating, the χMT product underwent
a gradual increase centred at 214 K (T1/2) and reached a con-
stant value of 8.97 cm3 mol−1 K at above 310 K, typically for
two LS FeIII (S = 1/2) and two HS FeII (S = 2) ions with signifi-
cant orbital contributions. The continuous χMT versus T plots
(Fig. S8†) were attributed to the guest-free phase due to the
loss of lattice solvents at above 350 K. Specifically, upon
cooling and heating, the guest-free sample exhibited a similar
and reversible one-step SCO behaviour in a slightly higher
temperature range in comparison with that of the solvated
phase of 1. In addition, compounds 2 and 3 exhibited similar
SCO behaviours with the χMT values of 8.89 and 1.38 cm3

Fig. 1 The molecular structure of 1 at 100 K. The hydrogen atoms and
lattice solvents are omitted for clarity [symmetry transformation: A = −x,
−y, −z].

Table 2 The selected bond lengths (Å) and distortion parameters of compounds 1, 2, and 3

1 100 K 1 300 K 2 100 K 2 300 K 3 100 K 3 300 K

Fe2–N1 1.947(2) 2.104(4) 1.926(14) 2.088(10) 1.938(2) 2.030(8)
Fe2–N2 1.942(2) 2.117(4) 1.904(13) 2.079(9) 1.948(2) 2.034(7)
Fe2–N4 2.005(2) 2.211(4) 2.004(14) 2.221(10) 1.997(2) 2.130(6)
Fe2–N5 2.001(2) 2.249(4) 1.977(12) 2.183(10) 2.009(2) 2.123(8)
Fe2–N6 2.018(2) 2.259(5) 2.033(14) 2.219(11) 2.008(3) 2.110(10)
Fe2–N7 1.945(3) 2.071(5) 1.887(17) 2.099(14) 1.958(3) 2.034(13)
Fe2–Nave. 1.976 2.169 1.955 2.148 1.976 2.077
ΣFe2

a [°] 13.33 34.05 12.93 31.94 11.35 21.30
ΘFe2

b [°] 34.67 66.23 41.71 62.82 32.56 47.42
CShMFe2

c 0.058 0.099 0.70 0.072 0.053 0.055

a ΣFe2 is the sum of the deviations from 90° of the 12 cis angles of the Fe2N6 octahedron.
bΘFe2 is the sum of the deviations from 60° of the 24 tri-

gonal angles of the projection of the [FeN6] octahedron onto its trigonal faces; CShMFe2.
c is the continuous shape measurement relative to the

ideal octahedron of the Fe2 centre.22b
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mol−1 K for the HS and LS state of 2, respectively, and 9.16
and 1.39 cm3 mol−1 K for 3, while their transition tempera-
tures shifted to significantly higher temperatures at 250 and
288 K, respectively. It should be mentioned that no obvious
thermal hysteresis was observed for all the three compounds
(Fig. S8–S10†), indicating the lack of cooperativity due to the
weak intermolecular interactions.

To shed light on the SCO behaviours of 1–3, DFT calcu-
lations were applied using the experimental structural
data.25,26 In Table S3,† the computed results indicated that at
100 K both FeII and FeIII ions in all three compounds are in
the LS state (S = 1/2 for FeIII,LS; 0 for FeII,LS). At 300 K, in 1 and
2, the FeIII ions remain in the LS state, whereas there is a clear
LS → HS (S = 2 for FeII,HS) transition related to the FeII ions.
For 3, the FeII ions are still in the LS state at 300 K. However,
the energy difference between the HS and LS states decreases
significantly from 12 662 to 1997 cm−1 from 100 to 300 K.
Therefore, these results confirmed that the increases of the
experimental magnetic susceptibilities in 1–3 originate from
the LS → HS transitions of the FeII ions.

To further elucidate the spin transition of the FeII ions,
molecular orbital analysis for 1–3 was performed.27,28 In 1,
owing to the inversion symmetry of the complex, the evolution

of the orbitals of both FeII ions is symmetry-related to each
other; hence, only one of them (the Fe2 site) was considered.
The six coordinated atoms around the Fe2 site create a
pseudo-octahedral ligand field, which gives rise to the splitting
between the 3d orbitals (Fig. 5). Due to the distortion of the
perfect symmetry, the degeneracy within each set of orbitals is
increased. At 100 K, the energy gap between the t2g and eg sets
(Δ) overcomes the on-site Coulomb interaction between the
paired electrons within the orbitals in the t2g set that the LS
configuration of the Fe2 center is the most stable state. As
shown in Table 2 and S2,† the Fe2–N bonds increase signifi-
cantly (≈0.2 Å) upon heating, which consequently weakens the
ligand-field strength. This leads to the reduction of Δ favoring
the HS configuration at 300 K. On the other hand, the LS →
HS transition does not occur in the FeIII ions because the FeIII–
L bonds are nearly unaffected by the temperature change. In 3,
the increase of FeII–N bonds at 300 K is not as large as those in
1 and 2 explaining why the spin transition in the former
complex is not complete. In addition, the spin density of all
complexes is plotted in Fig. 4, which also strongly supports the
orbital analysis. The magnetic exchange interaction between
the FeIII ions was also studied by the broken-symmetry
approach (Table S4†). The obtained results demonstrated that

Fig. 3 Variable-temperature susceptibilities of 1, 2, and 3 (insert:
d(χMT )/d(T ) versus T plots used to determine T1/2).

Fig. 2 Variable-temperature IR spectra of compounds 1–3.

Fig. 4 Spin density plots of (a) 1 at 100 K, (b) 1 at 300 K, (c) 2 at 100 K,
(d) 2 at 300 K, (e) 3 at 100 K, and (f ) 3 at 300 K.
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the exchange strength is about a few wavenumbers and plays a
negligible role in the magnetic properties within the investi-
gated temperature range. In conclusion, the DFT calculations
are in good agreement with the experiments on the thermal
SCO phenomenon observed in all complexes.

Conclusions

In conclusion, a new synthetic strategy by incorporating both
tridentate capping ligands of TPPO and monodentate NCE−

co-ligands around the Fe(II) centres was successfully employed
to prepare three neutral {FeIII2 FeII2 } molecular squares in the
well-studied [(TpR)Fe(CN)3]

− family. Detailed magnetic, struc-
tural and DFT calculation studies demonstrated that all the
three compounds exhibit thermally induced reversible SCO
with a tuneable transition temperature (T1/2). The shift of T1/2
from 214 to 250 to 288 K for 1, 2, and 3 is due to the increasing
ligand field from NCS− to NCSe− to NCBH3

−.29 The synthetic
strategy developed in this work can be used to explore other
tridentate capping ligands, which should allow for rational
tuning of the ligand field strength as well as the redox poten-
tial to achieve multi-stable materials. Studies in this direction
are currently underway in our lab.

Experimental section
Materials and physical measurements

All of the starting materials were commercially available and
used without further purification. [(PPh3Me)][(Tp*)FeIII(CN)3]
and TPPO were prepared according to literature methods.30

Variable-temperature infrared (IR) spectra were obtained
over the range of 4000–600 cm−1 on a Bruker Tensor II spectro-
photometer equipped with a low temperature golden gate con-
troller by using liquid nitrogen. Elemental analysis (EA) for C,
H, O and N was performed on an Elementar Vario EL Cube
elemental analyzer. Power X-ray diffraction (PXRD) patterns
were recorded on a Rigaku Smartlab X-ray diffractometer.
Thermogravimetric analysis (TGA) was carried out under an
argon atmosphere at 3 K min−1 using a METTLER-TOLEDO
TG2 instrument. Magnetic measurements were performed on
a Quantum Design SQUID MPMS3 magnetometer on the
microcrystals of fresh samples 1–3. Diamagnetic corrections
were calculated from Pascal constants and applied to all con-
stituent atoms and the sample holder.31

Caution! Although no problems were encountered during
this work, cyanide is highly toxic. Thus, these starting
materials should be handled in small quantities and with
great caution.

Synthesis of {[(Tp*)FeIII(CN)3]2[Fe
II(TPPO)]2

[NCS]2}·2CH3OH·6H2O (1)

A solution of tridentate ligand TPPO (0.025 mmol, 7.03 mg) in
3 mL of dichloromethane was added dropwise to a well-stirred
solution of Fe(OTf)2 (0.025 mmol, 8.85 mg) and
[(PPh3Me)][(Tp*)FeIII(CN)3] (0.025 mmol, 17.75 mg) in aceto-
nitrile (2 mL). The dark red solution that formed was stirred
for 20 minutes before adding to a solution of KSCN
(0.025 mmol, 2.43 mg) in 3 mL of methanol. The resulting
mixture was stirred for another 5 minutes and then filtered.
Dark red block single crystals were obtained by slow evapor-
ation of the filtrate at room temperature after one week. Yield:

Fig. 5 Schematic molecular orbital diagram for Fe2+ in 1 at 100 K and 300 K.
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18 mg, 43.6%. Elem anal. (%) Calcd (found) for
C68H68B2Fe4N26O2P2S2: C, 49.42 (49.35); H, 4.15 (4.11); N,
22.04 (21.98). IR (KBr, 300 K): νCN 2152, 2138 cm−1; νNCS 2063,
2109 cm−1; νBH 2540 cm−1.

Synthesis of {[(Tp*)FeIII(CN)3]2[Fe
II(TPPO)]2

[NCSe]2}·2MeCN·2CH2Cl2·2H2O (2)

Complex 2 was obtained with a similar procedure to that of 1,
except replacing the KSCN ligand with the KSeCN ligand.
Yield: 20 mg, 45.3%. Elem anal. (%) Calcd (found) for
C68H68B2Fe4N26O2P2Se2: C, 46.77 (46.72); H, 3.92 (3.89); N,
20.85 (20.82). IR (KBr, 300 K): νCN 2153, 2136 cm−1; νNCSe 2061,
2103 cm−1; νBH 2539 cm−1.

Synthesis of {[(Tp*)FeIII(CN)3]2[Fe
II(TPPO)]2

[NCBH3]2}·4CH3OH·2MeCN (3)

Complex 3 was obtained with a similar procedure to that of 1,
except replacing the KSCN ligand with the NaNCBH3 ligand.
Yield: 16 mg, 39.7%. Elem anal. (%) Calcd (found) for
C68H68B4Fe4N26O2P2: C, 50.73 (50.69); H, 4.25 (4.21); N, 22.62
(22.55). IR (KBr, 300 K): νCN 2162, 2150, 2129 cm−1; νNCBH3

2204, 2191 cm−1; νBH 2543 cm−1.

Computational details
Density functional theory (DFT) calculations

The investigation of the spin multiplicity of individual Fe sites
in the {FeIII2 FeII2 } compounds was performed with the ORCA 5.0
package32,33 using the experimental X-Ray structures. The
other Fe2+ and Fe3+ ions were replaced with their diamagnetic
Zn2+ and Ga3+ analogues, respectively. The following para-
meters were chosen:

- DFT functional: B3LYP34

- Basis set: DKH-def2-TZVP35,36

- Convergence strategy: NORMALSCF
- Charge of compound: 0
- Spin multiplicity: 2, 4, and 6 for FeIII ions; 1, 3, and 5 for

FeII ions.
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