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A novel family of heteroleptic 1D chain spin-crossover complexes 
and its DFT modelling. How the formation of polynuclear chains 
modifies the ligand-field effects on spin transition
Vladyslav Maliuzhenko,a Marek Weselski,a Maria Książek,b Tim Hochdörffer,c Juliusz A. Wolny,*c 
Volker Schünemann,c Joachim Kusz,b Robert Bronisz*a

Reactions of the ditopic ligands 1-(5-(2-pyridyl)tetrazol-1-yl)-3-(tetrazol-2-yl)propane (5-p1tz2tz), 1-(5-(2-pyridyl)tetrazol-2-
yl)-3-(tetrazol-2-yl)propane (5-p2tz2tz), and 1-(3-(2-pyridyl)-1,2,4-triazol-1-yl)-3-(tetrazol-1-yl)propane (3-p1tr1tz) with 
iron(II) tetrafluoroborate afforded a series of one-dimensional coordination polymers: Fe(5-p1tz2tz)₂](BF₄)₂ (1), [Fe(5-
p2tz2tz)₂](BF₄)2 (2), [Fe(3-p1tr1tz)₂](BF₄)₂·CH₃CN (3) and [Fe(3-p1tr1tz)₂](BF₄)₂·CH₃OH (4). The first coordination spheres of 
all complexes are composed of two chelating pyridylazole units and two tetrazole rings. The two complexes involving pyridyl 
tetrazole form 1D chains with trans-coordinated monotetrazoles. They exhibit gradual spin transitions centred at 
approximately 350 K. For the pyridyl-1,2,4-triazole ligand, two polymorphs were isolated. One compound is a structural 
analogue of pyridyltetrazole complexes and exhibits high-spin down to 10 K. Modifying the synthetic procedure yields a 1D 
zigzag chain with almost the same molecular volume, but with cis-coordinated monodentate tetrazole. This complex exhibits 
an abrupt spin-crossover accompanied by a hysteresis loop (T1/2

 = 114 K, T1/2 = 131 K). Density functional theory (DFT) 
modelling of the above systems, combined with results for known mononuclear and polynuclear complexes of 1-
propyltetrazole revealed how the spin transition energies vary from the mononuclear species to the corresponding of 1D 
chains. 

Introduction
Donor groups play a crucial role in defining donor-acceptor 
properties, while also determining the structural properties of 
coordination compounds. One group of compounds whose 
properties depend extremely strongly on these features is that of 
coordination compounds exhibiting the spin-crossover (SCO) 
phenomenon.1 The structural diversity required for the discovery of 
novel compounds can be achieved using ligands, which can lead to 
both homoleptic and heteroleptic systems. One way of creating 
heteroleptic coordination compounds is to use asymmetric ditopic 
ligands. The relative position of the donor atoms determines 
whether ditopic ligands serve as chelating molecules in mononuclear 
species, as molecules that bind a limited number of metal ions into 
oligonuclear products, or as bridging units that result in coordination 
polymers.
The chelating molecule 2-(1,2,4-triazol-3-yl)pyridine (Hpt) creates 
the Fe(II) mononuclear systems [Fe(Hpt)₃](BF₄)2·2H₂O2 and 
[Fe(Hpt)₃]SO₄·0.4BF₄·3H₂O. Substituted 3-(1,2,4-triazol-3-

yl)pyridine-type ligands also reveal great suitability for forming Fe(II) 
SCO complexes⁴. Linking an additional pyridine ring possessing 
nitrogen donor atoms in the meta⁵ or para⁶ positions with 1,2,4-
triazole backbones enables the formation of SCO coordination 
polymers. Derivatives containing additional 4-(3-pyridyl)phenyl⁷ or 4-
(4-pyridyl)phenyl⁸ substituents also exhibit this ability. For 
comparison, ligands containing two directly joined 2-(1,2,4-triazol-3-
yl)pyridine units have been used to successfully prepare coordination 
polymers⁹. The structure and properties of various types of Fe(II) 
complexes containing more complex ligands based on conjugated 
1,2,4-triazole and tetrazole donors have been reviewed in detail¹⁰,¹¹.
It should be noted at this point that the effect of changing the 
effective donor properties of the ligands from mononuclear to 
polynuclear SCO species is of key importance. This change is one of 
the most important issues in crystal engineering of SCO materials. 
Straightforward manipulation of the ligand environment to create 
heteroleptic complexes inevitably results in ligand scrambling, 
producing a mixture of stereoisomers for mononuclear complexes. 
Using ditopic ligands gives more defined, higher-nuclearity systems 
and tunes the spin transition electronic energy, i.e. the effective 
ligand-field splitting. This effect complicates the rational design of 
SCO materials. 
This is clearly evident even in the homoleptic complexes of 1-alkyl 
tetrazoles. They typically act as monodentate coordinating donors; 
an important example is the [Fe(ptz)6](BF4)2 (ptz = 1-n-propyl-
tetrazole). They were subsequently exploited intensively to design 
bridging ligands suitable for constructing coordination polymers. 
Studies on the use of 1,2-di(tetrazol-1-yl)alkanes as bridging ligands, 
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in which the donor groups are separated by an increasing distance 
via an alkyl linker, have shown that increasing the flexibility of the 
bridging ligand decreases the cooperativity of SCO.¹⁵,¹⁶,¹⁷ Expanding 
the research to include 1,2-di(1,2,3-triazolyl)alkanes, particularly 
their disubstituted derivatives, has revealed that the presence of 
conformationally labile fragments can result in unusual and rare 
phenomena, such as reverse¹⁸ or multiway spin transitions.¹⁹

Scheme 1. Molecular structures of 5-p1tz2tz, 5-p2tz2tz and 3-p1tr1tz 

represent ligands used in this work. Donor atoms are marked in blue.

As the use of bisazoles leads to coordination polymers rather than 
mononuclear systems, in which separate donors coordinate with 
neighbouring metal ions, we opted for a polymeric approach when 
designing the first coordination sphere. In this approach, two 
different coordinating parts are linked by a flexible spacer.²⁰ The first 
part coordinates bidentately as 1,2,4-triazolepyridine or 
tetrazolepyridine; the second part coordinates monodentately as N-
alkyltetrazole. Thus, the aim of the study was to investigate the 
coordination properties of heteroleptic ligands able to form Fe(II) 
SCO systems. In particular, the manner of organizing the composition 
of the first coordination sphere in the presence of two types of 
donors: a chelating and a monodentately coordinating one, linked by 
a flexible alkyl spacer.
This report presents an application involving three bridging ligands: 
1-(5-(2-pyridyl)tetrazol-1-yl)-3-(tetrazol-2-yl)propane (5-p1tz2tz), 1-
(5-(2-pyridyl)tetrazol-2-yl)-3-(tetrazol-2-yl)propane (5-p2tz2tz), and 
1-(3-(2-pyridyl)-1,2,4-triazol-1-yl)-3-(tetrazol-1-yl)propane (3-
p1tr1tz). These are used to prepare novel Fe(II) one-dimensional 
coordination polymers that exhibit various types of SCO transitions 
(see Scheme 1). The complexes exhibit SCO above room temperature 
(1 and 2), below room temperature (3), or remain in the HS form 
down to 10 K (4). The results of magnetic, single-crystal X-ray 
diffraction studies and DFT calculations are presented. The latter 
were applied to assess the change in spin transition electronic 
energies when going from the mononuclear model to the 1D chain 
model. With the current level of DFT modelling of SCO complexes, it 
may be feasible to obtain a reliable estimation of the relevant factors 
(see references for a review).²¹,²²,²³

Results and discussion
General characterisation 

The complexes [Fe(5-p1tz2tz)₂](BF₄)₂ (1, Fig. 1a) and [Fe(5-
p2tz2tz)₂](BF₄)2 (2, Fig. 1b) were prepared by reacting 5-p1tz2tz20 
with iron(II) terafluoroborate in a 2:1 stoichiometric ratio in ethanol 
containing 3% water (v/v) or in anhydrous ethanol, respectively. The 
complexes exhibit high thermal stability, with decomposition starting 
above ca. 575 K (Fig. S1a) or above 550 K (Fig. S1b) for 1 and 2, 
respectively. The successful preparations of [Fe(3-
p1tr1tz)₂](BF₄)₂·CH₃CN (3, Fig. 1c) and [Fe(3-p1tr1tz)₂](BF₄)₂·CH₃OH 
(4, Fig. 1d) were carried out in a 2:1 molar ratio in anhydrous 
acetonitrile or methanol, respectively. The FTIR spectrum of 3 shows 
a weak peak at 2247 cm−1, indicating the presence of nitrile 
molecules (see Fig. S2c). A broad peak with a maximum at 3450 cm⁻¹ 
appears in the FTIR spectrum of 4 (Fig. S2d), corresponding to an O-
H stretching vibration. Thermogravimetric analysis of compounds 3 
(see Fig. S1c) and 4 (see Fig. S1d) revealed a 6.3% or 3.7% loss in mass 
in the temperature range of 400–450 K, which corresponds to one 
acetonitrile or one methanol molecule, respectively, per formal 
complex molecule. Crystals of 1-4 are stable in air. It was established 
that heating crystals of 1 (Fig. 1e–f) and 2 involves a colour change 
from red to yellow. Cooling crystals of 3 in liquid nitrogen results in a 
deep red colour appearing. Thus, the observed thermochromism in 
1–3 indicates the ability to undergo thermally induced SCO. In 
contrast, cooling the sample of 4 does not result in a change of yellow 
colour.

Figure 1. View on crystals of 1 (a), 2 (b), 3 (c), 4 (d) growing on the bottom of 
the Schlenk flask at room temperature as well as the single crystal of 2 at 250 
K (LS form, e) and at 480 K (HS form, f).
Magnetic and photo-magnetic studies

Temperature-dependent magnetic susceptibility measurements 
were carried out on 1 in the range of 10–400 K. The thermal 
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dependence of MT is shown in Figure 2a (M, molar susceptibility; T, 
temperature). In the temperature range of 10–275 K, the complex 
remains in the low-spin (LS) form. Heating above 275 K involves a 
gradual transition to the high-spin (HS) state, whereas above 325 K it 
is more abrupt. 
The shape of the MT (T) dependence indicates that the SCO does not 
complete at 400 K, with MT adopting a value of 3.2 cm³·K·mol⁻¹. The 
MT (T) dependencies in cooling and heating modes are practically 
the same. The SCO behaviour of 2 is very similar to that found for 1. 
Here, a more abrupt SCO begins above 300 K and does not finish at 
400 K (see Fig. 2a). No hysteresis loop is observed.
a)

b)

Figure 2. MT vs. T dependencies for 1 and 2 (a) and 3 and 4 (b) in cooling 
(blue) and heating (red) mode. Irradiation with laser light ( = 520 nm) was 
marked by green filled triangles whereas subsequent heating (0.3 K·min-1) 
was marked by green open triangles.

Despite the high temperatures at which SCO occurs, the second 
cooling and heating cycles for 1 and 2 are practically identical to 
those recorded in the first cycle. Compared to 1 and 2, which are 
based on the 5-(2-pyridyl)tetrazole fragment, 3 contains a 3-(2-
pyridyl)-1,2,4-triazole unit, and its SCO properties differ significantly. 
Cooling sample 3 is accompanied by a very abrupt and complete spin 

transition at T1/2  = 114 K (see Fig. 2b). In heating mode, SCO shifts 
towards higher temperatures, with T1/2 = 131 K, indicating a 
hysteresis loop width of 17 K.
The change of spin state from LS to HS in 3 can also be triggered by 
light irradiation at 520 nm. The metastable HS phase relaxes to the 
LS form above 50 K (TLIESST = 69 K, see Fig. 2b). No switching from the 
LS to the HS phase caused by light (520 nm) is observed for 1 and 2. 
Interestingly, 4, in which acetonitrile has been replaced by methanol, 
does not exhibit SCO and remains in the HS form down to 10 K (see 
Fig. 2b). Light irradiation (808 nm) of sample 4 does not trigger HS  
LS switching (r-LIESST). DSC studies of 1–3 (Fig. S3) revealed only 
thermal effects, which correspond to the results of the magnetic 
studies.

Single crystal X-ray diffraction studies

Crystal structures of 1 and 2. 1 and 2 crystallise in the triclinic P1 
space group (see the crystallographic data listed in Table S1). In 1, 
two chelating 5-(2-pyridyl)tetrazole fragments coordinated with the 
metal ion through the nitrogen atoms of the pyridine ring (N1(py)) 
and the tetrazole ring (N14(tzpy)) form an equatorial plane, whereas 
the axial positions of the coordination octahedron are occupied by 
tetrazole rings linked to the Fe(II) ion through exodentate nitrogen 
atoms (N24(tz)). At 100 K, the Fe–N distances characteristic of the LS 
form of Fe(II) range from 1.96 to 2.02 Å (see Table S2).
The octahedral geometry is distorted because of the coordination 
properties of the pyridyltetrazole. The N1(py)-Fe-N14(tzpy) angle 
equals to 80.36(6). The N1(py)-Fe-N24(tz) and N14(tzpy)-Fe-N24(tz) 
angles involving trans arranged tetrazoles are close to 90 (Table S2). 
It is noticeable that the 5-(2-pyridyl)tetrazole fragment is non-planar 
and the torsion angle N1(py)-C2-C15-N14(tzpy) equals to 6.987(3). 
Two iron(II) ions are bridged in such a way that the 
propylene(tetrazol-2-yl) arm of the first iron(II) ion binds to the 
neighbouring one through exo located nitrogen atoms N24.
The same linking scheme applies to the neighbouring metal ion, 
resulting in the formation of a double bridge. Bridging of collinear 
iron(II) ions occurs in the c direction, leading to a polymeric chain 
(Fig. 3a). Within the polymeric chain, the Fe(II) ions are separated by 
9.9917(3) Å and both intrachain contacts, C6-H6(py)-N13(tzpy) and 
C6-H6(py)-N14(tzpy), as well as C16-H16B···N23(tz), are present 
(Table S4). Interactions also occur between polymeric macrocations, 
such as C17-H17B···N12(tzpy). Thus, parallel chains are gathered into 
layers (Fig. 3c). The area between them is occupied by 
tetrafluoroborate anions, which are engaged in forming 
intermolecular contacts with neighbouring layers and extending the 
structure into a three-dimensional supramolecular architecture (Fig. 
3d).
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a)

b)

c)

d) 
Figure 3. Coordination environment of iron(II) ions in 1 and bridging fashion 
occurring within the polymeric chain (a, b) as well as relative arrangement of 
the polymeric chains (c, d) together with intra- (red dashed lines) and 
intermolecular contacts (black dashed lines) in the LS (a, c, d) and HS (b) state. 

A comparison of the coordination environment of Fe(II) in 2 reveals 
a similarity to that observed in 1. Specifically, the two 5-(2-
pyridyl)tetrazole chelating fragments, which coordinate through the 
pyridine nitrogen atoms N1(py) and the tetrazole nitrogen atom 
N14(tzpy), form an equatorial plane. 
a)

b)

c)

Figure 4. Coordination environment of iron(II) ions in 2 and bridging fashion 
occurring within the polymeric chain (a, c) as well as relative arrangement of 
polymeric chains (b) together with intra- (red dashed lines) and 
intermolecular contacts (violet dashed lines) in the HS (c) and LS (a, b) state.
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The remaining two coordination sites are occupied by two tetrazole 
rings, which coordinate through the nitrogen atom N24(tz). Despite 
the different position of the (tetrazol-2-yl)propylene arm in 5-p2tz2tz 
compared to the regioisomeric 5-p1tz2tz, the bridging fashion 
involving two ligand molecules is the same as that observed in 1, thus 
forming a 1D polymeric structure (Fig. 4a). At 100 K, intrachain 
contacts C18-H18B···N13(tzpy) and C6-H6···N13(tzpy) are observed 
(Fig. 4a). Similarly to 1, anions interact with polymeric chains 
arranged into supramolecular layers (Fig. 4c).
a)

b)

Figure 5. Coordination environment of Fe(II) and zig-zag shape of the 
polymeric unit in 3 (a) and view along [101] direction showing layered 
arrangement of polymeric chains together with the network of intra- 
(red dashed lines, a) and intermolecular (black dashed lines) contacts in HS 
state (a, b). Green frames (b) denote chains forming supramolecular layers.

The thermal stability of 1 and 2 allowed the HS structures to be 
determined at 480 K. The most significant changes associated with 
the LSHS transition are the elongation of the Fe-N distances in 1 
and 2 by 0.17–0.22 Å  and 0.15–0.17 Å (Table S2), respectively. For 

both complexes greater deformation of coordination octahedron is 
evident in the increase in the ∑ value by 22.7° (1) and value by 20.0° 
(2). In 1, enlargement of the coordination octahedron results in the 
disappearance of two intrachain C6-H6(py)-N13(tzpy) and C6-H6(py)-
N14(tzpy) contacts (see Fig. 3b and 3d). Also in 2, SCO is connected 
with vanishing of the intrachain C6-H6···N13(tzpy) contact (Fig. 4c). 
Formation of HS form is associated with an increase in the separation 
of the bridged Fe(II) ions in the c direction to 10.3075(12) Å in 1 and 
from 9.8635(7) to 10.078(2) Å in 2. Additionally, the shortest 
distances between Fe(II) ions from neighbouring chains increase 
from 7.9524(3) to 8.2850(18) Å in the a direction and from 8.8207(2) 
to 9.0556(10) Å in the b direction . In 2, distances between Fe(II) ions 
coming from neighbouring chains increase from 8.5402(4) to 
8.8722(24) Å (a direction) and from 8.8402(3) to 8.9463(23) Å (b 
direction).
Crystal structures of 3 and 4. Replacing the 5-(2-pyridyl)tetrazole 
fragment in the ligands of 1 and 2 with 1,2,4-triazole rings yields the 
isosteric compound 1-(3-(2-pyridyl)-1,2,4-triazol-1-yl)-3-(tetrazol-1-
yl)propane. Depending on the solvent used in the synthesis, two 
isomers of the 1D chain Fe(II) 3 and 4 are obtained. 
3 crystallises in the triclinic P1 space group. In contrast to 1 and 2, 
the tetrazole rings are cis-coordinated (Fig. 5). These rings are linked 
to Fe(II) via the nitrogen atoms N24 and N54, and at 250 K, the 
respective bond lengths are 2.1941(25) and 2.1615(23) Å (see Table 
S3). Ligand 3-p1tr1tz coordinates through the endo nitrogen atoms 
N14(trpy) and N44(trpy), and the Fe-N distances are equal to 
2.1712(23) and 2.1480(23) Å, respectively. Thus, the Fe–N distances 
are characteristic of the HS form. The N-Fe-N angles vary over a wide 
range, from 75.53(9)° and 75.85(9)° for N(py)-Fe-N(trpy), to 
102.08(9)° for N1(py)-Fe-N31(py) (see Table S3). 
The pyridyltriazole fragment is almost planar, with the N1(py)-C2-
C13-N14(trpy) and N31(py)-C32-C43-N44(trpy) torsion angles 
measuring 0.019(14) and 1.990(14)°, respectively. ∑ parameter 
equals to 80.48°, which is greater than that observed for 4 (see 
further). The structure of the first coordination sphere is stabilised 
by intramolecular C15-H15(trpy)···N53(tz) interactions (see Table S5). 
As with 1, 2 and 4, neighbouring Fe(II) ions in 3 are bridged by two 
ligand molecules; however, the metal ions are not arranged 
collinearly, which is a crucial difference. This results in the formation 
of a zig-zag polymeric chain along the [101] direction (Fig. 5a). At 250 
K, iron(II) ions linked by two crystallographically independent ligand 
molecules with different conformations (Table S3) are separated by 
9.9741(6) and 10.1083(14) Å, respectively. The distance between 
every second Fe(II) ion arranged collinearly along the [101] direction 
equals 14.7056 Å.
Polymeric chains gathered in the ab plane form supramolecular 
layers. The shortest distance between Fe(II) ions in the adjusted 
polymeric chains is 8.5753(6) Å, and there are direct intermolecular 
contacts (C35-H35(py)···N52(tz)) between chains in the same layer 
(Fig. 5b). Similarly to 1 and 2, the polymeric chains forming 
neighbouring layers in 3 are oriented parallel to each other. There 
are no direct intermolecular contacts between neighbouring layers. 
The tetrafluoroborate anions participate in the formation of 
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intermolecular contacts (Fig. S4a). The presence of non-coordinating 
acetonitrile molecules in the space between the layers (see Fig. S4b) 
is stabilised by intermolecular contacts with the tetrafluoroborate 
anions. Cooling a crystal of 3 to 80 K results in a shortening of the Fe-
N distances by approximately 0.19 Å, indicating a change in the spin 
state. 
It should be noted that SCO involves changes in N-Fe-N angles (see 
Table S3), which result in a reduction in the ∑ parameter by 32.9°. 
The distances between the bridged Fe(II) ions decrease to 9.9547(16) 
and 9.8793(7) Å (i.e. approximately 0.20 Å), and the separation 
between every second collinearly arranged Fe(II) ion decreases to 
14.3967(15) Å. Thus, a change in the spin state triggers the 
shortening of the polymeric chain. 
The shape of the zigzag chain remains practically unchanged because 
the Fe-Fe-Fe angle drops slightly from 94.15 to 93.08°. Also, the 
width of the polymeric chain (the distance between the lines defined 
by the collinearly arranged iron(II) ions) remains practically 
unaffected. The position of the non-coordinated acetonitrile 
molecules and tetrafluoroborate anions relative to the polymeric 
chains changes only slightly. 
a) 

b) 

Figure 6. Coordination environment of iron(II) ions and bridging fashion 
occurring within the polymeric chain in 4 (a) as well as relative arrangement 
of polymeric chains (view along [110] direction, hydrogen atoms were 
omitted for clarity) (b).
One of the two crystallographically independent anions remains 
disordered at 80 K. The formation of the LS structure is accompanied 

by the formation of novel inter-chain contacts: C6-H6(py)·· N44(tz) 
and C15-H15(tr)·· N53(tz) (see Fig. S4a). Also, the C98-H98A···N12(tr) 
contact between the methyl groups of acetonitrile molecules and 
macrocationic chains emerges in the LS state (see Fig. S4b). These 
alterations are associated with a change in the dihedral angle 
between the average planes of the pyridyltriazole fragments, from 
64.4° to 77.1°. An increase in crystal packing is reflected by an 
increase in the number of intermolecular contacts involving 
tetrafluoroborate and acetonitrile molecules (see Table S5)
Changing the solvent from acetonitrile to methanol resulted in 4 
(C2/c space group, Table S1). The compound is characterized by a 
different organization of the first coordination sphere compared to 
3. Similarly to 1 and 2 pyridylazole chelating fragments, coordinated 
through the N1(py) nitrogen atom of pyridine and the N14(trpy) 
nitrogen atom of the 1,2,4-triazole ring, form an equatorial plane 
whereas the axial positions of the coordination octahedron are 
occupied by tetrazole rings (Fig. 6a). The N1(py)-C2-C13-N14(trpy) 
torsion angle is 12.526(5)° (see Table S3), indicating a greater degree 
of twisting of the conjugated rings compared to 1, 2 and 3. The Fe-N 
distances determined at 250 and 90 K are characteristic of the HS 
form of the complex (see Table S3). The N-Fe-N angles (e.g. N1(py)-
Fe-N14(trpy)) are similar to those found in the HS form of 2, 
The bridging established between collinearly arranged Fe(II) ions is 
the same as that observed in 1 and 2. The linked metal ions are 
separated by 10.1812(3) Å. The chains parallel oriented to the [110] 
direction form layers. Nevertheless in contrast to 1, 2 and 3, 
polymeric chains originating from neighbouring layers are oriented 
along the [-110] direction. Thus, the crystal is built up from 
alternately arranged, perpendicularly twisted layers (Fig. 6b). In 
effect, there are two types of channel, which are occupied by either 
tetrafluoroborate anions or methanol molecules (see Fig. S5). 
Counterions and methanol molecules engage in the formation of 
numerous intermolecular contacts (see Table S5). At 90 and 250 K, 
no intermolecular contacts are observed to be established directly 
between the atoms of neighbouring polymeric chains.

Comparison of crystal structures of 1-4. A summary of the research 
results of the SC-XRD studies of 1, 2 and 4 reveals that they have very 
similar structures, with the first coordination spheres composed of 
two pyridylazole chelating fragments that form an equatorial plane, 
as well as two axially coordinated tetrazole rings. The structures of 
the polymeric chains of 1, 2 and 4 are also very similar. A comparison 
of the geometries of the coordination spheres of the HS forms shows 
that the ∑ parameter is slightly higher for 1 or 2 than for 4, at 65.99° 
and 64.40°, respectively. It should be noted that the average Fe-N 
distance for 4 (2.169 Å) is slightly larger than that for compound 2 
(2.151 Å). Thus, a comparison of the coordination octahedra of 2 and 
4 does not allow us to identify the reason for their significantly 
different properties. Conversely, the main differences between 2 and 
4 can result from different sets of donors (5-(2-pyridyl)tetrazole vs 3-
(2-pyridyl)-1,2,4-triazole) and the presence of methanol molecules in 
the crystal lattice of 4. Nevertheless, magnetic and SC-XRD studies of 
3, which is based on the same ligand molecule as 4 but has a crystal 
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lattice solvated with acetonitrile instead of methanol, revealed the 
occurrence of hysteretic thermally induced SCO (Fig. 2b, Fig. S6). This 
suggests that the donor-acceptor properties of the 1,2,4-triazole-
based ligand do not preclude SCO. Furthermore, the SCO 
temperature of 3 is significantly lower than that of 1 and 2, 
suggesting that pyridyl(1,2,4-triazole)-based ligands stabilise the HS 
form more effectively than 5-(2-pyridyl)tetrazole-based derivatives 
(1 and 2). Comparing the HS forms of 3 and 4 shows that the average 
Fe–N distances are smaller for 4. Additionally, the sum of the twelve 
cis-N–Fe–N angles (the ∑ value) for 4 is smaller than for 3, indicating 
greater deformation of the coordination sphere of the second 
system. Hence, contrary to the experimental results, the parameters 
of the [FeN6] chromophores should favour the LS form of 4 in relation 
to 3, and it can be concluded that the geometry of the coordination 
sphere of 4 does not prevent SCO from occurring. Both complexes 
crystallise as acetonitrile or methanol solvates, and comparing the 
crystal packing of the HS forms of 3 and 4 reveals that the volumes 
occupied by the complex molecules are almost identical, at 784.2 Å³ 
(250 K) and 784.3 Å³ (250 K), respectively. Notably, there are two 
significant structural differences between 3 and 4. The first is the 
different arrangement of donors in 3, where the tetrazole rings are 
in a cis position compared to the trans position in 4, which can result 
in different ligand fields in 3 and 4 and explain the difference in SCO 
properties. Secondly, the zig-zag structure of the polymeric chain in 
3 differs from the linear polymeric unit in 4.
In conclusion, the organisation of the first coordination spheres does 
not appear to be the sole factor determining the ability to undergo 
thermally induced SCO. Notwithstanding the effects of entropy, this 
implies the importance of chain structure for spin transition 
thermodynamics. To reveal the probable reasons for the 
differentiation of SCO properties, we carried out DFT modelling of 
the HS and LS forms of 1–4, comparing them with different models 
of mononuclear units.

DFT modelling 

The main goal of the DFT modelling of 1–4 was to estimate the effect 
of 1D-chain formation on electronic spin transition energies (Eel = 
Eel(HS) – Eel(LS)). Firstly, we considered the calculated model of the 
1D chain, and then we compared the obtained Eel values with those 
of the different monomeric unit models (see below).  Although there 
are no reports on the structures and properties of mononuclear 
complexes bearing four tetrazole and two pyridine ligands or two 
tetrazoles, two pyridines and two triazoles, we also present the 
results of the above-outlined approach for mononuclear hexa-n-
propyl N-tetrazole and its 1D polynuclear chains of 1,3-N-tetrazole-
propane. Firstly, we describe the model molecules that were applied 
and compare the obtained geometries with the experimental ones.

Structural model and obtained geometries
The systems under study correspond to a wide class of one-
dimensional (1D) chains of SCO Fe(II) complexes with bridging azole 
ligands.²⁴,²⁵

Modelling such systems to avoid the problems raised by solid-state 
periodic boundary conditions²⁶ may be possible for single-molecule 
calculations involving a polynuclear fragment of the chain. Such 
models have been proven successful in predicting trends in spin 
transition energies and entropies, vibrational properties, and even 
cooperative behaviour related to interactions within the chain.²⁷,¹⁷ 
Typically, calculations involved fragments with three to nine metal 
centres. Here, we applied pentanuclear fragments involving ten 
anions. Figure 7 shows an example of a structural model of 1.

Figure 7. The model molecule was used for DFT calculations for 1. Note that 
the centrosymmetric character of the system is approximately retained for all 
spin isomers of linear 1, 2 and 4. The three inner Fe(II) centres strictly display 
the environment observed in the X-ray structure. The two terminal centres 
have the same coordination, but each bis-pyridyltriazole and bis-
pyridyltetrazole ligand is cut in half, resulting in an n-propyl group. The figure 
shows the optimised structure of the LS isomer. No solvent molecules present 
in the crystals were taken into account in the calculations.

The coordinates for geometry optimisation were taken from the X-
ray data. In the case of 1, the Zn(II) analogue of the LS structure was 
modelled and optimised prior to the optimisation of the HS Fe(II) 
complex. The LS model of 4 was optimised starting from the HS 
structure. Geometry optimisations were performed using the B3LYP 
functional²⁸, the cep-31g basis set²⁹ and the Grimme D3 dispersion 
correction³⁰, using Gaussian 16³¹. This yielded the electronic energies 
of both the HS and LS isomers of the pentanuclear models. The 
results involving vibronic effects and the calculated thermodynamic 
parameters are provided in the Supplementary Materials. The 
optimised structures are given as pdb files as Supplementary 
Materials.
Optimising the geometry of the pentanuclear models reproduced the 
linear arrangement of the iron centres in chains 1 and the zigzag 
arrangement in chain 3. The linear arrangement has also been 
reproduced for the LS model of 2. For the HS model of 2, as well as 
for both spin isomers of 4, the obtained geometries show a bent 
chain, with the three inner Fe centres being collinear and the 
terminal ones bent at approximately 150–160° with respect to the 
inner three (see Fig. 8).
The calculated Fe–N bond distances for the complexes under study 
are listed in Table S6. The results obtained are in reasonable 
agreement with the experimental results. Note that the structures of 
the linear complex models 1, 2 and 4 were optimised within the Ci 

symmetry.
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Table 1. The calculated electronic energies (in kJ∙mol-1) of the full spin transition (with five switching Fe(II) centres) for the pentanuclear and mononuclear models 

of 1–4 are given, along with the Eel data per one Fe(II) centre in the chain (in italics). These energies correspond to geometries optimised using the B3LYP functional 

and Grimme’s dispersion correction, with the cep-31g basis set. Additionally, the values obtained with no dispersion corrections and with B3LYP* for the same 

geometries are provided *. The values for the mononuclear models were obtained from the geometries of the central Fe(II) core of the pentanuclear models, for the 

mononuclear dications and mononculear complexes with two anions (see Fig. 9). While the choice of anion coordinates for the mononuclear models involving two 

tetrafluroborate molecules was straightforward for systems 1–3, two orientations are possible for model 4, named 'dist' and 'prox'. In the 'dist' orientation, the anions 

are placed in the plane of the monodentate tetrazole ligand, and in the 'prox' orientation, they are shifted above this plane (see ESI, Fig. S7). This results in F–H 

triazole contacts of less than 2.5 Å or more than 3.0 Å, respectively. Additionally, the Eel  value for 2 involving the mononuclear complex and four anions was 

calculated for model 4 (in bold). Finally, the Eel values were calculated for the dicationic monomer unit after optimisation (see the sixth column in Table 1).

Compound Eel B3LYP + 
dispersiona Eel B3LYPb Eel B3LYP*b Eel B3LYP + dispersion

Mononuclear cation
Pentanuclear model Pentanuclear 

model geometry
Optimised 
geometry

Mononuclear 
cation with two 

anionsc

1 109/22  87/17 207/41 23c 18d 31
2 29/6 17/3 129/26 24c 17d 33
3 49/10 66/13 184/37 20c 8d 33.5

4 -6/-1 -78/-15.5 20/4 -4c 3d
-19 proxe,
+30 diste

-4f

a optimised for the pentanuclear model with B3LYP + D3 dispersion correction;  b energy single-point energy calculation for the geometry of the pentanuclear model 

optimised with B3LYP + D3 dispersion correction, c energy single-point energy calculation for the mononuclear fragment with the geometry of the central Fe(1) in 

pentanuclear model optimised with B3LYP + D3 dispersion correction d optimised geometry of the dicationic mononuclear unit starting with the geometry of the 

central Fe(1) in pentanuclear model optimised with B3LYP + D3 dispersion correction, e two different orientations of the anion relative to complex cation were 

considered, see Fig. S7 f all four anions were included in the [FeN6](BF4)42- model.

Figure 8. The optimised geometries of the LS (top) and HS (bottom) spin 
isomer models of 2 are shown.

Electronic energies of spin transition for pentanuclear species. 
The electronic energy of the LS → HS transition (Eel) is the difference 
between the calculated electronic energies of the LS and HS states. 
It is the main component of the spin transition energy. As the 
volume change (pΔV) for SCO systems is negligible, the spin 
transition energy can be considered equivalent to the enthalpy 
change.³² The actual spin transition energy is the sum of Eel and the 

vibrational energy change which may be a significant part of  Eel 
(see ESI and ref.23).  The calculated Eel values depend on the 
exchange-correlation functional used, yet the stabilisation trends 
of a given spin state within a series of complexes are usually 
reproduced reasonably well.³²,³³,³⁴ The results of the electronic spin 
transition energy calculations are presented in Table 1. First, let us 
look at the results obtained for the pentanuclear models using the 
B3LYP functional with dispersion corrections (second column in 
Table 1). Only systems with the same ligand core can be compared, 
i.e. 1 and 2, and 3 and 4, respectively. For the latter pair, all three 
approaches (B3LYP, B3LYP/D3 and B3LYP*) reproduce the 
experimentally observed high stabilisation of the HS state for 4 
compared to the SCO state of 3. Conversely, the Eel values obtained 
for 1 and 2 differ significantly, despite the transition temperatures 
for both complexes lying over 300 K. This energetic difference 
appears to be offset to some extent by vibrational entropic effects 
(see ESI).

From cationic mononuclear complex to the polynuclear chains. 
The effects of structural changes on the calculated spin transition 
energies of the model molecules. 
The data in Table 1 show the spin transition energies calculated for 
the different models of molecules 1–4. 
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Figure 9. The dependence of electronic spin transition energies (per one Fe centre) on the level of modelling of the chain structures of 1-4. 
Interestingly, if the solvent molecules of CH3CN are included in the calculation of the pentanuclear model of 3 (being the next approach to model 
the interactions seen in X-ray structure) the Eel per one Fe centre is lowered by ca. 1 kJ∙mol-1.

These begin with the isolated dicationic mononuclear models and 
progress through mononuclear species with two anions to 
pentanuclear chain models, with and without dispersion 
correction. These results are shown schematically in Figure 9. When 
modelling mononuclear systems, both chelating and monodentate 
tetrazole ligands were modelled with an n-propyl group, as shown 
in Figure 10. 

Figure 10. Example of the mononuclear cationic model used in calculations.

We will start by discussing the results for the optimised geometries 
of the mononuclear dicationic models. The calculated Eel values 
shown in Table 1 (sixth column) align with the observed trend in 
SCO properties (assuming that the T1/2 sequence depends solely on 
Eel). The Eel values for 1 and 2 are very close, while the value for 4 is 

small, indicating relative stabilisation of the HS state. Additionally, 
Eel for 3 is lower than for 1 and 2, indicating lower T₁/₂ values, and 
higher than for 4. Comparing these values with those obtained for 
the monomer geometries corresponding to the pentanuclear 
models (Table 1, fifth column) reveals an increase in Eel for 1–3 and 
a decrease for 4. Furthermore, the Eel value for 3 approaches those 
for 1 and 2. Therefore, the change in the geometry of the 
mononuclear unit when transitioning from the isolated [FeN6]²⁺ 
unit to the chain system solely tunes the ligand-field strength. 
However, the picture changes if the calculations involve two anions 
close to the mononuclear unit. These calculations used the above-
discussed geometries, with the positions of the BF₄⁻ anion taken 
from the optimised structures of the HS and LS models. For 1–3, the 
choice of anion was straightforward. For 4, however, two different 
pairs of anions were considered (see the caption of Table 1 for 
details). Including the anions in the Eel calculations yielded values 
of 31–34 kJ·mol-1 for 1–3 (see Table 1, seventh column), suggesting 
that the anions stabilise the LS state. The situation is more complex 
for 4, where there are two values of electronic energy for both the 
LS and HS isomers, corresponding to the two different 
arrangements of the BF₄⁻ anions found in the optimised structure 
of the pentanuclear models. Eel values of -19 and +30 kJ·mol-1 were 
obtained, respectively. Surprisingly, the model involving all four 
anions around the mononuclear cations yielded a value of -4 kJ·mol-
1. Overall, the above results suggest a decisive influence of the 
anions on the effective ligand field.
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Calculations of Eel for the pentanuclear models of the complexes 
under study, performed with the B3LYP approach for geometries 
optimised with the B3LYP/dispersion approach and with no 
dispersion corrections, illustrate the importance of chain formation 
for the relative stability of both spin states. One observes a 
decrease in Eel below the values obtained for the mononuclear 
centre with two anions models and differentiation of Eel for 1–3. 
The corresponding modelling was performed using the B3LYP* 
functional, which is known to increase the stability of the LS state 
of Fe(II) complexes³⁴ compared to B3LYP. This modelling 
reproduces the sequence Eel (1) > Eel(3) > Eel(2) > Eel(4), which was 
obtained using B3LYP (see Table 1), yielding values of 20–24 kJ·mol-
1 for 1–3 and -4 kJ·mol-1 for 4.
The effect of the formation of the chain on the spin transition 
energies can be attributed to interligand interactions and the 
accumulation of positive charge along the chain. Given its negative 
contribution to Eel (stabilising the HS state), these interactions 
appear to be predominantly repulsive in nature. Another possible 
factor is the difference in strain of the bridging ligand between the 
LS and HS spin isomers. Upon the LS to HS transition, the increased 
volume of the coordination units would result in an overall increase 
in intermolecular distances, thus reducing repulsion.²⁸ 

The importance of dispersion effects can be seen by comparing 
B3LYP calculations with and without dispersion corrections. 
Interestingly, while the dispersion effects appear to increase the 
stability of the LS state for the pentanuclear models of 1, 2 and 4 by 
22, 12 and 72 kJ·mol-1 respectively, the effect for model 3 is the 
opposite, with Eel decreasing by 12 kJ·mol-1 when dispersion is 
considered.
It was interesting to perform a similar analysis on a system in which 
both mononuclear and polynuclear chain modifications display the 
SCO property. One such system involves propyl-tetrazol ligands, 
which yield SCO transitions in the hexacoordinated Fe(II) complex³⁶ 
and its 1D analogue³⁷ with 1,3-di(tetrazol-1-yl)propane (5), yielding 
1D chain complexes that are structurally similar to the systems 
studied in this paper. Therefore, we performed calculations on 
different models of complexes involving 1-propyltetrazole ligands, 
using the approach discussed above for 1–4. We also calculated the 
spin transition energy for the optimised structure of the 
mononuclear  [Fe(Pr-tetrazole)₆]+2   and [Fe(Pr-tetrazole)₆](BF₄)₂. 
The results, including the optimisation of [Fe(Pr-tetrazole)₂](BF₄)₂, 
are shown in Figure 11. The obtained pattern resembles that 
previously discussed for modelling 1–4, showing that each 
modelling step brings a different positive or negative contribution 
to the Eel.

 

Figure 11. The calculated Eel values (per one Fe centre) for different models of mononuclear [Fe(Pr-tetrazole)6](BF4)2 and its 1D polynuclear 
analogue [Fe(1,3-di(tetrazol-1-yl)propane)3](BF4)2 modelled as a pentanuclear chain calculated with B3LYP/D3 and cep-31g basis set. The 
values in brackets are  those obtained using 6-31g basis set.
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Figure 12. Several models of the systems under study used to calculate the electronic spin transition energies and the effects revealed at 
the different levels of modelling.

It is important to note at this point that the calculated Eel values are 
not only dependent on the exchange-correlation functional but 
also on the basis set.35 Therefore we performed the calculations for 
the Pr-tetrazole model molecules with the 6-31g basis set.36 
Similarly to the behaviour observed for 1–4 (with the exception of 
the monomeric model of 4 with a proximal C–H–F contact), the 
highest Eel is found for the mononuclear unit of the complex with 
anions in a chain-like geometry. Forming the chain leads to a 
decrease in Eel, which changes moderately when dispersion is 
accounted for. It is important to note that the effect shown in 
Figure 9 does not seem to be related to changes in Fe–N bond 
distances. The DFT modelling results are consistent with the X-ray 
data, which show that there are no significant changes in metal-
ligand bond distances when going from mononuclear to 
polynuclear 1D complexes involving the 1-propyltetrazole 
fragment. The X-ray data give Fe-N bond distances of 1.991 Å³7 and 
1.995/2.004 Å³8 for the mononuclear and polynuclear 1D 
molecules, respectively. For the HS isomer, the respective values 
were found to be 2.185 and 2.182/2.184 Å. DFT modelling of the 
1D chains yields values of 2.177 and 1.990 Å, respectively.
The values for the optimised structures of LS [Fe(ptz)₆]²⁺ and LS 
[Fe(ptz)₆(BF₄)₂ are 2.007 and 1.984 Å, respectively, while those for 
the HS isomer are 2.166 and 2.159 Å. 
It is important to note at this point that the calculated Eel values are 
not only dependent on the exchange-correlation functional but 
also on the basis set.35 Therefore, we performed the calculations 
for the Pr-tetrazole model molecules with the 6-31g basis set.36 The 
obtained values are indicated in parentheses in Figure 11. Not only 
the trends obtained with both cep-31g and 6-31g basis set are 
essentially the same but also the particular Eel values are 
reasonably close to each other. While we previously showed 
comparing the results of Eel calculations for B3LYP and B3LYP* 
functionals that the obtained trends are similar, the above 
comparison for different basis sets seems to imply that while using 
the different basis sets will give the different values of Eel while the 

trend for the series of related molecules may be reproduced (cf. 
ref. 32 and 33c).
In summary, DFT modelling shows that changing from mononuclear 
to polynuclear complexes involving ditopic azole ligands alters the 
spin transition energies. Firstly, the geometry of the cation 
complexes differs between the mononuclear unit and the 
pentanuclear chain. This implies a change in the ligand field. 
Secondly, the difference in anion position between the 
mononuclear and polynuclear models leads to a further change in 
the calculated spin transition energies. The formation of the 1D 
chain, which brings about intermolecular effects, leads to a further 
tuning of the spin transition energies. Meanwhile, the 
corresponding dispersion interactions typically lead to an increase 
in Eel. We also estimated strain differences by calculating ditopic 
ligand energies for optimised LS- and HS pentanuclear geometries 
and determining the mean value for the ligand bound to the central 
Fe(II) in the chains. We calculated the strain energy difference, 
ΔEstrain, as the difference between the mean electronic energies of 
the ligand in the LS and HS states of the optimised modes. The 
obtained values of ΔEstrain are 10, 9, 11 and 15 kJ·mol 1 for 1, 2, 3 
and 4, respectively. This indicates a reduction in ligand strain when 
transitioning from the LS to the HS state, which is consistent with 
previous findings for the mononuclear Fe(II) complex with a 
hexadentate ligand. Conversely, for the pentanuclear model [Fe(Pr-
tetrazole)₂](BF₄)₂, ΔEstrain was calculated to be −11 kJ·mol-1, 
suggesting that ligand strain is lower in the LS state. Figure 12 
shows the effects identified on structural changes when going from 
mononuclear cationic through mononuclear complexes with two 
anions to polynuclear ones involving anions. Modelling the 
interactions between the ligands and the anions indicates the 
importance of proximity to the donor properties of the anion. In 
the case of 3-p1tr1tz, the presence of an anion molecule with a 
2.388 Å contact between the closest fluorine and the triazole C-H 
proton in the presence of a BF₄⁻ anion (corresponding to the LS 
isomer of 4 with proxy geometry, see above) results in a σ-
character ligand, while an isolated ligand reveals a π-donor 
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character. It appears that the orientation of the anion with respect 
to the active hydrogens of the ligand is another factor that 
determines the ligand-field strength. This topic is discussed in detail 
in the Supplementary Materials. The role of vibronic effects in the 
thermodynamics of spin transitions is also discussed in the ESI. 
The values obtained for the electronic spin transition energies of 
the applied models of the isolated chain fragment are an 
alternative to the complex periodic calculations, which themselves 
pose limitations (cf. ref. 23a). This model is affected by the not 
allowing for packing effects. It is not immediately clear how 
including the intermolecular interactions would affect the spin 
energetics of the chain model. The available data for molecular 
crystals of mononuclear SCO complexes (ref. 39) show that (i) 
embedding of the model SCO centre in its crystal lattice brings 
about the shift of Eel  at few kJ/mol (ii) this shift is dependent on 
whether the considered lattice is in HS or LS state. Consequently, 
one may expect the few kJ/mol shift of the Eel when considering the 
packing effects for the pentanuclear models.

Summary

In this report, we present an application of three bitopic ligands: 1-
(5-(2-pyridyl)tetrazol-1-yl)-3-(tetrazol-2-yl)propane (5-p1tz2tz), 1-
(5-(2-pyridyl)tetrazol-2-yl)-3-(tetrazol-2-yl)propane (5-p2tz2tz), 
and 1-(3-(2-pyridyl)-1,2,4-triazol-1-yl)-3-(tetrazol-1-yl)propane (3-
p1tr1tz). These ligands are used to prepare one-dimensional Fe(II) 
coordination polymers. We established that the presence of the 
pyridyltetrazole fragment in the ligand molecule strongly stabilises 
the LS form. The complexes [Fe(5-p1tz2tz)₂](BF₄)2 (1) and [Fe(5-
p2tz2tz)₂](BF₄)2 (2) exhibit complete thermally induced SCO above 
room temperature. In contrast, SCO in the complex [Fe(3-
p1tr1tz)2](BF4)2·CH3CN (3), which contains ligands with a 1,2,4-
triazole ring, occurs at significantly lower temperatures (T1/2 = 114 
K, T1/2 = 131 K), and the complex [Fe(3-p1tr1tz)2](BF4)2·CH3OH (4) 
remains in the HS form down to 10 K. 3 and 4 have the same 
composition in their first coordination spheres; however, their 
structures differ. Thus, in 3, the isolated tetrazole rings are cis-
coordinated, whereas in 4, similarly to 1 and 2, they are trans-
positioned. Furthermore, unlike 1 and 2, in which iron(II) ions are 
collinearly arranged in polymeric chains, the polymeric units in 3 
are zigzag-shaped. DFT modelling of pentanuclear chain 1–4, the 
[Fe(Pr-tetrazole)6](BF₄)₂ complex, and their mononuclear subunits 
revealed complicated changes when transitioning from 
mononuclear cations to linear chain fragments including anions. 
For the mononuclear cation, the difference between the optimised 
geometry and that of the optimised chain units reveals a shift in the 
calculated electronic spin transition energies, indicating ligand-field 
modification. The interaction of the mononuclear complex with the 
anions further modifies the electronic spin transition energy.  
Several intermolecular interactions and strain upon formation of 
the chain give rise to a final modification of the Eel, with dispersion 
making a significant contribution. These effects may account for the 

change in electronic transition energy between the mononuclear 
cation and the pentanuclear unit, which ranges from -4 kJ·mol-1 for 
4 to +23 kJ·mol-1 for the hexacoordinate tetrazole complex [Fe(1,3-
bis(tetrazol-1-yl)propane)₃]BF₄.

Finally, it has to reiterated that taking into account the 
limitations of pentanuclear fragment modelling and the known 
dependence of the calculated spin energetics on the DFT tools the 
results presented here have to be considered as qualitative rather 
than quantitative.

Experimental

Materials and methods: The ligands were synthesised according to 
a method previously reported by us.²⁰ The acetonitrile used for 
synthesising the complexes was distilled over calcium hydride. 
Ethanol was distilled over magnesium ethoxide. Iron(II) 
tetrafluoroborate hexahydrate was used as supplied (Aldrich) 
without further purification. Methanol (≥99.9% HPLC grade, 
Honeywell) was also used without further purification. Elemental 
analyses for carbon, hydrogen and nitrogen were performed using 
a CHNS Vario EL III analyser (Elementar). IR spectra of 1–4 were 
recorded using a 5600 FTIR (Jasco) spectrometer in the range 400–
4000 cm-1 in Nujol (Alfa Aesar). Temperature-dependent 
measurements of the magnetic susceptibility of the complexes 
were carried out with a Quantum Design SQUID magnetometer 
(MPMS-XL-5) under an applied magnetic field of 1 T. Measurements 
were carried out at a rate of 1 K min⁻¹ (cooling and heating). The 
magnetic data were corrected for the signal from the glass tube and 
for the diamagnetic contributions of the sample, estimated from 
Pascal's constants. DSC measurements (Fig. S3) were performed 
using a Mettler Toledo DSC at a rate of 5 K min⁻¹. 
Thermogravimetric analysis was performed using a SETARAM 
SETSYS 16/18 at a rate of 10 K min⁻¹.
X-ray data collection and structure determination. 
The crystals of 1–4, which were suitable for X-ray measurements, 
were obtained directly from the synthesis of macroscopic samples. 
They were then preselected using a Zeiss stereoscopic microscope 
in a nitrogen atmosphere. For the X-ray measurements, single 
crystals of the complexes were placed on loops and protected by a 
drop of oil film. Structural studies of 1–4 were performed using a 
four-circle SuperNova X-ray diffractometer with a microfocus X-ray 
tube and optimised multilayer optics for Mo Kα (λ = 0.71073 Å) or 
Cu Kα (λ = 1.54184 Å) radiation, as well as an Atlas CCD detector. 
The measurement procedure and data reduction were also 
controlled by CrysAlisPro software40, which was also used to 
determine and refine the lattice parameters. Low temperatures 
were achieved using a stream of cold nitrogen gas (Oxford 
Cryosystem cooling device), with temperature stability of 0.1 K. The 
structures were solved using direct methods. All non-hydrogen 
atoms were refined using the full-matrix least-squares technique. 
The hydrogen atoms were modelled as sitting on their parent 
carbon atoms, with their displacement parameters set to 1.2 or 1.5 
times the C or O values. In some cases, the tetrafluoroborate anion 
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and methanol were disordered, so necessary constraints and 
restraints were applied during refinement (EADP, DFIX, DANG and 
SUMP). The SHELXS-2013 and SHELXL-2019/2 programs were used 
for the calculations.41

Synthesis of [Fe(5-p1tz2tz)2](BF4)2 (1). Syntheses of all four 
coordination compounds were carried out under nitrogen 
atmosphere using the standard Schlenk technique. 
To the solution of 30.9 mg (0.120 mmol) of 5-p1tz2tz in 4.0 ml of 
ethanol the 20.3 mg (0.0600 mmol) of Fe(BF4)2·6H2O in 1.5 ml of 
ethanol was added. The obtained yellow solution was left in the 
closed Schlenk flask. After 30 days, red crystals were filtered off and 
washed with ethanol. Yield 18.5 mg (41.5%). 
Anal. found: C, 32.5; H, 3.4; N, 33.8%. Calc. for C20H22B2F8FeN18 (Mw 
= 743.964 g·mol-1): C, 32.3; H, 3.0; N, 33.9%. See Fig. S2a for IR 
spectrum.
Synthesis of [Fe(5-p2tz2tz)2](BF4)2 (2). To the solution of 30.9 mg 
(0.120 mmol) of 5-p1tz2tz in 4.0 ml of ethanol 20.3 mg (0.0600 
mmol) of Fe(BF4)2·6H2O in 1.5 ml of ethanol were was added. The 
obtained pale yellow solution was left in the closed Schlenk flask. 
After 30 days, red crystals were filtered off. Yield 15.1 mg (33.9%). 
Anal. found: C, 32.4; H, 3.3; 
N, 34.0%. Calc. for C20H22B2F8FeN18 (Mw = 743.964 g·mol-1):
C, 32.3; H, 3.0; N, 33.9%. See Fig. S2b for IR spectrum.
Synthesis of [Fe(3-p1tr1tz)2](BF4)2·CH3CN (3). To the solution of 
30.8 mg (0.120 mmol) of 3-p1tr1tz in 2.5 ml of acetonitrile the 20.3 
mg (0.0600 mmol) of Fe(BF4)2·6H2O in 1.5 ml of acetonitrile was 
added. The obtained dark yellow solution was left in the closed 
Schlenk flask. After 13 days, yellow crystals were filtered off. Yield 
15.0 mg (31.9%). Anal. found: C, 37.0; H, 3.5; N, 30.2%. Calc. for 
C24H27B2F8FeN17 (Mw = 783.048 g·mol-1): C, 36.8; H, 3.5; N, 30.4%. 
See Fig. S2c for IR spectrum.
Synthesis of [Fe(3-p1tr1tz)2](BF4)2·CH3OH (4). To the solution of 
30.8 mg (0.120 mmol) of 3-p1tr1tz in 4.6 ml of methanol the 20.3 
mg (0.0600 mmol) of Fe(BF4)2·6H2O in 1.0 ml of methanol was 
added. The obtained yellowish green solution was left in the closed 
Schlenk flask. After 14 days, green crystals were filtered off. Yield 
23.2 mg (50.0%). Anal. found: C, 35.6; H, 3.5; 
N, 28.9%. Calc. for C23H28B2F8FeN16O (Mw = 774.029 g·mol-1): 
C, 35.7; H, 3.7; N, 29.0%. See Fig. S2d for IR spectrum.
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The data supporting this article have been included as part of the Supplementary 
Information. CCDC 2259411, 2259412 (compound 1), 2259413, 2259414 (compound 2), 
2259415, 2259416 (compound 3) and 2259417, 2259418 (compound 4) contain the 
supplementary crystallographic data for this paper. These data can be obtained free of 
charge from 

The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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