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Sub lattice driven spin state ordering and coordination elasticity
in Fe() 1,3,4-thiadiazole complexes

A sublattice-driven spin crossover in the iron(i) complex
[Fe(LPh-TDA)(NCS),]-H,O was investigated by temperature-
dependent XRD, SQUID magnetometry, and Mdssbauer
spectroscopy. Of the two crystallographically independent
Fe() centers, only one undergoes a thermally induced spin
transition, yielding a mixed spin-state lattice. Low-temperature
light irradiation enables access to a hidden fully high-spin state
via LIESST, whereas the fully low-spin state is inaccessible.
This behaviour is explained by crystal packing effects and
coordination elasticity, supported by DFT calculations.
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Understanding the role of co-ligand identity, governing spin-state energetics in many Fe(i) complexes, is
essential for designing responsive spin-crossover materials. We report the synthesis of an unsymmetrical
bis(pyridin-2-ylmethyl)glycyl benzohydrazide-derived ligand, 1-(5-phenyl-1,3,4-thiadiazol-2-yl)-N,N-bis
(pyridin-2-ylmethyl)methanamine (LP""TPA) and its corresponding complexes [Fe(LP""TPA)(NCE),]-H,O
(E = S (C1), Se (C2), BHs (C3)). While the ligand-field strength gradient ranges from weak (NCS™) to strong
(NCBH37), the SCO behaviour of the resulting complexes does not reflect this. Variable-temperature single-
crystal X-ray diffraction, SQUID magnetometry and >’Fe Méssbauer spectroscopy show that there is packing-
induced sublattice spin-state ordering for C1, which has two distinct Fe(i) sites. Of these sites, only one tran-
sitions to the low-spin state in two complexes, while the second remains locked in the high-spin (HS) state.
C2 remains high-spin throughout the entire temperature range, whereas C3 exhibits a complete, one-step
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SCO with Ty, = 153 K. Density functional theory (DFT) calculations help to quantify the energetic origin of the
ordered LS—HS configuration in C1 and demonstrate that intermolecular packing effects override intrinsic
ligand-field trends. These results highlight the dominant role of solid-state organization in dictating SCO be-

rsc.li/dalton havior, even in systems engineered to isolate co-ligand electronic effects.
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Introduction

Molecular materials often exhibit fascinating ordering phenom-
ena, in which the arrangement of molecules within a crystal
lattice dictates their electronic, magnetic, and optical
properties." ™ These effects are particularly pronounced in mole-
cular solids, where the balance between intramolecular electronic
structure and intermolecular packing interactions governs pro-
perties such as magnetism, conductivity, and optical response.
The interplay between electronic configuration, lattice distor-
tions, and intermolecular interactions often gives rise to coopera-
tive behavior in molecular frameworks. Subtle perturbations at
the molecular scale can propagate through the lattice, leading to
stepwise spin transitions, phase coexistence, or partial ordering
of spin states. These phenomena are particularly relevant in
materials exhibiting spin-crossover (SCO) behavior.
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Spin-state ordering is commonly observed in SCO compounds,
where the cooperative interconversion between high-spin (HS)
and low-spin (LS) states produces correlated arrangements of spin
centers within the lattice.”™* In classical SCO systems, non-sym-
metry-breaking transitions result in gradual changes in the HS/LS
population with temperature. A change in molecular volume
accompanies each transition, and when the lattice cannot accom-
modate the strain, symmetry breaking may occur."*°

Theoretical approaches, including Landau theory™® and elastic
models,”""2° have been used to rationalize complex SCO profiles,
such as multi-step or incomplete transitions. These frameworks
highlight the role of lattice elasticity and two distinct order para-
meters: the non-symmetry-breaking parameter ¢, which describes
the electronic instability, and the symmetry-breaking parameter #,
which captures structural rearrangements, both of which govern
the SCO pathway. Stepwise, non-symmetry-breaking transitions
have been reported in mononuclear Fe(n) complexes with two
inequivalent sublattices in the asymmetric unit.*" Each sublattice
exhibits a distinct ligand-field environment and can be described
by an independent order parameter (¢, g.)."> Although chemically
identical, these sublattices may undergo spin transitions at
different temperatures, resulting in a global stepped response.** >

Previous studies from our group have reported various SCO
phenomena, including phase trapping, magnetic bistability,
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and spin-state ordering in 1,3,4-thiadiazole-based complexes,
as well as mono- and dinuclear SCO complexes incorporating
1,3,4-oxadiazole ligands. In some cases, SCO is coupled with
other functional properties, such as luminescence.**?®
Though the spin state of 3d*-3d” complexes is primarily
determined by ligand-field strength, ligand-field effects alone
do not fully account for the observed SCO behavior of Fe(u)

Intermolecular interactions and crystal packing
29,30

complexes.
also play a decisive role.

Herein, we report the synthesis of a tetradentate 1,3,4-thiadia-
zole-based ligand and its Fe(n) complexes with three different
monodentate pseudohalide co-ligands (NCS™, NCSe”, and
NCBHj;"), providing a systematic platform to tune the ligand-field
strength.*’® This series enables a direct correlation between
molecular structure, crystal packing, and spin-state behavior.
Notably, the NCS™ complex exhibits spin-state ordering at low
temperature, highlighting the cooperative interplay between
lattice packing and ligand-field effects. Comprehensive structural,
magnetic, and spectroscopic analyses, complemented by DFT cal-
culations, reveal how phase transitions govern the emergence of
ordered spin states and provide fundamental insight into control-
ling SCO behavior in molecular materials.

Results and discussion
Synthesis

The ligand was synthesised according to the reaction scheme
given in Fig. 1, with slight modifications to our previously
reported ligand synthesis.*® 1-(5-Phenyl-1,3,4-thiadiazole-2-yl)-

View Article Online
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N,N-bis(pyridin-2-ylmethyl)methanamine (L") was syn-
thesised in two steps. Starting from glycine, reductive amin-
ation with pyridinecarboxyaldehyde and sodium trisacetoxy-
borohydride in dichlormethane was performed to obtain bis
(pyridine-2-yl)glycine (1) in low yields (30%).>”*® The obtained
product (I) was then further reacted with N,N'-carbonyldiimi-
dazole (CDI) as coupling agent in dichlormethane coupled
with benzohydrazide in a peptide-like coupling reaction in situ
to obtain N'-(bis(pyridin-2-ylmethyl)glycyl)benzohydrazide.***
Without any further purification or isolation, this was again
further reacted in situ with Lawesson’s reagent in dry tetra-
hydrofuran to obtain the desired 1-(5-phenyl-1,3,4-thiadiazol-2-
yl)-N,N-bis( pyridin-2-ylmethyl)methanamine (L**"™*) in high
yields (85%).*" The obtained ligand L™ was fully character-
ised by a range of techniques including 'H-NMR-, >C-NMR-,
2D-NMR-, IR-spectroscopy and mass spectrometry.

The synthesis of the complexes was carried out under a
nitrogen atmosphere and in dry acetonitrile by using the litera-
ture-reported precursor complexes [Fe(py)s(NCE),], with E = S,
Se, and BH;.?® The desired complexes [Fe(L”™™"*)(NCE),] with
E = S (C1), Se (C2) and BH; (C3) were obtained in moderate
yields. In all three cases, the complexes obtained are air-stable
and fully characterised using a range of techniques, including
IR spectroscopy, which shows a principal peak at 2047 cm™*
and 2061 cm™, clearly confirming the formation of the com-
plexes C1 and C2 by the characteristic C-N triple-bond stretch-
ing mode. Additionally, in the case of C1, the presence of a
small shoulder close to 2047 cm™" from the C-N triple bond
suggests that the NCS co-ligands are bound to iron centers
within two distinct coordination environments. For complex

(o) — —_
X I B ;) CDI o B
H H
Ho‘n/\NH NaHB(OAc); HOT]/\N > N’NT]/\N
o [DCM] o) [DCM] H o N
\ / W/
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[THF]
z
N I
[Fe(py)a(NCE),] N
,\N E=BHj3, S, Se
_ N Nll,,lFé\ \ W ©\< , N
=Se (C2) ECN N= N
= BH; (C3) \/ “
LPh-TDA

Fig. 1 Multi step synthetic scheme for synthesis of 1-(5-phenyl-1,3,4-thiadiazol-2-yl)-N,N-bis(pyridin-2-ylmethyl)methanamine (LP""TPA),
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C3, the principal peak from the C-N triple bond is very close
to the CO, peak around 2300 cm™*; therefore, it is difficult to
identify. However, it can still be observed in the CO,-corrected
spectrum at 2182 cm™'. The reported values are consistent
with those in the literature for Fe(u) complexes with NCE co-
ligands.*>** The formation of the complex is also confirmed
by shifts of the C-N vibrations of the 1,3,4-thiadiazole core,
which are 1587 ecm™ and 1567 cm™' compared to C1
(1600 cm™" and 1570 cm™"), C2 (1603 cm™" and 1570 cm ™)
and C3 (1604 cm™' and 1571 cm™"). These shifts indicate a
change in electron density due to coordination, as reported for
similar complexes with a 1,3,4-oxadiazole core (Fig. $8-510).>
The X-ray data for all three complexes were collected from
single crystals carefully picked from the mother liquor,
whereas magnetic data and IR spectroscopy were collected
from the pure microcrystalline materials obtained from the
same mother liquor by filtration. Wherever possible, variable-
temperature X-ray data were collected to investigate changes in
bond lengths and other structural parameters associated with
spin crossover. The bulk samples analysed by elemental ana-
lysis indicate that, upon exposure to air over time, the lattice
solvent is exchanged from acetonitrile to water in all cases. In
the HRES mass spectrometry analysis of the complexes, the
principal peak [Fe(L™™"™*)(NCE)]" was found in all three cases,
with E = § (C1), Se (C2) and BH; (C3) confirmed by their corres-
ponding isotopic patterns (Fig. S13-518).

Temperature dependent magnetic properties

To evaluate the impact of variation in the NCE auxiliary ligand
on the ligand field strength of the Fe(u) center, and conse-
quently on the spin crossover (SCO) properties, the tempera-
ture dependence of the magnetic moments was examined for
all three complexes (C1-C3). Temperature-dependent magnetic
susceptibility (ymT) was measured on pure microcrystalline
samples over 10-300 K under heating and cooling.

A T value of 3.09 at room temperature and 2.87 cm?® K
mol ™" at 50 K confirms that the C2 complex remains in the
high-spin state across the entire temperature range (see Fig. 2,
blue curve). These values are in excellent agreement with lit-
erature data for mononuclear high-spin (HS) Fe(u) complexes,
which typically exhibit magnetic moments in the range of
3-4 cm® K mol .>>** The slight decrease in the yyT value
below 50 K can be attributed to a combination of weak inter-
molecular dipolar interactions and the zero-field splitting
effects of the Fe(u) center.

In contrast, complex C3 undergoes a complete one-step
spin transition centered around 170 K (Ty%™ = 7}}, = 170 K).
This is clearly reflected in the change in y\T from 0.08 cm® K
mol ™" at low temperatures to 2.96 cm® K mol ™" at higher temp-
eratures. When this SCO behavior is compared to that of the
related 1,3,4-oxadiazole analog, [Fe(L”™°P*)(NCBHj;),]-0.8H,0-
0.5CH;OH, it is worth noting that the spin transition in C3
occurs more gradually over a 50 K range, likely due to lattice
and solvent effects, as well as differences in crystal packing,
which will be discussed in detail later.*> However, the slight
shift in Ty, from 166 K, for the oxadiazole-based complex, to

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Temperature dependence of the molar susceptibility based on
one [Fe(LPh TPA)(NCE),] unit with E = S (C1; red, %), Se (C2; blue, m) and
BH3 (C3; green, @) depicted in yuT vs. T. The magnetic susceptibilities
were determined between 300-10 K and 10-300 K and the additional
data are shown in the Sl (Fig. S52—-S55). The circle, square and stars rep-
resent the data, while the lines are just guides for the eye.

170 K, for the thiadiazole-based analog, indicates only a small
increase in ligand field strength upon replacing the 1,3,4-oxa-
diazole moiety with a 1,3,4-thiadiazole unit.*> A more pro-
nounced effect seems to arise from the change in the ligand
field strength imposed by the NCSe™ co-ligands. While C2,
which contains NCSe™~ co-ligands, remains in the HS state
throughout the 10-300 K range, C3, which contains stronger
NCBH;™ co-ligands, exhibits a well-defined spin transition at
170 K.

Based on this trend, it was expected that C1, with the
weakest co-ligand (NCST), would remain in the HS state
throughout the temperature range, as would C2. At room
temperature, the observed yyT value of 3.08 cm® K mol™" for
one [Fe(L™™™PA)(NCS),] unit closely matches the values
reported in the literature for HS Fe(u) species, and is in good
agreement with those of C2 and C3. However, upon cooling,
the yT value gradually decreases to 1.41 cm® K mol™ and
reaches a plateau between 30 and 85 K, with a Ty, value of
153 K. The spin switch occurs at higher temperatures than for
C2 with NCSe and at lower temperatures than for C3 with
NCBH;. This behavior deviates from the expected trend based
solely on ligand field strength. The observation of an incom-
plete spin crossover in C1 can be attributed to several struc-
tural and lattice-related factors commonly encountered in
Fe() SCO systems. Partial conversion from the HS to the LS
state is often the result of crystal packing constraints, which
leave a fraction of the molecules in the HS configuration.
Additionally, kinetic trapping of the HS species during cooling
cannot be excluded a priori. Assuming negligible contribution
to the magnetic moment from the low-spin (LS) Fe(u) state
(*Asg, S = 0), the plateau value of 1.41 cm® K mol ™" at 50 K indi-
cates that 46% of the Fe(u) centers are trapped in the HS state.

Dalton Trans., 2026, 55, 2833-2844 | 2835
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To further substantiate the partial SCO behavior observed for
C1, variable-temperature Mdssbauer spectroscopy (vide infra)
and a thorough analysis of the structural data were performed.

Structural characterization and spin
crossover behavior of complexes C1-C3

Single crystals of the three complexes [Fe(L"™"P*)
(NCE),]-solvent (E = SCN (C1), SeCN (C2), BH;CN (C3)) were
investigated by variable-temperature single-crystal X-ray diffrac-
tion (SC-XRD) at 120 K and 240 K (C1) or 230 K (C3). Complex
C1 [Fe(L™™™4)(NCS),]-H,0(0.5MeCN) crystallises in the tri-
clinic space group P, containing two independent [Fe(L**"P*)
(NCS),] units and one solvent molecule in the asymmetric
unit. Both complexes C2 and C3 ([Fe(L"™™"*)(NCE),]-MeCN, E
= Se, BHj;) crystallise in the monoclinic C2/c space group. Each
has one crystallographically independent complex and 2.5
acetonitrile molecules in the asymmetric unit. Key crystallo-
graphic parameters are provided in Tables S3-S7.

Each Fe(u) center in all three complexes is octahedrally co-
ordinated by one tetradentate L™ ligand and two cis-posi-

View Article Online
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tioned pseudohalide co-ligands (NCS™, NCSe™, or NCBH;").
Depending on the co-ligand and temperature, the resulting
FeNg cores display varying degrees of angular and bond-length
distortion. At 120 K, C1 exhibits two distinct iron sites: Fel
and Fe2 (Fig. 3). At 240 K, both are in the HS state with an
average Fe-N distance of 2.18 A (Fe1) and 2.16 A (Fe2). Upon
cooling to 120 K, Fel remains in the HS state with an average
Fe-N distance of 2.17 A, while Fe2 contracts to 1.98 A. This
indicates that only Fe2 undergoes an HS — LS transition.****
This is also reflected in the trigonal twist angle, which
decreases from 92.8° at 240 K to 43.9° at 120 K for Fe2, but
changes only slightly for Fe1 (109.3° — 108.1°).*

For C2, the Fe atom is disordered over two positions (85: 15
ratio) with average Fe-N bond distances of 2.17 + 0.08 A and
2.06 = 0.11 A, and corresponding distortion parameters of
101.7° and 49.6°, respectively.>*** These values are consistent
with the high-spin configuration. Finally, in C3, no Fe-site dis-
order is observed. The average Fe-N distance at 120 K is 1.97 +
0.02 A, characteristic of the LS state, whereas at 230 K it
increases to 2.15 + 0.05 A, indicative of a HS state.*>*® The dis-
tortion parameter rises from 49.6° to 86.9°, confirming a ther-
mally induced spin crossover (SCO) (Fig. 4).

Fe2 LS (120 K)

Fig. 3

2836 | Dalton Trans., 2026, 55, 2833-2844
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Iron(i)—nitrogen bond lengths for the two crystallographically independent, Fel and Fe2, iron(i) centers, in C1 at 120 K and 240 K.
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Fig. 4 Metal donor bond distances at 120 and 230 K for [Fe(LPh"TDA)(NCBH3),]-H,O (C3).

Comparison of C2 and C3 cell parameters according to the
relation

=90 4 008
(@+b+c)

(B. Ribér et al.**) indicates that both are isostructural and iso-
morphous, despite differing co-ligands.*’***> Their nearly
identical cell volumes (C2: 6508 A% C3: 6439 A® at 120 K)
support this conclusion. At 230 K, the cell volume of C3
increases by about 4%, consistent with a spin-state change
from LS to HS. In contrast, C2 remains essentially unchanged,
confirming a locked HS configuration.

Packing motifs play an important role in modulating the
SCO behavior of complexes.*® Thus, the intermolecular inter-
actions of the complexes C1-C3 are discussed in more detail
here. In C2 and C3, adjacent [Fe(L™™"™4)(NCE),] molecules
form dimers via strong n-n interactions between the 5-phenyl-
1,3,4-thiadiazole rings, with plane-to-atom distances of 3.558 A
(C2 at 120 K), 3.377 A (C3 at 120 K), and 3.523 A (C3 at 230 K).
Beyond these dimers, only weak n-n interactions are present
between the tilted pyridyl rings (Fig. S39, S40, S45, S46, S50
and S51). Solvent molecules occupy channels along the c-axis,
where the sulfur atoms of the thiadiazole rings and the Se or
BH; atoms/groups of the co-ligands point toward the interior
(Fig. S38, S44 and S49). The complexes therefore behave as iso-
lated n-n-linked dimers, with limited long-range cooperativity.

In C1, the packing arrangement is distinctly different. Two
types of [Fe(L™™™P)(NCS),] units (Fel and Fe2) are present,
forming homologous pairs (Fel-Fel, Fe2-Fe2) separated by
confined solvent molecules rather than channels. The Fel-Fel
dimers exhibit strong n-m stacking between the thiadiazole
and phenyl groups, with plane-to-atom distances of 3.309 A at
120 K and 3.376 A at 240 K. These distances are even shorter
than those in C2 and C3, indicating particularly strong n-m
coupling. No additional hydrogen bonds or n-r interactions
are observed."® The Fe2-Fe2 pairs, in contrast, are more weakly
connected: the 5-phenyl-1,3,4-thiadiazole rings are co-planar
but laterally shifted, reducing the orbital overlap. Weak n-n

This journal is © The Royal Society of Chemistry 2026

interactions between pyridyl moieties connect these pairs into
zig-zag chains, creating a more flexible lattice environment.
This structural softness enables partial SCO in C1, localised to
the Fe2 sublattice.

Changes in the Fe-N bond length and the resulting change
in the unit cell volume clearly demonstrate the distinct SCO
behavior throughout the series. For complex C1, only the Fe2
sites undergo conversion to the low-spin (LS) state upon
cooling, while the Fel sites remain in the high-spin (HS) con-
figuration. The coexistence of HS and LS centers within the
same lattice gives rise to spin-state ordering. The unit-cell
volume changes only slightly, from 2515 A® at low temperature
to 2620 A® at high temperature, consistent with approximately
50% of the Fe(u) centers switching. In the case of C2, all struc-
tural parameters confirm a stable HS configuration throughout
the entire temperature range investigated. By contrast,
complex C3 exhibits a complete and gradual SCO, as evidenced
by both SC-XRD and magnetic measurements. Upon warming,
the average Fe-N bond lengths increase from 1.97 A to 2.15 A,
accompanied by a rise in the distortion parameter from 49.6°
to 86.9°, and an expansion of the unit-cell volume by about
4%,

Overall, the combination of structural rigidity, =—x coupling,
and ligand-field strength dictates the degree and cooperativity
of spin crossover in these Fe(u) complexes. The three deriva-
tives [Fe(L™™"™4*)(NCE),] (E = S, Se, BH;) display markedly
different behaviors: C1 exhibits sublattice spin-state ordering
at low temperatures, C2 remains locked in the HS state, and
C3 undergoes a complete, one-step SCO with T}, = 153 K.

Variable-temperature Mossbauer
spectroscopy

As illustrated in Fig. 5 and Table 1, the M6ssbauer spectrum at
77 K was analyzed using two components, each with a 50%

relative contribution, that can be assigned to two different iron
centers in C1. Component 1 shows an isomer shift § =

Dalton Trans., 2026, 55, 2833-2844 | 2837
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Fig. 5 Mossbauer spectra of compound C1 at (a) 90 K, (b) 150 K, (c)
210 K and (d) 270 K. The open circles show the experimental data
obtained at the respective temperatures, the red solid lines represent
simulations based on Lorentzian line shapes. The simulation parameters
are listed in Table 1.

1.08 mm s~' and a quadrupole splitting AE, = 2.62 mm s .

These parameters are characteristic of an HS iron(n) in an octa-
hedral ligand field and are assigned to the HS state of Fe1."”
Component 2, on the other hand, exhibits § = 0.45 mm s~
and AEq = 0.25 mm s~ . Such low values of the isomer shift
and quadrupole splitting can be attributed to an LS iron(u) ion
in an octahedral field and are assigned to the LS state of Fe2.*”

With increasing temperature, component 3 emerges
showing § =1.04 mm s~ and AEq = 2.71 mm s~ and a relative

1
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contribution of 19% at the cost of component 2 at 150 K
(Fig. 5b). These parameters are typical of HS iron(u). Therefore,
component 3 is assigned to the HS state of Fe2. This shows
that a thermal spin transition from the LS to the HS state
occurs in Fe2. In contrast, increasing the temperature results
in nearly constant values of the isomer shift and quadrupole
splitting for Fel (component 1). Only § is slightly reduced due
to the second order Doppler shift. This means that Fel is in
the HS state at all experimentally accessible temperatures,
which is consistent with the magnetic susceptibility measure-
ments and supports the structural analysis’s conclusions.
Further increase of the temperature to 270 K leads to the com-
plete spin transition to the HS state of Fe2 (Fig. 5d) in perfect
agreement with the magnetic measurements and the crystal
structure.

DFT modelling

For the [Fe(L”™™4)(NCE),] complexes with E = S (C1), Se (C2)
and BHj; (C3), clearly the packing effects play just as significant
a role as the ligand field strength. In the isomorphous structures
of C2 and C3 the ligand field strength is the crucial factor to
observe spin transition or not. With a weaker ligand field
induced by the NCSe~ ligands no spin transition can be
observed (C2), while the stronger ligand field of NCBH;™ leads
to a spin crossover at 170 K. For C1 the packing is obviously the
most important factor. Although the coordination environments
of [Fe1(LP*™A4)(NCS),] and [Fe2(L"""™*)(NCS),] are nearly iden-
tical, their behaviour is completely different when cooled. Thus,
we examined the elastic effects of packing via DFT calculations.

First, we calculated the ground state energies of the HS
(Eus) and the LS (Eyg) states for the isolated molecules C1-C3.
This yields the electronic spin transition energies E° = Eyg —
Eps. Next, for compound C1 we estimated the effect of the
lattice which has a spin occupation of HS:LS = 1:1 at low
temperatures on the spin transition energies of the sites Fel
and Fe2. For this purpose, we used the method recently pro-
posed by us.*®

In this approach, spin transition energies are calculated in
the E¢”** model by optimizing the geometry of the LS and HS
states of the molecules in the environment of their neigh-
bours, using coordinates taken from the crystal structure. The
geometry of the neighbours remains fixed. For C1 a model
containing 22 complex molecules and 11 MeCN molecules,

Table 1 Mossbauer parameters of Fel and Fe2 of the complex C1 as obtained from the analysis of the experimental data displayed in Fig. 5. The

line width I"is 0.30(2) mm s~ for all components

Fel Fe2

Component 1 Component 2

Component 3

T[K] 6 [mms™] AEq [mms™'] Area [%] 6 [mm s AEq[mm s™'] Area [%] & [mm s AEq [mms™'] Area [%]
90 1.08(2) 2.62(3) 50 0.45(3) 0.25(4) 50

150 1.05(2) 2.46(3) 50 0.42(3) 0.24(4) 31(3) 1.04(2) 2.71(3) 19(3)
210 1.03(2) 2.16(3) 50 0.38(3) 0.23(4) 9(3) 1.02(2) 2.51(3) 41(3)
270 0.97(2) 1.92(3) 50 0.95(2) 2.30(3) 50
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which are present in the crystal lattice, was used. As in the pre-
vious paper the high-spin molecules that were not optimised
were replaced by the diamagnetic Zn(u1) analogues in order to
minimise the computational effort.*® The observed disorder
arising from the deviation of the 5-phenyl-1,3,4-thiadiazole moi-
eties at the Fel pairs in the single-crystal structure of C1 was
neglected in the model, since it has no influence. As the inver-
sion centre lies between the moieties, both isomers are present
in equal amounts and thus have the same intermolecular inter-
actions. Furthermore, the disorder associated with Fe2 and the
NCS coligand was also disregarded, as it corresponds to partially
unswitched high-spin Fe(u). At temperatures below 85 K, the
system exhibits a 50: 50 distribution of high-spin (HS) and low-
spin (LS) Fe(u). Since the crystal structure was measured at
120 K, the disorder was not explicitly modelled. The model used
is depicted schematically in Fig. 6. The optimised structures are
given as pdb and xyz files in SI.

HS:
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Two molecules at the centre of the model assembly were
optimised for four possible spin states: both in the LS state
(LS-Fe1-LS-Fe2) (3); both in the HS state (HS-Fel-HS-Fe2) (4);
Fel in the HS state and Fe2 in the LS state (HS-Fel-LS-Fe2,
corresponding to the crystal structure at low temperatures) (1);
and Fel in the LS state and Fe2 in the HS state
(LS-Fe1-HS-Fe2) (contrary to what is observed in the crystal
structure) (2). Details of how the particular spin distributions
were achieved can be found in the Computational methods
section in the SI. The geometry of the other thirteen complex
molecules and the solvated acetonitrile molecules was frozen.
The optimised systems are provided as PDB files in the SI. The
combined results are given in Table 2.

The absolute values of the obtained electronic spin tran-
sition energies E, are highly dependent on the applied
exchange-correlation functional.*®*? Therefore, it is important
to compare the obtained values within a series of related mole-

- @

Tegese

0 o &
€
Q ()

o I X |
2|6 €)@ &2
(vl

(4)

Fig. 6 Graphic representation of the model of the low-temperature crystals structure of C1 used for the DFT calculations for the four cases con-
sidered: (1) HS-Fel—-LS-Fe2 (as observed in the crystal structure), (2) LS-Fel—-HS-Fe2 (inverse to the situation observed in the crystal structure), (3)
LS—LS and (4) HS—HS. The complexes are simplified by circles (red = high spin state iron(i)) and blue circle (low spin state state). The molecules in
the black box were optimised. The molecules out of the box, as well as MeCN, were kept frozen during optimization. To reduce the computational
time, the frozen Fe2 molecules were modelled as the Zn(i) analogues.

Table 2 First column: DFT (CAM-B3LYP/CEP-31G/D3) calculated values of E5° in (k3 mol™) for C1, C2 and C3. Second column: electronic energies
of the three different spin isomers of the C1 crystal model taken relative to the HS-Fel—HS-Fe2 spin isomer model. Third column: spin transition

energies to the 2HS isomer. Fourth column: calculated values of Heastic

Models of crystal of C1/

Isolated molecule/ELS° relative electronic energies B Helastic
c1 -34 LS-Fel1-LS-Fe2 37° [2LS — 2HS]" -37 -31°
C2 -28 HS-Fel-LS-Fe2 19 [Fe1"™Fe2™® — 2HS] -19 -15
C3 -21 LS-Fe1-HS-Fe2 29 [Fe1"SFe2™® — 2HS] -29 -5
HS-Fel-HS-Fe2 0
[Fe(L"P4%),(NCS),]? -18 [LS — HS] LS matrix -9 -9
[LS — HS] HS matrix -20 2

“ For two switching centres. © Ref. 48.
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cules/molecular assemblies. In this respect, the calculated
values for the isolated complex molecules C1-C3 suggest that
C3 (E° = —21 kJ mol™") is the molecule with the lowest stabi-
lization of the HS state. This is the only one of the three
systems displaying the full HS-to-LS transition in the 300-10 K
range. The calculated energies of the isolated molecules are in
perfect agreement with the increase in ligand field strength
from NCS™ < NCSe™ < NCBHj; . Stronger ligand field strength
stabilizes the LS versus the HS i.e. destabilizes the HS versus
the LS in the order C3 > C2 > C1. Complex C1 with the lowest
value of E° = —34 kJ mol™" shows partial switching of the
iron(u). This leads to the conclusion that packing effects
present in the crystal lattice of C1 allow the LS state for 50% of
the molecules at low temperatures.

Modelling four C1 structures using a 22-molecule assembly
reveals the relative energies of four different spin-state distri-
butions in Fel and Fe2, while keeping the matrix identical to
that of the crystal structure of the low-temperature phase of
C1.

(i) The HS-Fe1l-HS-Fe2 spin isomer has the lowest energy,
while the LS-Fe1-LS-Fe2 spin isomer has the highest energy.

(if) The HS-Fe1-LS-Fe2 spin isomer, which corresponds to
that observed at low temperatures, is 19 k] mol™* higher in
energy than the HS-Fe1-HS-Fe2 isomer and 10 k] mol™" lower
than the LS-Fel-HS-Fe2 isomer, ie., the isomer with the
inverted spin distribution of the Fel and Fe2 centers. This
result indicates the influence of the crystal lattice of the low-
temperature phase, in which the LS-Fe1-HS-Fe2 spin isomer is
a double-center defect. To quantify the effect of the lattice on
the spin transition energies compared to that calculated for
the isolated molecules we now introduce the parameter Hejastic,
which we define as the difference between the spin transition
energy calculated for the isolated molecule EX° and the spin
transition energy obtained for the model crystal 5. It is well
known that Ei$° reflects the effects of the ligand field differ-
ences between spin isomers that may be tuned by the ligand
strain effects.”’ In addition to the ligand field differences,
ES™" also contains contributions from intermolecular inter-
actions in the crystal and hence reflects the elastic interaction
between the lattice and the center of a given spin.

In our model system there are three possible spin tran-
sitions: (i) LS Fel and LS Fe2 undergo spin transition: [2LS —
2HS], (ii) Fel remains HS and only Fe2 undergoes spin tran-
sition: [Fe1™SFe2"® — 2HS], and (iii) Fe2 remains HS and only
Fel undergoes spin transition: [Fe1"*Fe2"® — 2HS].

View Article Online
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For (i) [2LS — 2HS] we have calculated Hejasiic = —31 kJ mol ™
(2 x —34 + 37) which amounts to —15.5 k] mol™" per Fe(u)
centre. That suggests an average stabilization of the LS-pair with
one LS-defect compared to the isolated molecules. For (ii)
[Fe1™ Fe2" — 2HS] we obtain Hejagic = —15 kJ mol™, pointing
to a similar stabilization of the LS-state in the lattice, compared
to the isolated molecule. For (iii) [Fe1"*Fe2™ — 2HS] we get
Helastic = —5 kJ mol™, indicating a low effect of the lattice on the
LS — HS spin transition in the matrix corresponding to the low-
temperature structure. Hence, the results imply generally the
stabilisation of the low-spin state by the 1:1 HS-LS lattice com-
pared to the isolated molecule, the effect being the lowest when
the observed occupation of sites Fe(1) and Fe(2) by the high-
spin and low-spins molecules, respectively is reversed. The cal-
culated spin transition values for the related [Fe(L"P%%),(NCS),]
complex we give the Hejugic values of —9 and 2 kJ mol™ for the
LS- and HS-lattice model, respectively pointing to a stabilisation
of the low-spin state by the low-spin matrix.*®

A further insight into the effects of 1:1 LS:HS matrix on
the energy and geometry of the “defects” may be obtained by
comparing the structures of the optimised low-spin and high-
spin molecules for all four patterns of occupation of the Fe(1)
and Fe(2) sites. For this purpose, we performed the point-
energy calculations for the optimised molecules in (LS-Fel-
LS-Fe2), (HS-Fel-HS-Fe2), (HS-Fel-LS-Fe2) and (LS-Fel-
HS-Fe2) pairs. The results are given in Table 3.

It seems that the LS centre has two possible structures,
corresponding to the “regular” one, observed in X-ray for Fe(2)
and the “defect” one differing at 6 k] mol™ in energy.

In Table 4 we compare the calculated bond lengths for
three possible distributions of the low-spin state between Fe(1)
and Fe(2) sites, i.e. two LS/HS systems and the LS/LS one. It is
evident that the low-spin Fe(2) in HS-Fe1-LS-Fe2 and LS-Fel-
LS-Fe2 models are the same, with the larges difference to be
0.002 A for one of the Fe-N,,, bond. Similar consistency occurs
for the two structures bearing a low-spin defect in Fe(1) site.
The main structural difference between the “regular” and
“defect” geometry is the average 0.0365 A elongation of the Fe-
Nihiazole bond for the latter. No other bond reveals a particular
distance difference for both structures. Hence, solely the
above-mentioned elongation in the “defect” structures brings
about the 6 k] mol ™" increase in it energy.

The obtained results for the high-spin bond lengths are col-
lected in Table 5. Again, it seems that both “regular” HS struc-
tures are nearly identical, with largest differences given for one

Table 3 Calculated relative energies (point energies of the isolated molecules) of the low-spin and high-spin molecules for the Fe(1)—Fe(2) pair
optimised with the 22-molecule models of the different spin distributions. The lowest value of four obtained was taken to be zero. The energies of

the “defects” in the LS : HS matrix are given in italics

LS-Fel-LS-Fe2 HS-Fel-HS-Fe2

HS-Fel-LS-Fe2 LS-Fel-HS-Fe2 Fe(1) Fe(2) Fe(1) Fe(2)
Ers/k] mol™ 0 6 6 0
Eys/k] mol™* 1 5 0 4
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Table 4 Calculated low-spin Fe—N distances (in A) for the “regular” (low-spin Fe(2)) and “defect” ones (low-spin Fe(1)) structures for the optimised
models of three spin distributions of the low-spin state. The values for the “defect” are given in italics

LS-Fe1-LS-Fe2

HS-Fe1l-LS-Fe2 LS-Fe1-HS-Fe2 Fe(1) Fe(2)
Fe—Nihiazole 1.968 2.004 2.006 1.969
Fe-Nysps 2.051 2.048 2.047 2.052
Fe-Npy 1.996, 1.996 1.990, 2.006 1.990, 2.006 1.995, 1.996
Fe-Nncs 1.958, 1.967 1.952, 1.971 1.952, 1.973 1.959, 1.969

Table 5 Calculated high-spin Fe—N distances (in A) for the “regular” high-spin structure of the regular (high-spin Fe(1)) and “defect” ones (high-spin
Fe(2)) for the optimised models of three spin distributions of the high-spin state. The values for the “defect” are given in italics

HS-Fel-HS-Fe2

HS-Fel-LS-Fe2 LS-Fe1-HS-Fe2 Fe(1) Fe(2)
Fe—Nihiazole 2.192 2.146 2.144 2.191
Fe-Nysps 2.305 2.311 2.312 2.306
Fe-N, 2.142, 2.142 2.138, 2.161 2.139, 2.162 2.143
Fe-Nnes 2.141, 2.040 2.113, 2.067 2.109, 2.063 2.136, 2.039

of the Fe-Nycg bonds (0.005 A), while the “defect” ones match
equally well with the largest differences found in one of the
Fe-Nyncs bonds (0.004 A). Similarly, the only pronounced
change on going from the “regular” and “defect” structures
concerns the Fe-Niazole, Which is on average 0.0465 A shorter
for the “defect” structures. This pattern, together with a bit
lower energetic effect of distortion effect for the high-spin
isomers resembles the general pattern of elongation of the
low-spin bonds and shortening of the high-spin upon distor-
tion by the lattice.*®*°

Conclusions

In summary, we have introduced a new 1,3,4-thiadiazole-based
tetradentate ligand, LA and demonstrated its ability to
stabilize distinct spin states in a family of iron(un) complexes,
[Fe(L"™™™4)(NCE),] (E = S, Se, BH;). The series of complexes,
C1-C3, reflects the dependence of spin-crossover (SCO) behav-
ior on the ligand-field strength of the coordinated pseudoha-
lides, following the order NCS™ < NCSe~ < NCBH;™. In C1, the
weaker NCS™ co-ligand generates a small ligand-field splitting
and a distorted coordination environment, giving rise to sub-
lattice spin-state ordering at low temperature: n-n-stacked Fel
dimers remain locked in the high-spin (HS) state, while more
flexible Fe2 sites undergo partial SCO. In C2, substitution by
the slightly stronger NCSe™ co-ligand enhances the ligand
field, but due to packing effects, C2 remains locked in the HS
state throughout the measured temperature range. By contrast,
C3, containing the strongest-field NCBH;™ co-ligand, stabilizes
the low-spin (LS) state at low temperature and undergoes a
complete SCO centered around Ty, = 153 K.

The observation of ordered LS-HS sublattices in C1 under-
scores the delicate balance between electronic and cooperative

This journal is © The Royal Society of Chemistry 2026

effects that dictates bistability. Complementary DFT calcu-
lations provide quantitative insight into the energetics of the
spin states, clarifying the role of ligand-field strength, coordi-
nation geometry, and the choice of co-ligand in collectively
determining SCO behavior. Together, these results position
the (L™ *)-Fe(u)-NCE framework as a versatile platform for
engineering spin-state ordering and controllable SCO phenom-
ena, advancing design principles for multifunctional mole-
cular switches and enabling the rational exploitation of
ordered spin states and photoinduced phase transitions in
responsive magnetic materials.

Experimental

All chemicals were purchased from Deutero, Fisher Chemicals,
TCI, Sigma-Aldrich BLD Pharma and Carbolution used
without further purification. Solvents were dried according to
the literature known procedures and used freshly distilled.
NMR spectra were recorded at room temperature with a Bruker
Avance DSX 400 and analyzed with the program MestReNova.>’
Magnetic susceptibility measurements were performed on a
Quantum Design SQUID magnetometer MPMSXL in a temp-
erature range between 5 and 300 K with an applied field of 1
kOe. The ATR-IR spectra was recorded at room temperature on
a Bruker ALPHAII ATR-IR, analysed with the software OPUS
and plotted in Origin 7.5 V5. HRes ESI mass spectra were
recorded on Agilent 6200 series TOF/6500 series G-TOF
(11.0.203.0) at Johannes Gutenberg-University Mainz in aceto-
nitrile. Elemental analysis (Elementar vario EL Cube: C, H,
and N) were measured at the microanalytical laboratories of
the Johannes Gutenberg University Mainz. Solid State UV-Vis
measurement were done with following setup: synchronous
scans of the solid sample and the reference (PTFE plate) were
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measured with a FLS1000 spectrometer from Edinburgh
Instruments equipped with a cooled photomultiplier detector
PMT-980 and BaSO, was used as matrix. A xenon arc lamp Xe2
(450 W) was used for excitation. The measurements were
carried out using a liquid nitrogen cooled MicrostatN from
Oxford Instruments combined with the Cryosphere from
Edinburgh Instruments. X-ray diffraction data were collected
with STOE STADIVARI at the Johannes Gutenberg University
Mainz. The structures were solved with ShelXT and refined
with ShelXL implemented in the program Olex2.>'>* The X-ray
cif file data are deposited on the Cambridge CCDC database
with identification numbers 2480291-2480295.

Mossbauer experiments were performed in transmission geo-
metry in time-scale mode in conjunction with a 512-channel
analyzer (WissEl GmbH, Starnberg, Germany). Variable tempera-
ture measurements were performed using a contiuous flow cryo-
stat (Optistat™™, Oxford Instruments, Abingdon, UK). The radio-
active source consisted of *’Co diffused in Rh with an activity of
1.67 GBq. The calibration of the spectrometer was carried out
against o-iron at room temperature. The analysis of the spectral
data was accomplished using least-squares fits and Lorentzian
line shapes employing the public domain program Vinda
running on Excel 2003® platform.>*

DFT calculations were performed with Gaussian 16 > using
the CAM-B3LYP*® functional and the cep-31g basis® >° set
with Grimme D3 dispersion correction.®® Further details of cal-
culations are given in SI.

Ligand synthesis

Bis( pyridine-2-yl)glycine (I). Glycine (3.00 g, 79.93 mmol, 1.0
eq.) was suspended in 80 mL DCM under nitrogen atmo-
sphere. Under cooling with ice sodium trisacetoxyborohydride
(21.18 g, 99.91 mmol, 2.5 eq.) was added and stirred. After
10 minutes a solution of 2-pyridinecarbaldehyde (7.60 mL,
79.93 mmol, 2.0 eq.) in 20 mL dichloromethane was added. The
cooling was replaced, and the yellowish suspension was allowed
to warm up overnight. 70 ml saturated sodium bicarbonate solu-
tion was added and after 30 minutes the two phases were
extracted, and the aqueous phase was extracted twice with 150 mL
DCM. The organic phase was dried over sodium sulphate and the
solvent was removed under reduced pressure. The crude product
was purified via column chromatography (dichloromethane:
methanol; 90:10). RF(dichloromethane: methanol; 90:10) =
0.15. The product was isolated as brown powder (3.113 g,
12.10 mmol, 30%)."H-NMR (400 MHz, chloroform-d §(ppm)):
8.59-8.53 (m, 2H), 7.67 (td, J = 7.7, 1.8 Hz, 1H), 7.33-7.29 (m, 1H),
7.23 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H), 4.1 (s, 2H), 3.61 (s, 1H).

1-(5-Phenyl-1,3,4-thiadiazol-2-yl)-N,N-bis( pyridin-2-ylmethyl)
methanamine (L”™"P4). Bis(pyridin-2-ylmethyl)glycine (3.00 g,
11.66 mmol, 1 eq.) was solved in 80 mL dichloromethane
under nitrogen atmosphere and ice cooling.
Carbonyldiimidazol (1.89, 11.66 mmol, 1eq.) was added to the
solution and stirred for 1 h. Afterwards benzohydrazide (1.59,
11.66 mmol, 1eq.) added and the suspension was stirred over-
night. The solvent was removed under reduced pressure and the
residue was solved in 100 ml dry THF under nitrogen atmo-
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sphere. Lawesson’s reagent (5.16 g, 12.76 mmol, 1.1 eq.) was
added and the yellow solution was stirred under reflux over-
night. The solvent was removed under reduced pressure. The
residue was mixed with 300 mL DCM and 75 mL saturated
bicarbonate solution and extracted. The organic phase was twice
washed with 75 mL saturated bicarbonate solution, dried over
sodium sulphate and the solvent was removed under reduced
pressure. The crude product was purified via column chromato-
graphy (dichloromethane : methanol; 95:5). The product was
isolated as brown powder (3.69 g, 9.87 mmol, 85%). RF
(dichloromethane : methanol; 95: 5) = 0.21. "H-NMR (400 MHz,
chloroform-d &(ppm)): 8.60 (ddd, J = 4.9, 1.9, 0.9 Hz, 2H),
8.00-7.95 (m, 2H), 7.71 (td, J = 7.7, 1.8 Hz, 2H), 7.55 (dt, ] = 7.8,
1.1 Hz, 2H), 7.51-7.47 (m, 3H), 7.21 (ddd, J = 7.5, 4.9, 1.2 Hz,
2H), 4.23 (s, 2H), 3.98 (s, 4H). *C NMR (101 MHz, chloroform-d
5(ppm)): 170, 169, 158, 149, 137, 131, 130, 129, 128, 123.17, 122,
60, 53. FT-IR: & (cm™) = 2935, 2820, 1587, 1567, 1474, 1456,
1431, 1358, 1309, 1240, 1181, 1143, 1110, 1085, 1064, 1043,
1026, 995, 975, 961, 914, 889, 875, 835, 773, 756, 684, 625, 608,
577, 519, 507, 402; ESI-MS (m/z): calc. for [CpHp,NsS;]"
expected: 374.14 (100.00%); found: 374.143 (100.00%); elemen-
tal analysis calculated for L™™* 0.4 DCM (Cy; 4H,1sN5SClyg):
C, 63.54, H, 4.90, N, 16.45. Found: C, 63.83, H, 5.21, N, 16.62.

Complex synthesis

The precursor complex [Fe(py)s(NCS),], [Fe(py)i(NCSe),] and
[Fe(py)s(NCBHj;),] were synthesised accordingly to literature
known procedure.**

[Fe(L”™™4)(NCS),] (C1). The following reaction was carried
out in a glovebox under an inert atmosphere. [Fe(py)4(NCS),]
(231.0 mg, 0.3143 mmol, 1 eq.) was suspended in 16 mL dry
acetonitrile and stirred for 30 minutes. The suspension was
added to a solution of L™*™P4 (174.5 mg, 0.4672 mmol, 1 eq.)
in 2 mL of acetonitrile and the resulting orange mixture was
stirred for 1 h. The reaction mixture was filtered and set for
slow evaporation. Orange crystals suitable for X-ray diffraction
were obtained after four days of slow evaporation directly from
the mother liquor and the microcrystalline material was
obtained by filtration in moderate yield (173 mg, 0.4672 mmol,
67%) was used for other bulk analysis. FT-IR: 7 (cm™") 2914,
2047, 1600, 1570, 1459, 1432, 1348, 1307, 1250, 1148, 1097,
1048, 1017, 988, 954, 874, 823, 795, 762, 733, 688, 641, 511,
492, 471; ESI-MS (m/z): calc. for [C,H;oFeNgS,]" expected:
487.05 (100.00%); found: 487.05 (100.00%); elemental analysis
calculated for [Fe(L™"™4)(NCS),]H,O (C,3H,;FeN;0S;): C,
49.21, H, 3.86, N, 17.15. Found: C, 49.03, H, 3.76, N, 17.40.

[Fe(LP™™4)(NCSe),] (C2). The following reaction was carried
out in a glovebox under an inert atmosphere. [Fe(py).(NCSe),]
(231.0 mg, 0.4672 mmol, 1 eq.) was suspended in 16 mL dry
acetonitrile and stirred for 30 minutes. The suspension was
added to a solution of L™*™P4 (174.5 mg, 0.4672 mmol, 1 eq.)
in 2 mL of acetonitrile and the resulting yellow mixture was
stirred for 1 h. The reaction mixture was filtered and set for
slow evaporation. Yellow crystals suitable for X-ray diffraction
were obtained after four days of slow evaporation directly from
the mother liquor and the microcrystalline material was
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obtained by filtration in moderate (179 mg, 0.2781 mmol,
60%), was used for other bulk analysis. FT-IR: & (cm™") 2905,
2061, 1763, 1603, 1570, 1476, 1458, 1438, 1349, 1304, 1282,
1254, 1171, 1153, 1097, 1073, 1048, 1017, 998, 969, 955, 940,
896, 874, 823, 759, 732, 690, 640, 618, 581, 511, 496, 476, 447,
423; ESI-MS (m/z): cale. for [Cy,H;oFeNgSSe]™ expected: 535.0
(100.00%); found: 535.0 (100%); elemental analysis calculated
for [Fe(L"™"™*)(NCSe),]-H,O (C,3H,;FeN,0;SSe,): C, 42.10, H,
3.28, N, 13.64. Found: C, 42.03, H, 3.22, N, 14.92.

[Fe(L™ ™™ *)(NCBH;),] (C3). The following reaction was
carried out in a glovebox under an inert atmosphere. [Fe
(py)a(NCBH3;),] (107.0 mg, 0.2336 mmol, 1 eq.) was suspended
in 8 mL dry acetonitrile and stirred for 30 minutes. The sus-
pension was added to a solution of LP™™P4 (87.25 mg,
0.2336 mmol, 1 eq.) in 1 mL of acetonitrile and the resulting
mixture was stirred for 1 h. The reaction mixture was filtered
and set for slow evaporation. Brown crystals suitable for X-ray
diffraction were obtained after four days of slow evaporation
directly from the mother liquor and the microcrystalline
material was obtained by filtration in moderate (29.75 mg,
0.05845 mmol, 25%), was used for other bulk analysis. FT-IR: 0
(em™) = 2916, 2338, 2182, 1626, 1604, 1571, 1479, 1460, 1441,
1351, 1316, 1287, 1252, 1115, 1050, 1020, 989, 956, 880, 805,
760, 733, 689, 642, 578, 511, 493, 454, 417; ESI-MS (m/z): calc.
for [C,3H,4BFeNS]" expected: 469.11 (100.00%); found: 469.11
(100.00%); elemental analysis calculated for [Fe(L*™™"P*)
(NCBH3),]-H,0 (C,4H,0B,FeN,0S): C, 52.27, H, 4.91, N, 19.24.
Found: C, 52.42, H, 5.16, N, 18.60.
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