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Spin-crossover tuning in synergistic luminescent
Fe(II) coordination compounds via topochemical
[4 + 4] photocycloaddition of an anthracene-
based ligand

Matthias Schöbinger, *†a Martin Huber, †a Sophia Mundigler, †a

Berthold Stöger, b Michael Reissnerc and Peter Weinberger a

Coordination polymers (CPs) designed to couple spin crossover (SCO) and photoluminescence (PL) pro-

perties hold significant potential for sensor applications, enabling optical readout of spin states. We report

the synthesis of the novel ligand L1 (1-(anthracen-9-ylmethyl)-1H-tetrazole), which undergoes a revers-

ible [4 + 4] photocycloaddition to form the head-to-tail dimer L2 – a ditopic tetrazole ligand, key to the

design of CPs. Utilizing these ligands, we synthesized a family of Fe(II) anthracene based SCO-PL coordi-

nation compounds with varying dimensionalities: 0D ([FeL14(CH3CN)2](ClO4)2·2CH3CN, 1), 1D ([FeL12L2

(CH3CN)2](ClO4)2·2CH3CN, 2) and 2D ([FeL22(CH3CN)2](ClO4)2·2CH3CN, 3). Notably, L1 retains its photo-

reactivity after coordination in 1, and the subsequent polymerization of 1 to 2 represents a rare example

of a topochemical reaction. Magnetic studies confirmed thermally induced SCO behavior in all three

coordination compounds (1–3), with increasing cooperativity correlating with greater structural rigidity.

Variable-temperature PL spectra revealed an interplay between the spin transition and PL in 2 and 3,

showing PL quenching in the low-spin state, which diminishes as the high-spin state population increases.

Our findings provide a platform to further develop synergistic SCO-PL CPs with tunable magneto-optical

properties, paving the way for future applications.

Introduction

The spin crossover (SCO) phenomenon was first discovered by
Cambi et al. (1931)1 and describes the switch from a high-spin
(HS) state to a low-spin (LS) state and vice versa of 3d4–3d7

coordination compounds by external stimuli such as
irradiation, temperature, or pressure, among others.2–4 The
spin transition is inherently accompanied by significant
changes in the structural, optical, and magnetic properties of
the coordination compound.5–7

Modern materials chemistry is focused on the combination
of the SCO phenomenon with an additional property such as
non-linear optics,8 electrical conductivity,9 chirality,10 lumine-
scence,11–13 host–guest interactions,14 etc., which exhibit syner-
gistic effects with the spin state of the compound.

Multifunctional SCO systems hold great promise for molecular
devices, including sensors, photonic instruments, actuators,
and memory units.15,16 In particular, coupling SCO materials
with photoluminescence (PL) properties is a powerful strategy
for applications in photonic switches,17 thermometers,18,19

and sensor devices,20 as the intrinsic fluorescence signal pro-
vides superior contrast and sensitivity, enabling reliable
remote readout of the spin state with high spatial and tem-
poral resolution.11,15,21

Although a considerable amount of successful synergistic
SCO-PL systems already exists in literature, the development of
new SCO-PL systems remains a major challenge and often
results in unpredictable changes or even loss of SCO and/or PL
properties.12,13

One established approach is the design of molecular
SCO-PL systems where the luminescent unit is part of the coor-
dinating ligands, enabling unambiguous structure–property
conclusions. Recent literature on molecular SCO-PL systems
particularly often proposed mechanistic coupling to the
Förster resonance energy transfer (FRET) mechanism – a non-
radiative process that relies on spectral overlap between the
absorption band of the SCO complex and the emission band
of the luminophore. In contrast, radiative energy transfer†These authors contributed equally.
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(emission-reabsorption) becomes more significant at longer
distances between the SCO and PL units.11 Moreover, although
assessing the extent to which structural changes associated
with the SCO process modulate emission beyond electronic
coupling is challenging, their impact should not be
underestimated.22,23

Anthracene, which is known for its high thermal stability,
strong luminescence and charge transfer properties,24–26 has
already been successfully incorporated into SCO-PL
systems.27–31 In addition to these favorable characteristics,
anthracene can undergo a reversible [4 + 4] photocycloaddition
upon UV irradiation to form dianthracene. This transform-
ation adheres to Schmidt’s topochemical criteria, which
require a precise molecular arrangement to facilitate
dimerization.32,33 However, in contrast to general topochem-
ical polymerizations, which are increasingly being reported
on,34,35 only a few examples of coordination compounds fea-
turing anthracene ligands have been reported to follow this
reaction path.36–40

Photodimerization is particularly attractive in the design of
novel coordination polymers (CPs), as it increases the number
of network nodes and the system’s dimensionality by linking
molecules from adjacent complexes.41,42 In the field of SCO,
CPs are of special interest due to their inherent porosity,
tunable functionalities, versatile design and pronounced coop-
erativity effects that influence their magnetic behavior.43–45

While 1D SCO-PL CPs – predominantly based on triazole-
derivatives as bridging ligands19,23,30,46–51 – are well studied,
the synthesis of 2D and 3D architectures remains challenging
and relatively rare.

To the best of our knowledge, the photodimerization of
anthracene has not yet been incorporated into SCO systems –

an approach that could offer valuable insights into SCO modu-
lation by increasing the dimensionality of the system and
advancing the understanding of structure–property
relationships.

In this work, we design and employ a ligand consisting of
1H-tetrazole (tz) as the coordinating unit and an anthracene
moiety, linked via a CH2 bridge to the N1 position of the tz,
which can undergo photodimerization (Scheme 1). The advan-
tages of N1-substituted tz for Fe(II) SCO complexes have been

extensively demonstrated in our previous studies.52–55 We
combine the two remarkable properties of anthracene –

luminescence and photodimerization – in a novel Fe(II)
SCO-PL system. In this context, we aim to achieve a synergistic
response, where the luminescence signal of anthracene is
modulated by the spin state of Fe(II). Additionally, we seek to
develop new topological variants of our targeted anthracene Fe
(II) coordination compound through photodimerization of co-
ordinated anthracene units.

Results and discussion
Synthesis

The precursor of L1, anthracen-9-ylmethanamine, was syn-
thesized following a previously reported protocol.56

Subsequently, the amine group was converted to a tz moiety
using a well-established tz synthesis method described in lit-
erature (Scheme S1).57 The reactions outlined below are
depicted in Scheme 2. L1 is highly photoreactive and partially
undergoes a [4 + 4] photocycloaddition shortly after synthesis,
even in solid state and under ambient light, forming L2, which
is the trans-dimer58/head-to-tail dimer59 of L1. To prevent the
formation of L2 and the reaction of L1 with oxygen, leading to
e.g., peroxides,59 L1 has to be stored strictly under an atmo-
sphere of argon and protected from light. A controlled syn-
thesis of L2 in solution is achieved quantitatively by irradiation
with a 365 nm LED at room temperature (rt). However, in the
solid state the conversion stops reproducibly at 50%, after
irradiation with the same wavelength. We believe that this is
due to the fact that the powder of L1 consists of different poly-
morphs (vide infra),60 which do not all possess the correct
spatial arrangement61 of the anthracene moieties to perform
this dimerization reaction. The [4 + 4] photocycloaddition of
L1 is quantitatively reversible by heating L2 in solution to
150 °C for 10 min. The powder of L2 shows thermal stability
until heating to 175 °C (Fig. S52–56). As expected, L1 and L2
have entirely different solubility properties.59,61 L1 shows good
solubility e.g., in CH2Cl2 or CH3CN, in contrast to L2 which is
hardly soluble in any common solvents except dimethyl sulfox-
ide (DMSO).

The heteroleptic coordination compound 1 with acetonitrile
(CH3CN) as co-ligand in the apical positions is easily obtained
by mixing L1 with Fe(ClO4)2·6H2O in CH3CN and stirring at
elevated temperature (40 °C) over night. 1 was precipitated and
washed with diethyl ether (Et2O). Interestingly, the photoreac-
tivity of L1 is retained after complexation, as 1 undergoes con-
version to 2, a 1D CP, under ambient light irradiation. This
retained photoreactivity in coordination compounds is rarely
shown in literature.37 Controlled irradiation of 1 in the solid
state with a 365 nm LED at rt results in the complete conver-
sion of 1 and the exclusive formation of 2. This [4 + 4] photocy-
cloaddition of the coordinated ligand L1 proceeds only in one
direction of the equatorial plane and can be explained by the
spatial arrangement of the anthracene moieties in the crystal
packing of 1 (vide infra). Besides this solid-state reaction, 2 can

Scheme 1 Photoluminescence active ligands L1 and L2, observed
coordination site in red (N4-atom).
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also be synthesized via a classical coordination reaction using
two equivalents of L1 and one equivalent of L2, with the same
conditions applied as those used for the synthesis of 1. It has
to be mentioned that L2 shows no thermal reversion of the [4
+ 4] photocycloaddition under these complexation conditions
(40 °C).

In a similar manner, coordination compound 3, a 2D CP, is
obtained when only two equivalents of L2 are used.

Crystal structures

The single crystals (SCs) of all coordination compounds (1–3)
and the non-solvate of L2 (L2-ns) as well as the CH3CN solvate
of L2 (L2·2CH3CN, L2-s1) were obtained by slow evaporation at
rt under an atmosphere of argon, using CH3CN
(CH3CN : acetone = 1 : 1 for 3) as the solvent. The SCs of the
two polymorphs of L1 (L1-p1 and L1-p2) and a second solvate
of L2 (L2·2CH3OH, L2-s2) were grown by vapor diffusion of an

antisolvent (Et2O) into saturated solutions of the ligands in
CH3OH (L1-p1 and L2-s2) or CH3CN (L1-p2) at rt.

The two polymorphs of L1 found during this study crystal-
lize in the triclinic P1̄ space group (L1-p1, Fig. S26–29) and in
the trigonal P31/P32 space group (L1-p2, Fig. S30 and 31). The
asymmetric unit of L1-p1 consists of two conformers of L1,
which mainly differ in the orientation of the tz moiety towards
the anthracene plane. This variation in the orientation of the
tz group, which is connected via a methylene (CH2) bridge to a
larger rigid planar moiety, has been reported previously.62 In
both conformers, the tetrazolic C-atom is oriented away from
the anthracene plane; however, the torsion angle between the
tz and the anthracene is different (60.3(7)° vs. 70.0(7)°, Fig. 1).

L1-p2 features only one conformer of L1 with a very similar
inclination of the tz moiety (torsion angle: 61.0(7)°). In L1-p1
and L1-p2 the molecules stack in a head-to-head coplanar
fashion along the crystallographic a- and c-axis, whereby adja-

Scheme 2 Synthesis of ligand L2 and coordination compounds 1–3, reagents and conditions: (I) 365 nm, CH2Cl2, rt, 6 h, quant.; (II) DMSO, 150 °C,
3 h, quant.; (III) Fe(ClO4)2·6H2O, CH3CN, 40 °C, o.n., 59.3%; (IV) L1 : L2 = 2 : 1, Fe(ClO4)2·6H2O, CH3CN, 40 °C, o.n., 60.9%; (V) 1 in solid state,
365 nm, rt, 3 h, quant.; (VI) Fe(ClO4)2·6H2O, CH3CN, 40 °C, o.n., 70.0%.
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cent molecules are related by lattice translation. The distance
between the perfectly coplanar L.S. planes of the anthracene
moieties are 3.427(7) Å and 3.467(7) Å (L1-p1), respectively
3.481(6) Å (L1-p2).

Both polymorphs of L1 (L1-p1 and L1-p2) feature a C–H⋯N
hydrogen bond network63 forming infinite chains along the
[100] direction and about the 31/32 axis, respectively.

XRPD measurements reveal that the powder obtained after
the synthesis of L1 contains not only these two polymorphs (SI
XRPD Measurements). This is in good agreement with the
results found during the solid-state [4 + 4] photocycloaddition
of this powder, which is only partially possible (vide supra). Of
the four prerequisites for dimerization – co-planar arrange-
ment, short intermolecular distances (<4.2 Å), sufficient
overlap and head-to-tail arrangement between adjacent anthra-
cene moieties32,37,61,64 – only the first two are fulfilled for L1-
p1 and L1-p2. Moreover, a SC of L1-p2 mounted on the diffr-
actometer was directly irradiated overnight with the aforemen-
tioned 365 nm LED. Although the lattice parameters were
determined at regular intervals, no photodimerization was
observed. This suggests the existence of other, as-yet-undiscov-
ered polymorphs, comprising at least 50% of the powder
sample.

Besides the non-solvate of L2 (L2-ns, Fig. 2), an acetonitrile
solvate (L2-s1, Fig. S33) and a methanol solvate (L2-s2,
Fig. S34) were found, which all crystallize in the triclinic P1̄
space group. In contrast to L1 in all three cases the tetrazolic
C-atom is oriented towards the anthracene dimer. However,
the torsion angle between the tz and the anthracene dimer in
L2-s1, L2-s2 and one of the two crystallographically indepen-
dent molecules of L2-ns is very similar, measuring 15.40(18)°,
16.7(5)° and 16.0(7)°, respectively. The other L2 molecule of
L2-ns shows a torsion angle of 5.7(6)°. The loss of aromaticity
in L2 is clearly indicated by the large angle between the mean
planes of the outer C6 rings of the dimer, which depends on
the conformer and ranges between approx. 39° and 52°.
According to XRPD, the thoroughly dried bulk powder of L2 is
single-phase and corresponds to L2-ns.

For comparison reasons, all Fe(II)–SCO coordination com-
pounds (1–3) were measured at the lowest possible measuring
temperature (100 K) of the used SC-XRD setup (SI). At this
temperature 1–3 are nearly completely in the HS state.

Coordination compound 1 crystallizes in the triclinic P1̄
space group and for each mononuclear Fe(II) complex two non-

coordinating anions (ClO4
−) and two molecules of CH3CN are

embedded in the crystal lattice (Fig. S36 and S38). The mono-
nuclear complex of 1 has an octahedral geometry and is het-
eroleptic, due to the high steric demand65 of L1, with two
CH3CN molecules acting as co-ligands in the apical positions
(Fig. 3).

This was also demonstrated in earlier investigations with tz
ligands of comparable size.66 The distance between the coordi-

Fig. 1 Top view of the molecular structure of the two different confor-
mers in L1-p1, showing the orientation of the tz moiety (ellipsoids: 50%
probability level; atom color code: grey⋯C, blue⋯N; H-atoms are
omitted for clarity).

Fig. 2 Crystal packing of L2-ns, showing the two different conformers
of L2 (ellipsoids: 50% probability level; atom color code: grey⋯C,
blue⋯N; H-atoms are omitted for clarity).

Fig. 3 Molecular structure of the mononuclear complex of coordi-
nation compound 1 (ellipsoids: 50% probability level; atom color code:
grey⋯C, blue⋯N, orange⋯Fe; H-atoms, solvate molecules and anion
molecules are omitted for clarity).
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nating N9-atom of the co-ligand and the central atom (Fe1) is
2.141(3) Å. The CH3CN molecules are not arranged along the
ideal apical axis, but show a deviation (Fe1–N9–C33 157.2(3)°),
which is also described in literature for comparable com-
pounds.67 In the equatorial plane four molecules of L1 (two
different conformers in cis arrangement) coordinate via their
tetrazolic N4-atom (the italicized numbered N-atoms corres-
pond to the tetrazole numbering system in Scheme 1) to the
central atom with a distance of 2.195(3) Å (N4–Fe1) and 2.162
(3) Å (N8–Fe1), which is well within the range of literature
known tz–Fe(II)–SCO systems in the HS state.52,68 These dis-
tances are significantly longer than that between the coordi-
nating N-atom of the co-ligand and the Fe-atom, resulting in a
distorted octahedral geometry, as also reported in the
literature.67,69 The two conformers of L1 differ in the orien-
tation of the tz moiety relative to the anthracene plane, with
torsion angles of 7.8(5)° (tetrazolic C32-atom directed towards
the anthracene plane) and 74.7(4)° (tetrazolic C16-atom
oriented away from the anthracene plane), respectively. In the
crystal packing of 1, neighboring mononuclear complexes are
ordered in such a way that adjacent L1 molecules are arranged
in a coplanar, head-to-tail fashion. The centroid-to-centroid dis-
tance between the anthracene moieties of the two different con-
formers of L1 differs, measuring 3.768 Å and 4.359 Å (Fig. 4).
Moreover, in the latter case, the anthracene planes exhibit a sig-
nificantly greater displacement relative to one other.

Coordination compound 2, a 1D CP, crystallizes in the tri-
clinic P1̄ space group and extends along the [11̄0] direction.
The building block of the infinite chain consists of an Fe(II)-

atom, which is coordinated by three different ligands in an
octahedral geometry. In the apical positions, two molecules of
the co-ligand (CH3CN) coordinate to the Fe center, with an
N9–Fe1 bond length of 2.1288(19) Å. Like in 1, there is a devi-
ation from the ideal apical axis (Fe1–N9–C33 165.95(18)°). The
equatorial plane is formed by two molecules of L1 and two
molecules of L2, arranged in trans configuration, each coordi-
nating through the tetrazolic N4-atom. The N8-atom of L1 in 2
shows a nearly identical distance to the Fe1-atom as in 1
(2.1653(18) Å). However, the same distance for L2 is with 2.1313
(18) Å (N4–Fe1) a little bit shorter. The connection between
these building blocks is established through the second tz
moiety of L2, which also coordinates via the N4-atom and func-
tions as bridging ligand (Fig. 5 and Fig. S40–S43).

The solid-state reaction of 1 to 2 occurs not only in powder
form (vide supra) but also as a SC-to-SC transformation at
250 K. The reaction was carried out by irradiating a SC of 1
with a 365 nm LED while mounted on the SC diffractometer.
Data was collected before, during and after the polymerization
process. Images documenting this procedure are provided in
the SI; however, the image taken after irradiation shows frag-
mentation of the SC, which is expected due to the metric dis-
tortion of the unit cell (Fig. S49–S51). This solid-state polymer-
ization can be classified as topochemical reaction, a subgroup
of topotactic reactions. This is based on the fact that the orien-
tation of 2 is not only determined by the orientation of 1, but
in particular the symmetry of the educt is retained.70

The transformation initiates a contraction in the polymeriz-
ation direction from an Fe-to-Fe distance of 15.4568 Å in 1 to
14.8155(5) Å in 2. Comparison of the crystal structures of 1
and 2 reveals that only one of the two conformers of L1 in 1
undergoes the [4 + 4] photocycloaddition. This conformer fea-
tures an approximately 14% shorter centroid-to-centroid dis-
tance (3.768 Å) and a more extensive overlap with its neighbor-
ing L1 molecule. Additionally, we propose that this conformer
has a more favorable spatial arrangement of the tz relative to
the anthracene moiety (torsion angle: 7.8(5)°, with the tetrazo-
lic C-atom oriented toward the anthracene plane), which facili-

Fig. 4 Crystal packing of 1 with co-planar arrangement of anthracene
moieties of the ligand L1 of adjacent mononuclear complexes (ellip-
soids: 50% probability level; atom color code: grey⋯C, blue⋯N,
orange⋯Fe; H-atoms, solvate molecules and anion molecules are
omitted for clarity; centroid-to-centroid distance shown as dotted line
and given in Å).

Fig. 5 Molecular structure of the 1D coordination polymer chain of
coordination compound 2, showing the bridging coordination mode of
L2 (ellipsoids: 50% probability level; atom color code: grey⋯C, blue⋯N,
orange⋯Fe; H-atoms, solvate molecules and anion molecules are
omitted for clarity).
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tates the photodimerization to L2 (Fig. 2). This assumption is
based on the observation that all L2 molecules found in the
various solvatomorphs (L2-ns, L2-s1 and L2-s2) and in the
coordination compounds 2 and 3 exhibit small torsion angles
(<40°), with the tetrazolic C-atom oriented towards the anthra-
cene plane. We also assume that this is the reason why a
further reaction to a 2D polymer is not possible. Moreover, the
photopolymerization from 1 to 2 increases the centroid-to-cen-
troid distance between the unreacted L1 molecule from
4.359 Å to 5.372 Å and the previously coplanar arrangement of
the anthracene moiety becomes distorted (Fig. S44).

Crystallization of coordination compound 3 proved challen-
ging due to its low solubility, which was expected based on its
polymeric structure. Nevertheless, by employing a mixture of
acetone and CH3CN and through extensive trial and error, a
SC suitable for structural analysis was obtained. Although the
crystal quality is limited, it allows for structural elucidation
and is provided in the SI.

3 (Fig. S45–S48), a 2D CP, crystallizes in the triclinic P1̄
space group and extends parallel to the (11̄0) plane. The Fe(II)-
atom is coordinated by four molecules of L2 – present as two
distinct conformers of L2 in cis arrangement – and two mole-
cules of CH3CN occupying the apical positions of the octa-
hedral geometry. Due to the solvent mixture used during crys-
tallization, these apical ligands are disordered with acetone in
an occupancy ratio of 0.35 : 0.65(3), respectively. Again, the
CH3CN co-ligand coordinates via its N-atom (N9–Fe1 2.095(7)
Å) and deviates from the ideal position on the apical axis (Fe1–
N9–C33 160.7(6)°). The two conformers of L2 differ in the posi-
tion of the tz moiety relative to the anthracene plane (torsion
angle: 23.5(10)° vs. 36.8(12)°, for both the tetrazolic C-atoms
are orientated towards the anthracene plane). The distance of
the coordinating tetrazolic N4-atom of these conformers is
slightly different: 2.127(6) Å (N4–Fe1) vs. 2.140(6) Å (N8–Fe1).
Like in 2, the connection to the neighboring Fe(II)-atoms is rea-
lized by the bridging coordination mode of L2, with Fe–Fe dis-
tances of 14.8929(15) Å and 15.1700(16) Å.

For both CPs (2 and 3), two non-coordinating anions
(ClO4

−) and two molecules of CH3CN are embedded in the
crystal lattice per Fe-atom (Fig. S43 and S48).

According to XRPD, the bulk powders of the coordination
compounds 1–3 are single-phase. In 3, partial axial co-ligand
exchange during crystallization does not seem to affect the
structure of the coordination polymer, as evidenced by the good
agreement between the experimental XRPD pattern – where no
co-ligand disorder is present, as no acetone is used during syn-
thesis – and the reflections calculated from the SC data.

The analytical data of bulk samples in solid state for the
ligands L1 and L2 (ATR-IR, UV-Vis and PL) as well as for the
coordination compounds 1–3 (ATR-IR, UV-Vis, PL, magnetic
susceptibility measurements) discussed in the following chap-
ters are shown in the SI.

Magnetic measurements

The magnetic moments of the bulk powder material of 1–3
(Fig. 6) were measured in cooling mode from 300 K to 10 K

and subsequently in heating mode from 10 K to 380 K under
an applied magnetic field of 1 T in steps of 10 K min−1 (settle
mode). For 1, the value of the magnetic susceptibility-tempera-
ture product (χMT ) was found to be 3.46 cm3 K mol−1 above
300 K, which is a typically observed value for an Fe(II) ion in
the HS state with apparent orbital contribution (S = 2; g = 2.2;
χMT = 3.6 cm3 K mol−1).71,72 Starting at 300 K, χMT gradually
decreases until a value of 2.42 cm3 K mol−1 at 30 K, showing
an incomplete spin transition with approximately 70% of the
Fe(II) ions remaining in HS state. The steep decrease after 30 K
can be attributed to zero field splitting.73

Compound 2 shows a similar initial χMT value of 3.45 cm3

K mol−1 for the HS state of Fe(II), which gradually decreases to
2.96 cm3 K mol−1 from 300 K to 105 K. A subsequent steep
decrease of χMT to 0.55 cm3 K mol−1 at 55 K was observed,
which was again followed by a gradual decrease to 0.50 cm3 K
mol−1 at 30 K. For 2, a spin transition temperature of T1/2 =
85 K was determined as the temperature at which the first
derivative of χMT with respect to T (δ(χMT )/δT ) reaches its
maximum. The amount of Fe(II) ions in HS is 15%.

The connection of SCO centers through dimerized anthra-
cene units in CP 2, leads to greater rigidity and facilitates a
more efficient propagation of volume changes associated with
the spin transition throughout the lattice and therefore
increases abruptness of the transition, compared to 1.74

The SCO of compound 3 is gradual with a determined T1/2
of 105 K, at 30 K 38% of the Fe(II) ions are left in HS state. The
smaller amount of Fe(II) ions in HS at low temperatures in 2
compared to 3 can be explained by a less uniform propagation
of the spin transition in the 2D CP due to different Fe–N dis-
tances (vide supra) and stabilization of the LS state.75 The HS
fractions remaining at 10 K are likely due to topological or
structural irregularities resulting in a probable “hidden” two-
step transition, only fully investigable by cooling down further,
below 10 K (ref. 76) or a result of slow relaxation processes
which would explain the relatively low transition temperatures

Fig. 6 Temperature-dependent magnetic susceptibility measurements
for 1 (black), 2 (blue) and 3 (red). The change between the first and
second cycle is pointed out with arrows in the respective color chosen
for each compound.
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as well.77,78 Since the cooling and heating curves are overlap-
ping, the event of thermal hysteresis can be excluded in all
three compounds.

Moreover, SC data reveal HS state distances for 3 at 100 K
(vide supra), which contrast with the results from magnetic
measurements. This difference likely arises because magnetic
data reflect the combined thermal response of many particles,
whereas structural data capture the transition in a single SC.
The structural transition is therefore often sharper than the
magnetic one.79 Additionally, it has to be noted that the dis-
ordered acetone in the SC data of 3, a result from the SC syn-
thesis, implies the presence of two structurally identical but
magnetically different behaving species which may depress the
spin transition temperature below 100 K.80

To investigate a potential effect on the magnetic behavior
due to crystal solvate loss (according to the results of thermal
analysis – vide infra), a second heating and cooling cycle was
performed. The general trend of a shift of T1/2 to higher temp-
eratures in the second cycle was observed.

For 1, the starting value of χMT is 3.15 cm3 K mol−1,
reduced by 10% compared to the original value. It can be
assumed that the loss of acetonitrile causes irreversible degra-
dation of the material.81

For 2, the second cycle reveals a curve showing a more
gradual SCO. The spin transition temperature was found to
have increased to 115 K. Additionally, the amount of remain-
ing Fe(II) ions in HS at 30 K is 2% higher after a prior cycle. In
contrast to 2, the second cycle of 3 results in a more abrupt
SCO than the first one. The spin transition temperature is
shifted to a higher temperature as well, namely to 110 K.
Furthermore, more Fe(II) ions (70%) are now switched to the
LS state. For the two latter compounds the loss of crystal
solvate affects the packing and thus presumably the inter-
molecular interactions which lead to an increase of the spin
transition temperature.82,83 Neither 2 nor 3 are as altered as
compound 1, the complete amount of Fe(II) ions returns into
the HS state. The higher amount of Fe(II) ions still in HS for
the second cycle in 2 can be ascribed to a decreased coopera-
tivity due to Fe(II) centers with varying surroundings consider-
ing the continuous crystal solvate loss over a broader tempera-
ture range according to the thermal analysis (vide infra).80

Photophysical measurements

The [4 + 4] photocycloaddition of L1 to L2 results in several
changes in the IR spectra. The νCH(tz) band shifts from
3137 cm−1 in L1 to 3162 cm−1 in L2, due to disruption in the
aromaticity of the neighboring anthracene rings. This disrup-
tion also results in spectral changes in the region from
3120–3000 cm−1, because of conversion of aromatic into ali-
phatic C–H stretching vibrations. The new intense bands at
785 cm−1, 677 cm−1 and 639 cm−1 can be ascribed to specific
vibrations (C–H out of plane bending and ring deformations)
of the cyclobutane ring in L2.37,64,84

As described for other tz ligands the νCH(tz) band shifts
upon coordination,85 in the case of 1 the νCH(tz) band shifts
from 3137 cm−1 in L1 to 3159 cm−1 in 1. The degenerated

asymmetric bending mode of the non-coordinating anion
appears as very intense band at 622 cm−1. In addition, the
symmetric stretching mode of the ClO4

− anion is visible as
band at 458 cm−1 with very low intensity.86,87 The νCN band of
the co-ligand is observable at 2277 cm−1. Coordination com-
pound 2 shows very similar IR characteristics as coordination
compound 1. The νCH(tz) band shifts even more to 3164 cm−1,
this is due to the fact that now also the shift of the νCH(tz) band
of L2 contributes. The characteristic bands for the anion and
the co-ligand show only small shifts from 1 to 2 of a few wave-
numbers and will therefore not be discussed in detail. 2 exhi-
bits also the characteristic bands of the cyclobutane ring of L2
with slight shifts to 782 cm−1 (loss of intensity), 681 cm−1 and
640 cm−1. 3 exhibits a νCH(tz) band shift from 3162 cm−1 in L2
to 3167 cm−1 and also shows characteristic bands of the co-
ligand (2299 cm−1) and the anion (623 cm−1). The character-
istic bands of the cyclobutane ring shift between 1 cm−1 and
5 cm−1 to higher wavenumbers.

The solid-state UV-Vis spectra of L1 exhibits a steep increase
in absorption from 200 nm to 250 nm. Above 250 nm, the
increase is only weak until at approx. 420 nm the absorption falls
to a low level without any specific features. This broad band can
be ascribed to the π–π* transition of anthracene.36 Ligand L2
exhibits two intense absorption bands with maxima at 240 nm
and 276 nm. The anthracene specific absorption between
350 nm and 400 nm is lost in L2,59 where only an absorption
plateau at low intensity is visible. In summary, L1 shows high
absorption between approx. 300 nm and 420 nm, whereas L2
shows high absorption at higher energies (between 210 nm and
300 nm). Coordination compound 1 exhibits a similar spectrum
to L1 with an additional band at 234 nm. 2 features the absorp-
tion behavior of L1 and L2 with broad and intense band at
264 nm and high absorption levels between 300 nm and 400 nm.
When comparing CP 3 to the uncoordinated ligand L2 there are
no additional features to be reported (Fig. S2).

A broad band centered at 870 nm can be found for 1–3
(Fig. S1), corresponding to the 5T2 → 5E transition in Fe(II)
which is characteristic for the HS state.88

Fig. S3 shows the solid-state emission spectra obtained
upon excitation at 390 nm for L1 and 1 and at 370 nm for L2, 2
and 3. L1 exhibits a broad featureless emission spectrum with
an emission intensity maximum (λmax) at 457 nm. The position
of λmax is consistent with literature reports on other anthracene
derivatives with a similar arrangement of the anthracene
units.89 After photocycloaddition, the resulting L2 displays a
distinct emission spectrum featuring three maxima at 400 nm,
420 nm, 445 nm. This spectral pattern, attributed to a series of
vibrational modes associated with the π*–π transition in dia-
nthracene is in agreement with previous studies.36

Additionally, L2 exhibits a shoulder peak around 470 nm on
the lower energy side of the main features, followed by a weak,
gradually diminishing emission beyond 495 nm.

In the mononuclear complex 1, interactions between L1
and the Fe(II) center induce a hypsochromic shift of 27 nm,
resulting in a new λmax of 430 nm for 1, which is in accordance
with literature observations for a similar system.30
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In the case of the 1D CP 2 (bearing both ligands L1 and
L2), λmax is present at 428 nm, a shoulder peak at 448 nm and
a weakly pronounced feature at 480 nm are observed in the
emission spectrum. By contrast, in the 2D CP 3 (which con-
tains only L2), the coordinated ligand retains the spectral
characteristics of uncoordinated L2, showing only negligible
wavelength shifts of the three maxima. This indicates that the
coordination induces minimal energetic perturbation in L2.

Alternative excitation at 276 nm results in different, less
intense emission spectra for L2 and 3 with λmax at 449 and
459 nm, respectively, a behavior that has also been reported by
other groups (Fig. S4).28

Variable temperature emission spectra were recorded in
10 K steps between 77 K–298 K in order to reveal a potential
synergistic interplay between SCO and PL. The position of the
peak (λmax) and the integrated intensity were extracted by
fitting the temperature dependent PL data using multiple
Gaussian functions.79,90

The main emission maximum of L1 steadily declines in PL
intensity as temperature increases due to thermal quenching
and this reduction is accompanied by a redshift of λmax

(Fig. S5). The temperature dependent PL changes of L1
resemble those of a previously reported anthracene triazole
derivative.30 Analysis of the spectra for L1 was performed by
fitting with two Gaussian functions over the whole tempera-
ture range, details of the thermal peak evolution are shown in
Fig. S6 and S7.

In L2, highest emission intensity is also observed at the
lowest temperature, which steadily decreases with increasing
temperature and can also be ascribed to thermal quenching.
The λmax positions remain almost unchanged over the investi-
gated temperature range for all fitted peaks. In the tempera-
ture range of 157 K–187 K a notable decline in the integrated
intensity was observed (Fig. S9), for which no conclusive expla-
nation has been found so far.

The mononuclear complex 1 also exhibits highest emission
intensity at the lowest temperature. Both, λmax of the absolute
maximum and the shoulder peak show a continuous hypso-
chromic shift with increasing temperature (Fig. S11). However,
peak deconvolution with Gaussian functions does not show
any clear trend or remarkable features in the integrated peak
intensity, which could be attributed to a coupling with the
spin transition (Fig. S12 and S13). Even if the prerequisites for
luminescence modulation (i.e., via structural or electronic
synergy) are met, the number of LS centers might simply be
too low, and the spin transition too gradual, to induce a mea-
surable luminescence modulation.

The PL spectrum of 2 shows a complex peak structure at
77 K which can be fitted by using five Gaussian functions
(Fig. 7a). The evolution of the integrated peak intensities is
demonstrated in Fig. 7b and S16, which reveals a significant
increase from 77 K until 107 K for peak 1–3. The integrated
intensity of peak 2 further rises slightly until 117 K, before a
decline can be observed. Peak 3 disappears at temperatures
above 137 K, which, leads to the abrupt increase in the inte-
grated intensity for peak 2.

Declining integrated intensity at temperatures above 107 K
for peak 1 and 3 and above 117 K for peak 2 can be again
ascribed to thermal quenching effects.

The magnetic susceptibility, shown as δ(χMT )/δT in
Fig. 7b, exhibits a T1/2 of approximately 85 K (vide supra),
which is about 20 K lower than the temperature at which sig-
nificant changes in PL properties occur. Nevertheless, we
propose a synergistic interaction between spin transition and
PL modulation. The observed deviations of approximately
20 K fall within the literature reported range and can be
attributed to differences in the instrumental setup (i.e.
sample chamber, heating/cooling rates) used for magnetic
and PL measurements.47

In contrast to the ligand L2, the 2D coordination compound
3 does not show the highest emission intensity at the lowest
temperature (77 K). However, apart from intensity changes, the
spectra at low temperature are very similar to both the rt spec-
trum of 3 and that of L2 (Fig. S17). Consequently, peak fitting
was performed analogously to L2, identifying five distinct

Fig. 7 (a) Temperature-dependent fluorescence emission spectra of 2.
λexc. = 370 nm. Colored arrows indicate the evolution of the respective
fitted peaks with increasing temperature (red: peak 1; green: peak 2;
blue: peak 3). (b) Temperature dependance of the integrated intensity of
the fitted peaks 1, 2 and 3 along with the derivative of the magnetic sus-
ceptibility for 2 of the first cooling-heating cycle.
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peaks (Fig. S19). Between 77 K and 147 K, the integrated inten-
sity of the most pronounced peaks (1–3) increases, followed by
a gradual decline until rt. Notably, as observed for L2, an unde-
fined drop in integrated intensity occurs in the temperature
range from 157–177 K.

The comparison of the temperature dependent PL measure-
ments of L2 and 3 shows that the fluorescence properties
might be influenced by the spin state of Fe(II). Although the PL
intensity increases as the LS state is depopulated and sub-
sequently decreases in the HS state due to thermal quenching,
this behavior does not exactly correlate with δ(χMT )/δ(T ), as
illustrated in Fig. 8. Similar to our observations in 2, we still
assume a spin state dependent fluorescence behavior. In that
case, aside from instrument-related deviations, the spin tran-
sition in 3 appears more gradual than in 2, further broadening
the range of the synergistic response.

We suppose a distinct spectral overlap of the metal-to-
ligand charge transfer (MLCT) band and/or the spin-allowed
d–d transitions (1A1 → 1T1,

1A1 → 1T2) of Fe(II) in the range of
400–800 nm (ref. 91 and 92) with the emission band of the
coordination compounds 2 and 3. This allows for a spin s
selective fluorescence quenching via an energy transfer from
the ligand to Fe(II) ions in LS state. Upon the thermally
induced transition to the HS state, the MLCT band may
weaken/shift,93 and the d–d transition (5T2 → 5E) undergoes a
bathochromic shift to around 870 nm, diminishing the spec-
tral overlap and consequently enhancing fluorescence intensity
as shown in Fig. S20 and S21.19,28,30,51,94 At this stage we
cannot draw definitive conclusions about the mechanistic
coupling between the SCO and PL.

Remarkably, in compound 2, not only does the emission
intensity change, but the overall emission profile varies drasti-
cally with increasing temperature, concomitant with the spin
transition. This suggests that peaks have a different electronic
origin and/or structural rearrangements of the anthracene
units occur due to accompanying unit cell volume changes
upon spin transition.23

Thermal analysis

The thermal analysis was performed using a heating rate of
5 °C min−1 from 25 to 210 °C under a nitrogen atmosphere
(Fig. S23–S25). The TGA curve of 1 shows a continuous mass
loss of approx. 3% in a temperature range from 25 to 90 °C.
The second continuous mass loss of comparable magnitude
takes place between 90 and 132 °C. A mass of approx. 3% is
consistent with the mass of one CH3CN crystal solvate mole-
cule (2.8%) relative to the total molar mass of the coordination
compound (1460.2 gmol−1). Compound 2 shows a continuous
release of two CH3CN molecules until 140 °C. 3 reaches a
lower plateau after the release of one CH3CN molecule at
105 °C. In the temperature range of 131–210 °C, all TGA curves
show a pronounced mass loss of approximately 11–13%, which
closely matches the mass fraction of perchlorate present in the
coordination compound. In the corresponding DSC curves, for
all three compounds an exothermic event takes place around
154–161 °C, exhibiting a heat flow of 3–4 mWmg−1. The
exothermic event, together with the visual observation of a
black foam emerging from the pierced DSC crucible, provides
strong evidence for combustion of the CP initiated by the per-
chlorate anion. The DSC curve of 3 shows another exothermic
event above 200 °C with an accompanying mass loss of about
2%.

Conclusions

In this work, we report the successful synthesis of a novel 1H-
tetrazole ligand L1 bearing a fluorescent anthracene moiety
and further demonstrate its efficient [4 + 4] photocycloaddi-
tion upon light irradiation to form L2, as well as its monomeri-
zation back to L1 upon heating.

Utilizing L1, we synthesized a heteroleptic mononuclear Fe
(II) complex 1, whose outstanding [4 + 4] photocycloaddition
increased the dimensionality to yield the 1D CP 2.
Remarkably, this solid-state photodimerization is even achiev-
able in a SC-to-SC fashion, namely a topochemical reaction.
Moreover, by employing the pre-dimerized ditopic anthracene
ligand L2, we obtained the 2D CP 3.

The increased dimensionality (realized by dimerization of
the anthracene units) enhanced the cooperativity of the SCO,
resulting in more abrupt and complete spin transitions for the
CPs 2 and 3. A distinct coupling between SCO and PL pro-
perties was observed. These findings suggest that electronic
coupling, accompanied by structural changes during the spin
transition, leads to PL modulation; however, detailed mechan-
istic insights via DFT calculations are still pending.
Additionally, investigations of the relaxation processes by i.e.
varying the scan rates during the magnetic measurements
would give more insight into the reason for the low transition
temperatures and the population of the HS state at low
temperatures.

From an applicational perspective, the SCO-PL interplay
holds great promise for nanoscale sensing, where PL readouts
can overcome limitations of weak magnetic signals. Moreover,

Fig. 8 Temperature dependence of the integrated intensity of the fitted
peaks 1, 2 and 3 along with the derivative of the magnetic susceptibility
for 3 of the first cooling-heating cycle.
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CPs offer the potential to create large single atomic layer sur-
faces, which is of interest for the development of thin film
materials or nanoparticles. In this context, the ability of L1 to
undergo the [4 + 4] photocycloaddition even after complexa-
tion paves the way for functional surface coatings with SCO
materials e.g., by covalently grafting 1 onto surface hosting
anthracene moieties via irradiation.

Our results establish anthracene dimers as effective brid-
ging ligands in luminescent SCO CPs, providing a robust plat-
form for further exploration and optimization.

Future studies, which include systematic variations of the
co-ligand (various nitriles) and counterions (i.e., non-coordi-
nating vs. coordinating anions) to tune the spin transition of
the system are in progress. Moreover, structural characteriz-
ations via SC-XRD in the LS state (<80 K) are to be conducted.
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