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[2 + 2] Photocycloaddition induces a 114 K high-
temperature shift of the spin-crossover transition:
the role of cycloaddition-induced strain

Marcin Kazmierczak,*® Vladyslav Maliuzhenko,? Aleksandra Totoczko,?
Marek Weselski,? Mitosz Siczek,? Juliusz A. Wolny, (2 ° Volker Schiinemann® and
Robert Bronisz (2 *?

Herein, 6-(1,2,3-triazol-1-ylmethyl)coumarin (L1), which can combine molecule photoreactivity and spin-
crossover activity in Fe() complexes, was prepared by reacting 6-(bromomethyl)coumarin with sodium
salt 1,2,3-triazole. L1 forms mononuclear systems [Fe(L1)el(ClO4)2-nCH3CN (n = 0, 2). The solvated form
(1) exhibits complete, one-step spin-crossover at Ty, = 155 K. In 1, there is a competition between two
coumarin fragments from two ligand molecules for access to a third fragment located between them.
The distances between the double bonds of the lactone rings are equal to 3.70 and 3.92 A, and light
irradiation at a wavelength of 365 nm results in [2 + 2] cycloaddition. Although photoconversion can
proceed in two directions, this competition ultimately yields a two-dimensional polymer layer with a fru-
strated topology. The resulting complex (1c) also exhibits spin crossover, showing a slight shift to lower
temperatures (Ty,, = 141 K). The non-solvated complex (2) exhibits a two-step spin-crossover (T}/2 =83K
and Tf/z = 62 K). In contrast to 1, only one type of ligand pair exists for which topochemical requirements
are fulfilled. In effect, a regular (2,2) polymeric layer is formed as a result of the [2 + 2] photocycloaddition
(A = 365 nm). This results in an unprecedented shift in the spin crossover to higher temperatures up to
197 K. The photoconversion product (2c) is characterized by the presence of strong strains involving
dimerized ligand molecules, particularly cyclobutane rings. DFT modelling based on the structure of the
dimerized ligand reveals a significant difference in this strain, and the energetic effect of it (stress) is more
than 240 kJ mol™! higher for the ligands corresponding to the complex in the HS state. This is consistent
with the observed 114 K shift of the transition temperature upon transformation from the initial mono-
nuclear complex to the photoconverted 2D structure.

spin-crossover’ and combinations of normal and reverse spin-
crossover.'” These examples illustrate the feasibility of

Research on light-induced phenomena,' including structural
transformations, is a dynamically developing study area.” A
group of compounds constituting a promising platform for
modulating properties as a result of photoconversion are
systems exhibiting the spin crossover (SCO) phenomenon.**
The electronic structure of such compounds based on 3d*-3d”
transition-metal ions is very sensitive to the environment, both
to the type of chromophore® and, importantly, to the occur-
rence of structural transformations.® This fact is reflected in
the occurrence of non-conventional transitions, such as two-
channel spin-crossover,”’ multiway spin-crossover,® reverse
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complex sequences of disturbance-response processes and
provide an excellent justification for the advisability of introdu-
cing photoresponsive fragments into the molecules of spin-
Crossover systems.

Studies of azopyridine-based coordination compounds
revealed that cis/trans photoisomerization is possible and
causes spin-state switching (LD-LISC),"* but these processes
take place noticeably in solution, in the form of a dispersion
in the cellulose acetate matrix'> as well as in thin films."*'* An
application of  2,6-di(1H-pyrazol-1-yl)-4-styrylpyridine by
Nishihara succeeded in one-way switching in solid.’® An exten-
sion of the concept of using molecules undergoing intra-
molecular isomerization was the use of bis(thienyl)ethene-type
fragments. Additionally, in this case, successfully performed
photoisomerization affected spin-crossover behavior.'®™"® A
different approach is the use of photoinduced, intermolecular
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[2 + 2] cyclization. However, the number of systems of this type
is very limited. In this approach, ligand molecules, guest mole-
cules,” and counterions®' are used. The use of styrylpyridine
(spy) or trans-1-(2-pyridyl)-2-(4-pyridyl)ethylene (2,4-bpe)
resulted in a shift in the spin crossover to lower temperatures,
a decrease in cooperativity combined with incomplete spin-
crossover, or even the loss of the ability to thermally induce
spin crossover.*>*?

Such an extremely small number of implementations indi-
cates low effectiveness in meeting the topochemical con-
ditions, which directly results from the unpredictability of the
crystal structures of novel coordination compounds. To over-
come this barrier, we have recently exploited as a photoreac-
tive unit 7-(tetrazol-2-ylmethyl)coumarin (L, Scheme 1), which
contains a flat photoreactive coumarin fragment and readily
forms layered structures required to satisfy the topochemical
requirements in the solid state. In the case of mononuclear
system [Fe(L)](BF4),-4CH;CN, the 0 D — 1 D structural con-
version entailed a transition from a system exhibiting ther-
mally induced complete spin crossover to a coordination
polymer remaining in a high-spin state down to 10 K.** Such a
decisive change in the spin-crossover properties of systems
undergoing intermolecular [2 + 2] cyclization became an
incentive to gain deeper insight into both the structural pro-
cesses related to photoconversion and their influence on the
spin state. Continuing this research, we decided to maintain
the general scheme of the ligand molecule structure, in which
the methylene linker connecting the coumarin fragment with
the donor group is responsible for the adaptation of the
ligand shape with respect to neighboring molecules, thus
facilitating  the  fulfillment of the topochemical
requirements.>> 2%

In this study, we used a new photoreactive ligand system by
replacing the tetrazol-2-yl group with a 1,2,3-triazole ring and
changing the donor anchoring site in the coumarin fragment
(Scheme 1). We present the structural consequences of photo-
conversion processes (i) occurring between unambiguously
defined, which are topochemically favored pairs of coumarin
fragments, and (ii) depending on the unique competition
between two topochemically favored coumarin-based pairs.
The resulting structural conversions affected spin-crossover
properties, in particular leading to the first observation of an
extremely strong shift of the spin crossover towards higher
temperatures.
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Scheme 1 Structures of 6-(1,2,3-triazol-1-ylmethyl)coumarin (L1) and

7-(tetrazol-2-ylmethyl)coumarin (L).
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Results and discussion
Ligands and complexes: general characterization

Recently, we presented the preparation of 7-(tetrazol-2-
ylmethyl)coumarin (L) depending on the alkylation of tetrazole
with 7-(bromomethyl)coumarin. The novel 1,2,3-triazole-based
ligand 6-(1,2,3-triazol-1-ylmethyl)coumarin (L1, Scheme 1)
used in these studies was obtained analogously by reacting 6-
(bromomethyl)coumarin with the sodium salt of 1,2,3-triazole
(see SI for synthetic details). L1 was isolated as a colorless
crystal with a yield of 21%. The synthesis yield results from the
lack of regioselectivity in the alkylation reaction of 1H-1,2,3-tri-
azole (see SI).

Depending on the conditions, reactions between L1 and
iron(u) perchlorate (molar ratio: 6 : 1) carried out in acetonitrile
can lead to the formation of two compounds. The formation of
very thin, colorless plates of [Fe(L1)s](ClO,4),-2CH3CN (1) starts
within 2-3 days after combining the reagents. If the crystalline
product is left in the mother liquor for 3 weeks, a single-
crystal-to-single-crystal transformation begins. The formation
of colorless blocks of novel compound [Fe(L1)](ClO,), (2) is
very slow (months). It is worth noting that seeding the reaction
mixture with crystals of previously prepared compound 2 leads
to the growth of the crystalline product within 2-3 weeks.

The complexes are stable during storage in a nitrogen atmo-
sphere. Importantly, cooling colorless crystals of 1 and 2 in
liquid nitrogen results in the appearance of a violet color,
which indicates the occurrence of the T — 'A spin-crossover.

Spin-crossover properties of [Fe(L1)¢](C10,),-2CH;CN (1)

The primary sample of 1 remains at room temperature in a
high spin (HS) form. During cooling, the value of yT =
3.4 ecm® K mol™ remains practically unchanged down to
220 K. Further cooling is accompanied by quite an abrupt
reduction of y\7, which indicates thermally induced spin-
crossover (Fig. 1). Complete spin-crossover with Ty, = 155 K is
achieved at about 120 K. The yT(T) dependence recorded in
the heating mode is practically the same as that recorded
during cooling.

Mossbauer spectrum of 1 at 260 K (Fig. S3) is composed of
one quadrupole doublet (AE; = 1.31 mm s™', § = 1.04 mm
s™1), indicating the homogeneity of the sample. A decrease in
temperature is accompanied by the appearance of the LS com-
ponent. Lowering the temperature results in the vanishing of
the HS form, and at 140 K (Fig. S3c), only the LS form (AEq =
0.32 mm s~ ', § = 0.53 mm s ') is observed. The temperature
dependence of the relative area of the HS form derived from
(Aus/(Aus + Arg)) very well corresponds to the results of the
magnetic studies (Fig. S4), which confirms the homogeneity of
the sample.

In 1, there is one crystallographically independent Fe(n) ion
in the crystal lattice. The first coordination sphere of Fe(i) con-
sists of six 1,2,3-triazole rings linked through exo-located nitro-
gen atoms N3 (Fig. 2a, Fig. S1). At 250 K, the Fe-N distances
are equal to 2.176(2), 2.178(2) and 2.246(2) A. The N-Fe-N
angles are in the range of 87.9(1)°-92.2(1)° (X = 14.1°). Cooling
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Fig. 1 Temperature dependences of ymT (SQUID) and relative areas of
the HS form derived from single-crystal X-ray diffraction studies for 1
and 1c. x is defined for SCXRD as (df,_y — d=5_ /(@S — dk5_, ), where
d is the average Fe—N distance determined at temperature T for HS and
LS forms. dk5_, is estimated considering that at 80 K, the contribution of
the HS form equals 0.05 according to Mdssbauer spectroscopy (Sl).

the crystal to 80 K results in shortening of Fe-N distances to
1.984(2), 1.987(2) and 2.023(2) A. These values are close to
those expected for complete spin-crossover. The N-Fe-N
angles adopt values in the range of 88.5(1)°-91.7(1)°, and a
slight reduction in the distortion of the FeNs chromophore as
a result of the formation of an LS form occurs (X = 9.1°). Spin
crossover does not involve other serious structural changes,
such as coordinated ligand molecules, anions and acetonitrile
molecules.

Photoconversion studies 1 — 1c¢

In 1, one pair of ligand molecules is directed into the Fe(u) ion
along [010] and the second one is directed into the [0—10]
direction (Fig. 2a). This results in the formation of columns in
which iron atoms are separated by a distance of 11.3 A (250 K).
The coumarin fragments arising from neighboring Fe(u)
ions arranged along the b direction (blue- and yellow-colored
molecules in Fig. 2a) are parallel to each other.
Nevertheless, they are twisted at ca. 43° (Fig. S2). Distances
between the centers of the double bonds of lactone rings
are equal to ca. 3.92 A (red dotted lines in Fig. 2a). The remain-
ing two coumarin fragments are directed along the ¢
direction into two neighboring columns (Fig. S2). Coumarin
fragments from neighboring columns are arranged parallel
to each other, and the distance between the centers of the
double bonds of lactone rings is equal to 3.70 A (black
dotted lines on Fig. 2a). Additionally, here, coumarin frag-
ments are twisted with respect to each other at ca. 30°. In this
way, a layered, supramolecular structure is formed in which
coumarin fragments are oriented head-to-head in two
directions.

FTIR microscopy. Initially, the ability to induce photocycliza-
tion in 1 was tested using FTIR microscopy measurements.
Irradiation (365 nm, 293 K, 1 W) of a very thin plate resulted

This journal is © the Partner Organisations 2026
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Fig. 2 Coumarin fragments in 1 fulfilling topochemical conditions,
originating from [FeLgl®* cations (marked in blue and yellow for better
readability) arranged along the b direction, are linked with the red
dotted lines, while those arranged along c direction are joined with
black dotted lines (a). Structure of the photocyclization product 1c,
showing the competition between coumarin fragments (thick lines)
arranged along the b and c directions (b).

in the appearance of new peaks at 1150 and 1206 cm™*,

accompanied by a general increase in the intensity across
the 1150-1300 cm™' range (Fig. 3a). Based on DFT studies,
these changes can be attributed to §(C-H) bending vibrations
arising from the formation of a cyclobutane ring. The changes
also include carbonyl group vibrations »(C=O0). A new
band, which shifts toward higher frequencies, appears. It
should be noted that the changes are less pronounced than
those in the previously reported system [Fe(L)s]
(BF,),-4CH;CN.>* Notably, photoconversion does not affect the
V(CN) vibration of the acetonitrile molecule. It was established
that exposure longer than 120 s did not lead to further
changes in the spectrum.
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Fig. 3 FTIR microscopy spectra recorded before and after illumination
of crystals 1 (a) and 2 (b) with light of wavelength 365 nm (1 W). For 1,
the band assignment is based on DFT results (see Sl for details). The
letters denote the peaks that either appear (a—c) or show an increase (d
and e). Peak a—c may be assigned to the vibrations of the cyclobutane
ring. They are predicted to occur at 1244 cm™, 1208 and 1172 cm™* and
correspond to the modes involving cyclobutane C—H bending coupled
with coumarin (cm) in-plane C—H bending (see the movies in SI). In the
case of carbonyl stretching, the changes may be related to a predicted
shift in the lactone stretching with the calculated mode at a higher
energy occurring at ca. 1778 cm™, compared to that at 1760 cm™
found for the coumarin ligand in mononuclear 2 (see movies in Sl). The
latter effect is more clearly observed in the powder spectra of 1, 1c, 2
and 2c in Nujol (see SlI). For 1, the main peak at 1749 cm™ shifts to
1770 cm™ upon conversion, while for 2, a corresponding shift from
1730 (peak f) to 1756 cm™ (peak g) is observed. Notably, for the
process of photoconversion of 2, 5 new peaks in the area of cyclo-
butane C-H bending may be identified (denoted a—e). “tr" denotes
1,2,3-triazole. The inset shows a range of 1300-1120 cm™* (marked with
a grey background). Finally, it is noteworthy that for both 1 and 2, the IR
spectra in Nujol reveal the appearance of a new peak at ca. 760 cm™ in
the photoconverted complex. DFT modelling indicates that this band is
due to cyclobutane puckering coupled with phenyl in-plane stretching.
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Scheme 2 Schematic of the connectivity scheme occurring within the
polymeric layers in 1c (a) and 2c (b). Curved and straight lines denote
linkers (bridging ligands are products of photocyclization) connecting
the nodes (Fe(n) ions).

SC-XRD studies. Single-crystal X-ray diffraction studies
revealed that irradiation of the crystal for 10 s (365 nm, 1 W)
starts triggering cyclization. As the exposure time increases,
the contribution of the cyclobutane product increases. After
approximately 120 s, the process monitored on the single
crystal is completed. Further irradiation causes the crystal
quality to begin to deteriorate. It is expected that photocycliza-
tion should be more privileged along the ¢ direction because
of the shorter separation between coumarin fragments and
less pronounced twist. This leads to the formation of poly-
meric chains in which neighboring Fe(u) ions are bridged by
dimerized ligand molecules. Nevertheless, it was established
that cyclization occurs not only in the topochemically pre-
ferred ¢ direction but also in the b direction, in which the
centers of double bonds of lactone rings are separated at
nearly 4 A. Moreover, the parallel-oriented lactone rings are
twisted at about 43° (Fig. S2). In such a scenario, the coumarin
molecules linking Fe(u) arranged along the ¢ direction
compete with coumarin fragments linking Fe(u) ions in the b
direction (Fig. S5). Using a model that describes the disorder
resulting from the presence of both the monomeric ligand
molecule and its dimerized form, the partial contributions of
L1 in the b and c directions were determined. The estimated
contribution of the dimers in the preferred ¢ direction is 0.36
and is about three times greater than that in the alternative »
direction (the occupancy factor for the dimer is 0.12). Hence, it
excludes formation of regular polymeric layer, composed only
from four-connected nodes. Based on the determined struc-
ture of 1c, the ratio of monomer to dimer molecules is 1 to
0.47. It is worth noting that 'H NMR of the bulky sample of 1c
dissolved in deuterated acetonitrile/deuterated water (20/1 v/v,
see SI for details) indicates that the molar ratio of monomeric
ligand molecule L1 to the dimeric form (being the product of
photoconversion) is equal to 1:0.42. This confirms that com-
petition occurs in two directions, reducing the yield of the
dimeric form. In such a case, the formation of various types of
nodes with lower connectivity cannot be excluded and includes
complex cations that are not engaged in photoconversion
(Scheme 2a).
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Spin-crossover properties of 1c

Photocyclization studies on a macroscopic sample of 1
enriched with *’Fe (8%) were performed using Mossbauer
spectroscopy. After illumination of sample 1 at 275 K for 24 h
with light of A = 365 nm (light power 10 mW, distance 80 mm),
the measurements of Mdssbauer spectra at 140 K (Fig. S3f)
revealed the appearance of an LS component, indicating
greater stabilization of the LS form.

1 — 1c photoconversion does not lead to a change in the
pattern of the spectrum (Fig. S3). Quadrupole splitting and
isomer shift parameters for photoconverted sample 1c in the
HS form (AEg =1.39 mm s~ ', § = 1.05 mm s~ at 240 K) and in
the LS form (AE; = 0.30 mm s™', § = 0.55 mm s at 61 K)
change insignificantly. The temperature dependence of the
relative area of the HS form (Ans/(Aus + Ars)) indicates that
spin crossover became more gradual and shifted to lower
temperatures. Spin-crossover temperature T, derived from
Mossbauer spectroscopy studies can be estimated to be 138 K
(Fig. S4).

The results of the magnetic studies confirmed that a more
gradual spin crossover occurred after photoconversion, which
shifted to slightly lower temperatures (T, = 138 K) (Fig. 1).

The FTIR spectra of the macroscopic samples 1 and 1c
(nujol mull) are placed in the SI, as shown in Fig. S6.

The spin states of 1 and 1c can be switched by irradiation
with green light (A = 532 nm, Fig. S7). The LS — HS* switching
is complete. For both compounds, a similar stability of the
metastable HS* phase is observed after switching. The systems
begin to relax back to the LS phase above a temperature of
~30 K. In the case of compound 1¢, for which the thermally
induced spin crossover shifts to slightly lower temperatures,
the Tysst value is 56 K and is slightly higher compared to
compound 1, for which Tyesst = 52 K. It is worth noting that,
in this case, irradiation of 1 did not involve [2 + 2] cyclization.

Conclusions drawn from structural studies on photoconver-
sion may allow for further rationalization of the spin-crossover
behavior in 1c. In light of the SCXRD studies, crystal 1c is com-
posed of structurally different spin-crossover centers.
Moreover, the diffraction pattern does not reveal the occur-
rence of long-range ordering of photocyclized molecules. This
implies that the nonequivalence of spin-crossover centers, in
combination with the structural variability of further coordi-
nation spheres, is translated on the course of spin crossover.
This results in a wider range of temperatures at which spin
crossover occurs. Single-crystal X-ray diffraction studies of 1c
revealed that in the cooling mode, spin crossover starts at a
temperature practically the same as that observed for 1,
whereas at lower temperatures, a significantly greater contri-
bution of the HS form occurs. The value of Ty, can be esti-
mated from single-crystal X-ray diffraction studies, which is
equal to about 141 K (Fig. 1).

Spin-crossover properties of [Fe(L1)g](ClO,), (2)

Studies on the temperature dependence of the magnetic suscep-
tibility showed that cooling (1 K min™") below 100 K involves an
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Fig. 4 ymT(T) dependencies for 2 recorded at various temperatures
and speed rates (a). Results of magnetic studies in the time-resolved
mode, together with temperature dependences of the relative areas of
the HS form derived from Mossbauer spectroscopy and the contribution
of the HS form derived from single-crystal X-ray diffraction studies (b). x
is defined for Mossbauer spectroscopy according to Aus/(Aps + Ars),
while for SCXRD, it is (df,_y — dtS_\)/(dES  — dkS_\), where d is the
average Fe—N distance determined at temperature T for the HS and LS
forms.

abrupt spin-crossover (T} /2 = 83 K). Further cooling below 80 K
leads to a half spin-crossover, and y,7T value remains in the
range of 1.7-1.8 cm® K mol™" (Fig. 4a). Additionally, fast cooling
with a temperature speed rate of 4 K min™" does not significantly
change the course of spin crossover. In contrast, reducing the
temperature scan rate to 0.01 K min™" involves occurrence below
80 K per second, which is a very sharp and practically complete
transition (72 /2 = 62 K). Concomitantly, at very slow cooling, the
transition observed at Tj ;2 = 83 K remains practically
unchanged. Thus, 2 exhibits a two-step spin-crossover with a
pseudo-plateau in the range of 70-80 K.

In the heating mode (1 K min™"), the low-temperature,
second step of spin crossover is shifted to higher temperatures
(12 12 =70 K), while the spin-crossover temperature for the first
step (T} ;=83 K) practically remains the same as that observed
in the cooling mode. Nevertheless, measurements performed
in the settling mode during cooling and heating revealed that
upon heating, the course in the second stage is practically the
same as that obtained in the cooling cycle. Thus, the presence
of the hysteresis loop in the second step results from the slow
kinetics of the spin crossover (Fig. 4b).
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Spin-state switching in 2 can also be accomplished by light
(Fig. S8). Irradiation of the LS form (obtained by the previous
thermal HS — LS switching carried out at 60 K, followed by
cooling to 10 K) with light of a wavelength of 532 nm results in
quantitative LS — HS* switching. Heating (0.3 K min™") gener-
ates the HS* form, which triggers HS* — LS conversion at
temperatures above 50 K. For a change, cooling sample 2 to
10 K with a temperature scan rate of 1 K min~" leads to nearly
equal contributions of the HS and LS forms. In such a case,
relaxation to the HS or LS form is not observed at 10 K. This
allows for switching the sample with 532 nm light to the HS*
form or illuminating the sample with 808 nm to the LS form.
Irradiation with red light leads to a sample containing about

A7 %N
/v J'—\ W\i\ Wj z;e
A [
b) A ec

Fig. 5 Arrangement of [FeLg]** cations within the bc plane in 2 (a) and
in the product of photocyclization 2c (b). Blue- and yellow-colored frag-
ments joined by black dotted lines denote molecules that meet the
topochemical conditions, while the ligands marked in grey color (a) do

not participate in the photoconversion.
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20% of the HS form, and just further heating (0.3 K min™")
causes (above 50 K) vanishing of the HS form as expected.

The first coordination sphere in 2 is composed of six 1,2,3-
triazole rings (Fig. 5a, Fig. S9a), similar to that in 1. At 250 K,
the Fe-N distances are equal to 2.228(1), 2.213(1) and 2.168(1)
A. The N-Fe-N angles are in the range of 87.8(1)°-92.2(1)°.
There are therefore no differences in the structure of FeNg
chromophores between 1 and 2 that unambiguously explain
the differences in spin-crossover temperatures.

Variable temperature single-crystal X-ray diffraction studies
showed that lowering the temperature below 100 K involves
shortening the Fe-N distances (Fig. 4b). At 80 K, the Fe-N dis-
tances are equal to 2.122(2), 2.134(3) and 2.079(3) A, so the
contribution of the HS form can be estimated to be about 55%
(considering an expected shortening of the Fe-N distance by
~0.2 A). At 80 K, there are no major changes in the structure of
the complex cation in relation to the HS structure. The orien-
tation of the ligand molecules with respect to the FeNg
chromophore remains practically unchanged. The changes in
torsion angles do not exceed 3° (Table S4).

It is worth mentioning that in the HS phase (250 K), there
is one crystallographically independent iron atom in the
crystal lattice. This does not change at 80 K, where one crystal-
lographically independent iron atom in the crystal lattice is
still present. Moreover, at this temperature, no other structural
changes were observed compared to the structure determined
at 250 K. Some light on why a two-step spin-crossover occurs
in 2 is shed by the results of the Mdssbauer spectroscopy
studies. Above the spin-crossover temperature region, the spec-
trum consists of a quadrupole doublet (AEq = 2.05 mm s~ ", §
= 1.14 mm s~ at 200 K) corresponding to the HS form
(Fig. S10a). Cooling below 140 K is associated with the appear-
ance of a signal consisting of two LS components. At the
saddle point (76 K), the contribution of the HS form (derived
from the ratio of the experimental areas according to Ayg/(Ans
+Apsy +Arsy)) equals 0.48 (Fig. 6a). At 50 K, only low spin com-
ponents (Fig. S10b) of areas ratio Apgi:Apsy — 1:1 (g1 =
0.53 mm s™', AEq(sy) = 0.30 mm s™', &5, = 0.55 mm s~ ') are
present. Thus, the evolution of Mossbauer spectra indicates
the occurrence of structural changes within the temperature
range of the spin crossover, which can be responsible for a
two-step character. In the heating mode, spin crossover shifts
to slightly higher temperatures, which, in accordance with
magnetic studies, confirms that the second step is associated
with the occurrence of a very narrow hysteresis loop of width
ca. 2 K (Fig. 4b).

Photoconversion studies 2 — 2¢

In compound 1, four ligand molecules interact with two neigh-
boring molecules arranged in one direction along the b axis.
However, a one-dimensional polymeric structure was not
formed because there exists competition with coumarin frag-
ments originating from neighboring supramolecular columns
(along the ¢ direction). In the case of compound 2, the arrange-
ment of the photoreactive fragments is completely different.
Here, four ligand molecules (coumarin fragments) are directed
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Fig. 6 Mossbauer spectra of 2 (a) and 2c (b) recorded at 76 and 80 K,
respectively.

into four complex cations coplanarly arranged in the bc plane
(Fig. 5a). Within this supramolecular layer, each cation inter-
acts with four neighboring ones through stacking interactions
of the coumarin fragments. The distances between the centers
of the double bonds of the lactone rings are the same, adopt-
ing a value of 3.64 A. In contrast to 1, the two remaining cou-
marin fragments in 2 do not meet the topochemical
requirements.

FTIR microscopy. Preliminary studies of the ability of com-
pound 2 to undergo [2 + 2] photocyclization were performed
using FTIR microscopy. Additionally, in this case, irradiation
(4 = 365 nm) of a very thin crystalline plate involves changes in
the spectra. It occurs in the range of 1150-1350 cm™" (Fig. 3b)
and is more pronounced in comparison with 1. In comparison
to photoconversion 1 — 1c, irradiation of 2 leads to the
appearance of a new peak at 1324 cm™'. Additionally, the
shape of the y(C=O0) band changes, with an additional peak
emerging at 1739 cm™'. Notably, the characteristic v(CN)
vibration at 2250 cm™" is absent (Fig. 3b, Fig. S11).

SC-XRD studies. The complete [2 + 2] cycloaddition caused
by irradiation (4 = 365 nm, 1 W) of a single crystal (0.08 x 0.20
x 0.38 mm?®) was accomplished within 80 s. Thus, only four
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coumarin fragments, fulfilling the topochemical requirements,
were photoconverted (Fig. 5b, Fig. S9b). Contrary to 1, the
process occurs in 2 quantitatively and results in the formation
of polymeric layers of the rhombic grid (Scheme 2b).

Cycloaddition is accompanied by the formation of a cyclo-
butane ring. In previous studies, we determined the crystal
structure of the uncoordinated form of a dimeric, tetrazole-
based ligand.** The torsion angle defined by four carbon
atoms of the cyclobutane in such a dimeric ligand molecule
was equal to 17.9(1)°, while in the high-spin form of the
coordination compound, it (C2-C3-C14-C13) was 13.3(1)°,
indicating the appearance of some strain. The values of the
puckering angles were equal to 25.3° and 19.3° (80 K). The
situation in 2c¢ changes dramatically. The cyclobutane ring is
significantly more flattened. The torsion angle (C14-C15-C27-
C26) equals only 8.4(1)°, while the puckering angle adopts a
value of 11.8° (300 K) (transition to the LS form involves an
increase in the angle to 12.4° at 80 K). It is worth noting that
for a stress-free cyclobutane derivative, one expects a value of
about 25-30°. This means that the dimeric molecule in
complex 2c¢ is extremely strained. For comparison in 2, the
torsion angles defined by the carbon atoms of the cyclobutane
rings are equal to 21.2° and 35.2° (HS, 250 K). The puckering
angles adopt values of 27.5° and 46.4°, respectively. Without a
doubt, the structure of the cyclobutane fragment is different
from that of other coumarin derivatives.

In contrast to other coumarin-based photo-products, the
methylene group in 2c is directed towards the carbon atom of
the 1,2,3-triazole ring from the adjacent arm of the same
dimeric ligand molecule. The C+++Cmethyiene distance is 3.36(1)
A; thus, it is shorter than the sum of the van der Waals radii
for carbon atoms. Moreover, distances between hydrogen
atoms are equal to 2.1 A (HS form) and 2.0 A (LS form), that is,
they are shorter than the sum of van der Waals radii for hydro-
gen atoms, too. Therefore, the strain in 2c may also result from
repulsive interactions. For comparison, from the previously
studied tetrazole derivative to compound 2c, the tetrazole
nitrogen atom N1 is replaced by the corresponding carbon
atom Cy, in the 1,2,3-triazole ring; hence, the nitrogen atom in
the tetrazole derivative could participate in an attractive inter-
action (Fig. S14). Importantly, the corresponding
Cir***Cethylene distance in 2 exceeds 3.6 A.

Attempts to reverse the photocycloaddition by exposing 2¢
to UV light (250-260 nm) were unsuccessful. Heating was also
attempted. It was determined that the dissociation process
begins at 225-230 °C. The crystal structure determination
revealed ligand disorder, with both the dimeric form and the
reconstructed initial monomer present at the same Fe(u)
coordination site. Based on the occupancy factors, it was estab-
lished that approximately 10% of the dimeric ligand molecules
had dissociated. Due to the presence of perchlorates, work on
bulky samples and at higher temperatures was not conducted.

Spin-crossover properties of 2¢

A bulky sample of the product of photoconversion 2¢ was pre-
pared by irradiation (365 nm, light power 10 mW, distance
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80 mm) of a very thin layer of 2 under Mdssbauer spectroscopy
monitoring. It was established that photoconversion 2 — 2c
starts at a very low temperature, that is, at 140 K (Fig. S13a).
Importantly, at this temperature, 2 remains in the HS form.
Thus, irradiation triggers HS — LS switching, and after 24 h of
illumination, 40% of HS form remains. Further irradiation at
this temperature increased the LS fraction. Therefore, the
temperature was elevated to 250 K, and irradiation continued
for 48 h. After that time, the sample was cooled to 140 K, and
the recorded spectrum indicated the presence of only the LS
form (Fig. S13b). After complete spin-state switching triggered
by ligand photoconversion, the sample was heated to 300 K,
and variable-temperature Mossbauer spectroscopy was carried
out in the cooling mode. At 250 K, the spectrum shows one
doublet with AEqus) = 2.09 mm s™' and Sys = 1.10 mm s~ .
Below this temperature, a HS — LS transition starts centered at
T, = 197 K and is completed at 140 K. In the spin-crossover
temperature region, only one component is present, which is
characteristic of the LS form (AEqrs) = 0.20 mm s7!, s =
0.51 mm s~ ). Further cooling does not involve changes in the
pattern of the spectrum.

Magnetic measurements were performed on the sample
generated as described above, and the recorded y,T(T) depen-
dence was consistent with that obtained from Mossbauer
studies. No hysteresis was found (Fig. 7). Continuous
irradiation of sample 2c at 10 K with 532 nm light leads to LS
— HS* switching (Fig. S14). However, immediately after
turning the light off, HS* — LS relaxation starts. Considering
the significant elevation of Ty, the low efficiency of photo-
switching remains in agreement with the inverse energy gap
law.29,30

To sum up, surprisingly, the spin crossover was signifi-
cantly shifted towards higher temperatures from ca. 83 to
197 K, i.e., at about 114 K. To the best of our knowledge, such
behavior was not previously observed for other spin-crossover
systems based on photoresponsive ligands. The first successful

4
+1.0
1—&3 34 2 F0.8
X1 Gy - L0.6
£ 24 p x
&) [ 4
- ¢ 0.4
= 1] ? 2c
= 7v SQUID (cooling) [ 0-2
4 SQUID (heating)
* V Mossbauer (cooling)L 0.0
0 : : ' % SCXRD (heating)
0 50 100 150 200 250 300
T/K

Fig. 7 Temperature dependences of yuT (SQUID, 1 K min™3), relative
areas of the HS form derived from Md&ssbauer spectroscopy and relative
shortening of average Fe—N distance derived from single-crystal X-ray
diffraction studies for 2c. The meaning of x is given in the caption to
Fig. 4. For comparison, the ymT(T) curve (cooling mode, 0.01 K min~?)
for compound 2 (blue squares) is added.
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application of the [2 + 2] photocycloaddition was presented by
M.-L. Tong by irradiating the Hoffman network-type systems
[Fe(4-5py)»{Ag(CN)a},] and  [Fe(2,4-bpe)s{Ag(CN)}s] (4-spy =
4-styrylpyridine, 2,4-bpe = trans-1-(2-pyridyl)-2-(4-pyridyl)ethyl-
ene) with UV light (high-pressure mercury lamp).>* In the first
case, an abrupt and complete spin-crossover (T, = 212 K and
Tl = 215 K) changes character to a two-step one and shifts to
lower temperatures (Ti1 =190 K, Tll =194 K, Tiz =166 K and
le = 169 K). For the second compound, the two-step spin-
crossover (), =164 K, T}, = 167 K, T\, = 141 K and T,,, = 146 K)
becomes incomplete and occurs over a broad temperature
range from 50 to 300 K. Further research by the same group
using photoreactive ligands of the styrylpyridine type resulted
in another Hoffman network-type system [Fe(3-spy),{Pd(CN),}]
(1,3-spy = 3-styrylpyridine) exhibiting a two-step spin transition
(T, =123 K and T}, = 132 K and T, = 94 K and T}, = 119 K).*?
In this case, quantitative photoconversion leads to a high-spin
system. It is worth noting that the photocycloaddition process
could be reversed by 68% by heating at 250 K for 12 h. Further
studies using 3-spy led to the synthesis of [Fe(3-spy),{Ag
(CN),},] undergoing a two-step spin transition below 150 K.*!
Photocycloaddition [2 + 2] results in a gradual and incomplete
spin-crossover occurring in the range of 70-200 K. Irradiating
the photoconversion product with 254 nm UV light allows for
the partial reversal of the cycloaddition. Our recent studies
demonstrated that the use of 7-(tetrazol-2-ylmethyl)coumarin
leads to a mononuclear system, [Fe(L)s](BF,),-4CH3CN, exhibit-
ing a cooperative and complete spin-crossover (T, = 130 K),
while the high-spin product of [2 + 2] photocycloaddition did
not show a thermally induced spin-crossover.* It is worth
noting that coordination compounds containing ligands
undergoing  intramolecular = photoisomerization  attract
immense interest. A review of such systems was conducted by
B. Brachniakova and 1. Salitros.*?

The average molar ratio of ligand molecules that underwent
photocycloaddition (dimers) to molecules that did not
undergo conversion was determined from the "H NMR spec-
trum (sample 2¢) dissolved in deuterated acetonitrile/deute-
rated water (20/1 v/v, see SI for details) based on the inte-
gration of signals from the methylene group protons, which
were completely separated in the spectrum. The determined
molar ratio is 1.92: 1.

Structural effect of photocycloaddition on the spin-crossover
properties of complex 2c. In the HS form of 2¢, the distance
between bridged Fe(ir) ions equals 12.00 A at 300 K, while the
separation between the corresponding metal ions before con-
version is equal to 11.92 A. The distance between Fe(i) ions
from neighboring layers expands from 18.12 A in 2 (250 K) to
18.01 A (300 K) in 2¢. The summary effect of intra- and inter-
layer expansion results in the expansion of the cell volume
from 3477 A® (2, 250 K) to 3513 A® (2¢, 300 K).
Photoconversion practically does not affect the anion network.

In the HS form of 2¢ at 300 K, the Fe-N bond lengths are
equal to 2.225(1), 2.198(1), and 2.173(1) A. The average Fe-N
distance equals 2.199(1) A and is insignificantly shorter than
the values observed at 250 K for 2 (2.203(1) A) and 1 (2.200(2)
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A). Tt should be noted that after photoconversion, = adopts a
value of 28.9° (300 K), which is greater than the values
observed for 2 (16.3° at 250 K) and 1 (14.1° at 250 K). Cooling
of crystal 2¢ to 250 K involves a slight shortening of the Fe-N
distances to 2.212(2), 2.183(2), and 2.168(2) A, which is in line
with the start of spin crossover. At 80 K, the Fe-N bond
lengths are equal to 1.973(1), 1.988(1), and 2.001(1) A; thus,
they are characteristic of the LS form. A value of X = 29.4° for
the LS form of 2c is close to the one found for the HS form.
The temperature dependence of the Fe-N distances (Fig. 7) for
2¢ agrees with the results of the magnetic and Mossbauer
studies.

Spin crossover in 2¢ involves a slight reorientation of tri-
azole rings (tr). The N,—N,~Fe-N;, torsion angles as well as the
angles between the planes of the triazole rings and the equa-
torial plane of the coordination octahedron (defined by nitro-
gen donor atoms from ligands undergoing photoconversion)
change by 1°-4° upon spin crossover in 2c. The changes in the
mutual orientation of the triazole and coumarin fragments are
of similar magnitude. In 2, these changes are smaller than 3°.
The HS — LS transition in 2c involves a reduction of the dis-
tance between bridged Fe(i) ions from 12.00 A (300 K) to
11.73 A (80 K, complete spin-crossover). For comparison, the
corresponding separation in 2 decreases from 11.92 A (250 K)
to 11.72 A at 80 K; ca. 50% of the Fe(i) ions adopt the LS state.
Spin crossover also involves a decrease in the separation
between the polymeric layers in 2c from 18.01 A to 17.71 A.
The analogous distance in 2 is reduced from 18.12 A to
18.07 A.

In conclusion, the structural changes associated with ther-
mally induced spin crossover in complexes 1 and 2 as well as
their photoconversion products are typical.

Our previous studies on the coordination compound [FeL)
(FB,),-4CH3CN and its photoconversion product demonstrate
that the stress resulting from photoconversion is a reason for
the very strong stabilization of the HS form. In fact, the photo-
conversion in 2c entails much larger alterations. The 2 — 2¢
conversion involves a reorientation of one of the three crystal-
lographically independent 1,2,3-triazole rings with respect to
the Fe-N6 bond; the torsion angle N8-N9-Fe-N6 increases
from 32.8(2)° to 37.3(2)°. Additionally, it is associated with a
change in the inclination of the triazole ring in relation to the
equatorial plane of the coordination octahedron. Moving away
from the Fe(triazole)s core, the adaptive abilities of the ligand
molecules become more pronounced. Thus, the torsion angles
covering the methylene group of the ligand molecules under-
going photocycloaddition change in a wide range of values
(from 4 to 27°, Table S3). The structural transformation is also
reflected in the ligand molecule not taking part in the cycliza-
tion process, which indicates the appearance of perturbation
spreading on the whole crystal lattice; here, the angle N1-C10-
C6-C7 changes by about 8.6°.

To sum up, it is clearly visible that the structural changes
associated with the 2 — 2¢ photoconversion are much greater
than those resulting from the thermally induced spin-cross-
over. Concomitantly, a comparison of the crystal structures of
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2 and 2c indicates that the changes triggered by spin crossover
in 2c are slightly greater than those that occurred in 2, and
these changes are typical of thermally induced spin-crossover.
Nevertheless, a comparison of the magnitudes and directions
of these changes does not provide any basis for explaining why
photoconversion leads to such strong stabilization of the LS
form. Thus, it should be considered that lattice-based effects
perpetuate stress and prevent stored energy from dissipating.
In such a situation, the strain accumulated in the coordination
compound 2c ligand structure crucially affects the energies of
the HS and LS forms, which are responsible for a drastic
change in spin-crossover properties. To evaluate this effect,
density functional theory (DFT) calculations were performed.

DFT calculations

We applied DFT modelling to account for the 100 K shift in
the transition temperature of 2¢ upon photoconversion. We
performed the calculations with Gaussian 16 ** using the TPSS
exchange—correlation functional®® and the TZVP basis set***°
with Grimme’s D3 dispersion correction.”” In what follows, we
focus on the change in strain in the photodimerized ligand
from the LS to the HS state. First, we calculated the mean elec-
tronic energies of the photodimerized ligands for the HS and
LS spin isomers, taking the geometries of the two inequivalent
ligands. Much lower energy was found for the ligands in the
LS structures; the difference between the LS and HS states was
234 kJ mol ™. To compare this value with the known difference
in the strain of the ligands coordinated to the LS and HS spin
isomers of the SCO Fe(u) complexes, we may refer to ref. 38. It
was shown that for 17 Fe(u) spin-crossover complexes with
hexa-coordinating nitrogen-donor ligands, LS-HS conversion
is associated with a release of ligand stress of 95 + 16 k] mol .
This value implies that the LS to HS spin transition results in a
significant decrease in the ligand strain in the mononuclear
complexes. For the systems under study in this paper, the
opposite effect is thus found. It is noteworthy that our model-
ling of the 1D photodimerized analogous system containing
the tetrazole coordinating ligands (ref. 24) does not reveal any
change in the strain of the ligands. In a further step, we calcu-
lated the strain difference of the ligands and subsequently the
smaller fragments thereof (Fig. 8). The decomposition of the
strain differences reveals that the largest part of the stress
(energetic effect of strain) difference (102 kJ mol™) in the
dimerised ligand comes from the interaction involving the tri-
azole rings. The rest (132 kJ mol™") is the sum due to differ-
ently interacting phenyl rings (96 k] mol™") and the difference
in the conformation of cyclobutane (36 k] mol™"). The stress
difference of 102 k] mol™" between the model of the ligand
and its core without tetrazole ligands contains 62 kJ mol™" due
to the different interactions of the methyltriazole rings.
Consequently, the remaining 40 k] mol™* must be due to the
interactions between the triazole moieties and the phenyl
rings. All interactions shown in Fig. 8 favour the geometry
observed in the LS state of 2c. This is somewhat surprising;
only 15% of the additional ligand stress upon transition from
the LS to the HS state is due to strain induced in the cyclobu-
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Fig. 8 Electronic energy differences AE of photodimerized ligands and their fragments corresponding to the whole molecules in their HS and LS
states. Energy differences were taken between the HS and LS configurations (Eys—E\s). Thus, positive values reflect a higher strain for the related HS
structures. Energies were calculated using single point calculations for isolated fragments with geometries taken from the X-ray data. The obtained
AE values for the ligand of 2c and its decomposed fragments are shown as blue bars and compared to related tetrazole analogues (ref. 24, green
bars). Notably, the electronic energy of the optimized cyclobutane obtained using the same DFT tools is 145 kJ mol™ higher than that obtained for
the cyclobutane fragment corresponding to that in the LS structure of 2c, indicating stress due to the compression of the cyclobutane skeleton in
the dimerized ligand. Although the disorder of the coumarin cyclobutane fragment in the structure of 1c makes it difficult to obtain reliable coordi-
nates for computation, it was possible to calculate the stress difference related to the vicinity of the triazole ring (see the structure shown in the
box). The obtained value of 38 kJ mol™ is significantly lower than that for 2c. We were also able to obtain the geometry of the cyclobutane for LS-
1c. Although the reliability of this model is limited by two C—C bonds elongated (one being over 1.7 A long) and the other shortened (one being
below 1.4 A), the obtained energy points to a lower strain in the dimerised ligand in 1c than in 2c. Moreover, the energy of this disordered cyclo-
butane ring is 105 kJ mol™! higher than that obtained for the optimized geometry. The robustness of the calculations of the stress difference was
checked using calculations with four different correlation-exchange functionals, each with four different basis sets. The results are shown in the SI
and reveal fairly similar findings, revealing the weaker dependence of the calculated strain difference on the functional (the largest difference of ca.

less than 10%) and somewhat higher on the basis set (the largest difference of less than ca. 20%).

tene ring. Seemingly, this ring suffers from such a large strain
that additional deformation is only limitedly possible. This
effect counterbalances the entropic and ligand-field effects,
which are the driving forces of the LS to HS transition, result-
ing in a 100 K shift at the critical temperature.

Conclusions

In summary, we reported the successful application of the
novel ligand 6-(1,2,3-triazol-1-ylmethyl)coumarin (L1) to
prepare the photoreactive mononuclear coordination com-
pounds [Fe(L1)e](ClO,),-nCH3CN (n = 0, 2). An unprecedented
feature of the solvated form is the presence of three photoreac-
tive fragments, forming two types of coumarin-coumarin pairs
that concomitantly meet topochemical conditions. The photo-
cycloaddition of each pair must occur in a different direction.

Inorg. Chem. Front.

However, irradiation at 365 nm triggers competition between
the photoreactive fragments, resulting in the formation of a
frustrated structure of the polymeric layer. In effect, the more
gradual spin crossover is shifted to slightly lower temperatures.
This contrasts with the unsolved system, which contains two
pairs of coumarin fragments that do not compete with each
other. Consequently, photoconversion results in a 2D network
with a regular (2,2) topology. Here, we observe that the spin
crossover shifts by 114 K towards higher temperatures, which,
to the best of our knowledge, has not been observed for photo-
convertible systems. A characteristic feature of the photocon-
verted system is the presence of a strained form of the result-
ing bridging ligand molecule in which the cyclobutane ring is
extremely strongly flattened; the puckering angle is equal to
11.8°. DFT modelling of the strain in the photodimerized
ligand points towards much higher stress in the HS state.
Considering that similar coordination with two photodimer-

This journal is © the Partner Organisations 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi02305j

Open Access Article. Published on 09 March 2026. Downloaded on 4/20/2026 8:49:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

ized and two non-dimerized ligands forms the 1D chains with
the tetrazole analogues, it seems that it is primarily the 2D
topology of the lattice of 2c that induces these effects.
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