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Homoleptic complexes [Fe(4bt)s](ClO4), (1), [Fe(2bt)z](ClO4), (2), and [Fe(3tpH)sl(ClO,), (3) were obtained
by a reaction between the Fe(i) precursor salt and the corresponding thiazole-based bidentate ligand (L =
4bt = 4,4'-bithiazole, 2bt = 2,2'-bithiazole, 3tpH = 3-(thiazol-2-yl)pyrazole). X-ray crystal structure deter-
mination revealed crystallization of solvent-free complex 1, a solvate 2-MeOH, and a co-crystal 3-2(3tpH).
The crystal packing of all these complexes is dominated by one-dimensional interactions between the
[Fe(L)s]** cations. These interactions are stronger in 2-MeOH and 3-2(3tpH), leading to cooperative and
slightly hysteretic transitions between the high-spin and low-spin electronic configurations at ~235 K and
159 K, respectively. In contrast, weaker intermolecular interactions in 1 result in a gradual spin crossover
above 300 K, with the maximum fraction of the HS state ~25% achieved at 400 K. Complexes 2 and
3-2(3tpH) exhibit light-induced excited spin state trapping (LIESST) under irradiation with white light or a
532 nm laser at 5 K. After the photoexcitation, the trapped metastable HS state relaxes to the ground LS
state with the average relaxation temperature of 81 K and 68 K, respectively. Examination of the relaxation
dynamics by optical absorption spectroscopy on a single crystal of 3-2(3tpH) revealed the sigmoidal shape
of the relaxation curves at lower temperatures, attributed to cooperative effects, as well as a plateau at
~10% of the HS fraction at intermediate temperatures, hinting at a more complex mechanism for the
relaxation of the LIESST phase in this material.

Introduction

Recently, we have explored a correlation between the geometric
parameters of chelating diimine-type ligands and the spin
state of their homoleptic complexes with the Fe(u) ions." The
outcome of that study was a simple yet effective empirical rule
that predicted interconversion between the high-spin (HS) and
low-spin (LS) electronic configurations for Fe(un) complexes
formed with ligands in which the N---N separation between
the N-donor sites ranges from 2.78 to 2.93 A. Such spin cross-
over (SCO) is well known to be driven by changes in tempera-
ture, pressure, or light irradiation.” Ligands with the N---N
separation below or above this range typically yield Fe(n) com-
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plexes that exist only in the LS or HS state, respectively. The
effectiveness of this simple rule for spin-state prediction is
explained by the optimal alignment of the c-donating orbitals
on the N sites with the e,-type orbitals on the octahedrally co-
ordinated metal site. The smaller/larger N---N separation in
the free ligand is better suited for the geometry of the LS/HS

Dalton Trans., 2024, 53, 10511-10520 | 10511


http://rsc.li/dalton
http://orcid.org/0009-0001-5321-2555
http://orcid.org/0000-0002-1347-6601
http://orcid.org/0000-0002-8467-9721
http://orcid.org/0000-0001-5148-8147
http://orcid.org/0000-0003-4980-5427
http://orcid.org/0000-0003-1639-3411
http://orcid.org/0000-0002-2883-4694
https://doi.org/10.1039/d4dt00308j
https://doi.org/10.1039/d4dt00308j
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt00308j&domain=pdf&date_stamp=2024-06-20
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt00308j
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT053025

Open Access Article. Published on 29 May 2024. Downloaded on 10/31/2025 2:52:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

state — as dictated by the typical Fe-N bond lengths in the
corresponding electronic configuration,® - thus resulting in
the higher stability of that configuration.

Interestingly, in the course of that study, we observed that
the empirically found N---N separation boundaries between
the LS and SCO (2.78 A) or the HS and SCO (2.93 A) regions are
quite accurate, and even minor changes in the ligand geometry
might be sufficient to cross from one type of behavior to the
other. Thus, the 2,2"-biimidazole ligand, composed of two C-C
bonded five-member rings, yields only HS complexes, in agree-
ment with the larger separation between its N-donor sites
(2.99 A).* Substituting the N-only heterocycle with a mixed N,
S-heterocycle leads to an increase in the size of the 5-member
ring, pushing the N-donor sites closer together and resulting
in SCO behavior in homoleptic Fe(u) complexes with 4,4’
bithiazole (4bt), 2,2"-bithiazole (2bt), and 3-(thiazol-2-yl)pyra-
zole (3tpH) ligands (Scheme 1), for which the N---N separation
equals 2.81 A, 2.91 A, and 2.85 A, respectively.

Despite the simple structure of these thiazole-based ligands
(Scheme 1), the magnetic properties of their Fe(u) complexes
have remained relatively underexplored since the initial
reports of SCO in [Fe(4bt);](ClO,), (1),” [Fe(2bt)s](ClO,), (2),°
and [Fe(3tpH);](Cl0O,), (3).” In particular, there is lack of any
information regarding the possibility of light-induced excited
spin state trapping (LIESST), which arguably represents one of
the most appealing effects shown by SCO materials, both from
the fundamental and applied viewpoints.®® Therefore, we
decided to re-examine the SCO properties of complexes 1-3,
especially as relevant to the possible LIESST behavior. In the
present work, we report the study of structural and magnetic
properties of these complexes and demonstrate a pronounced
and quantitative LIESST effect in complexes 2 and 3. In
addition, we observe an unusual two-step relaxation behavior
for the metastable light-induced HS state generated in
complex 3.

Results and discussion
Synthesis

Complexes 1-3 were prepared by direct reactions between
[Fe(H,0)6](ClO,), and the corresponding ligand. Goodwin
et al. reported the syntheses in refluxing ethanol,>” but we
found that these complexes can be obtained by performing the
reactions at room temperature (r.t.) in anhydrous methanol
(MeOH, for 1 and 2) or acetonitrile (MeCN, for 3). While the
earlier reports mentioned the products precipitating upon
cooling of the ethanolic solutions, in our experiments the

s. S S
1/}_@ [NH\N] HWN]

4bt 2bt 3tpH

Scheme 1 N,S-heterocyclic ligands used for the synthesis of homolep-
tic Fe(n) complexes in this work.
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target complexes remained soluble in the corresponding sol-
vents at r.t. Their crystallization was achieved by either slow
evaporation of the solutions of 1 and 2 in MeOH or by slow
diffusion of Et,O into the MeCN solution of 3. Once isolated
by filtration and briefly dried by suction, the complexes
appeared to be sufficiently air-stable, although the samples
were kept in a desiccator for prolonged storage.

Crystal structures

We note that only crystallization of 1 was reported in the
earlier works.> Attempts to crystallize 2 from EtOH were unsuc-
cessful, leading to [Fe(2bt),(H,0),](Cl0O,),-4(2bt),"® although
analytically pure complex 2 was precipitated from a hot etha-
nolic solution.® The cation of complex 3 was crystallized with a
different anion, [Fe(3tpH);](BF,),-1.5H,0, while the perchlor-
ate salt was obtained only with one of the ligands deproto-
nated, [Fe(3tpH),(3tp)](Cl0O,).” We did not encounter any sub-
stantial difficulties in crystallizing either of these homoleptic
2+ cations as perchlorate salts. Similar to the earlier findings,’
we observed crystallization of 1 as a solvent-free complex in
the C2/c space group, with the r.t. monoclinic unit cell para-
meters (a = 17.2500(3) A, b = 9.8245(2) A, ¢ = 16.8597(3) A, 3 =
105.972(2)°) being in good agreement with the literature data
(a=17.250 A, b = 9.817 A, ¢ = 16.867 A, § = 105.94°). In con-
trast, complex 2 crystallized as solvate, 2-MeOH, and complex
3 co-crystallized with the free ligand as 3-2(3tpH). The crystal
structures of these two complexes are reported here for the
first time.

In agreement with the crystal structure analysis discussed
below, TGA experiments (Fig. S1f) revealed negligible mass
losses for solvent-free powder samples of 1 and 3-2(3tpH)
between r.t. and 500 K. On the other hand, a powder sample
of 2-MeOH showed ~5.1% decrease in mass when heated to
410 K, which corresponds to ~1.3 interstitial MeOH molecule
per formula unit of the complex, in reasonable agreement with
the results of elemental analysis. The interstitial solvent,
however, could not be removed from single crystals of
2-MeOH, even when they were exposed to vacuum (~100 mbar)
for 3 h at 380 K. This difference in the desolvation behavior of
the single-crystal vs. powder samples can be attributed to the
higher surface area of the latter, which facilitates the solvent
removal.

Complex 1 crystallizes in the space group C2/c, as reported
previously,® and is isostructural with the analogous Ni(i1) and
Ru(n) complexes.>™ The asymmetric unit (ASU) contains a
half of the [Fe(4bt);]*" cation and one ClO,~ anion (Fig. S2at).
The metal ion resides on a 2-fold rotation axis. The Fe-N bond
lengths and the Xy, angular distortion parameter' observed at
300 K indicated the fully LS state for the Fe(u) ion (Table 1).
Therefore, the crystal structure determination at lower temp-
eratures was not pursued, since only increasing the tempera-
ture can drive the conversion to the HS state.

The crystal packing of 1 is characterized by columns of the
[Fe(4bt);]** cations separated by the ClO,” anions (Fig. 1a).
The columns run parallel to the ¢ axis and feature n-n inter-
actions between the 4bt ligands of neighboring cations

This journal is © The Royal Society of Chemistry 2024
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Table 1 Metric parameters of the Fe(i) coordination in the crystal structures of 1, 2-MeOH, and 3-2(3tpH)

2:-MeOH 3-2(3tpH)
Complex 1
temperature 300 K 300 K 230 K 100 K 300 K 230 K 100 K¢
d(Fe-N), A 1.974(2) (x2) 2.152(2) 2.142(1) 1.965(3) 2.155(2) (x2) 2.158(2) (x2) 1.96(1)-1.99(1) for Fe(1)
1.979(2) (x2) 2.175(2) 2.156(1) 1.976(3) 2.184(2) (x2) 2.189(2) (x2) 1.96(2)-2.02(2) for Fe(2)
1.974(2) (x2) 2.186(2) 2.169(1) 1.976(3) 2.195(2) (x2) 2.194(2) (x2) 1.97(1)-2.04(2) for Fe(3)
2.189(2) 2.171(1) 1.986(3)
2.210(2) 2.194(1) 1.986(3)
2.212(2) 2.201(1) 1.987(3)
dy(Fe-N), A 1.976(1) 2.187(1) 2.172(1) 1.979(1) 2.178(1) 2.180(1) 1.982(2)
Zo0 (°) 49.8(3) 97.1(2) 94.8(2) 57.5(4) 85.9(3) 85.1(3) 61(1)

“Due to the more complex crystal structure and poorer data quality, only the range of Fe-N distances is provided for each of the three Fe centers
in the structure of 3-2(3tpH) at 100 K, and the d,,(Fe-N) and Xy, parameters have been averaged over the three Fe sites.

Fig. 1 (a) The crystal packing of 1 viewed down the c axis to reveal the
columns of [Fe(4bt)s]?* cations. The unit cell is indicated with solid gray
lines. The H atoms are omitted for clarity. (b) A side view of a single
column of cations, highlighting the n—=n interactions with light-blue
arrows. Color scheme: Fe = garnet, S = gold, Cl = green, O = red, N =
blue, C = gray.

(Fig. 1b), with the plane-to-plane distance of 3.53 A at 300 K.
The cohesion between the columns is provided by weak inter-
molecular O---H contacts between the ClO,” anions and the
peripheral H atoms of the ligands (Fig. S3at). These O---H dis-
tances vary from 2.477 A to 2.681 A, in agreement with the
typical O---H van der Waals (vdW) interactions observed at
2.46-2.68 A.'? Such crystal packing, with the weak inter-
molecular interactions, is not conducive to a cooperative spin
transition, in agreement with the results of magnetic measure-
ments discussed below.

Complex 2 crystallized as a solvate 2-MeOH in the space
group P2,/n. The ASU contains one [Fe(2bt);]** cation, two
ClO,™ anions, and one interstitial MeOH molecule (Fig. S2b¥).
In contrast to structure 1, the Fe-N bond lengths and the Xy,
angular distortion parameter at 300 K indicate the fully HS

This journal is © The Royal Society of Chemistry 2024

state for the Fe(n) ion (Table 1). At 230 K, the average Fe-N
bond length and the Xy, parameter decrease only slightly, but
at 100 K, they become similar to the values observed for
complex 1 at 300 K, thus indicating the conversion of complex
2 to the LS state.

Similar to the structure of 1, the crystal packing of 2-MeOH
features columns of the [Fe(2bt);]** cations extending along
the ¢ axis (Fig. 2a and b). The interactions between the cations
along the columns, however, are more extensive as compared
to those observed for 1. In the latter, the m—n contacts are
observed only between single thiazole rings of the 4bt ligands,
but in the structure of 2-MeOH the intermolecular n-n contacts
involve both thiazole rings of the 2bt ligand (Fig. 2c). At 300 K,
the average interplanar distance between the m-m-interacting
2bt ligands alternates between the values of 3.56 A and 3.73 A
along the column. (At 100 K, these distances decrease only
slightly, to 3.50 A and 3.69 A, respectively.) Due to the change
in the character of the n-r interactions, the cationic columns
in 2-MeOH also appear more undulated (Fig. 2b) as compared
to those observed in 1 (Fig. 1b), which allows the ClO,™ anions
and MeOH molecules to occupy the space within the columns.
As shown by magnetic studies described below, such change
in the crystal packing has a pronounced effect on the SCO
behavior.

Each ClO,” anion or MeOH molecule located within the
columns of SCO cations exhibits vdW interactions with one of
the surrounding 2-bt ligands (Fig. S3bt). The MeOH molecule
forms a rather close H---S contact at 2.397 A, but its vdW dis-
tances to other ligands or the nearest ClO,~ anion exceed 3 A,
thus indicating negligible vdW forces. The ClO,~ anion forms
two notable O---H interactions with the peripheral H atoms of
one 2-bt ligand, at 2.680 A and 2.844 A, but two other O---H
distances substantially exceed 3 A. Thus, the Cl0,~ anions and
MeOH molecules located within the columns appear to be
trapped by the vdW interactions, which are especially signifi-
cant in the case of the interstitial solvent, thus justifying the
difficulty in removing this solvent from the crystal structure.

The ClO,~ anions located between the columns of cations
form three vdW bonds to the pair of 2-bt ligands engaged in
the n—r interaction, with the O---H distances of 2.497 A,
2.551 A, and 2.782 A (Fig. S3ct), while the fourth O atom does

Dalton Trans., 2024, 53,10511-10520 | 10513
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Fig. 2 (a) The crystal packing of 2:-MeOH viewed down the c axis to
reveal the columns of [Fe(2bt)s]>* cations. The unit cell is shown with
solid gray lines. The H atoms are omitted for clarity. (b) A side view of a
single column of cations, highlighting the n—= interactions with light-
blue double arrows. (c) The top view of n—xn overlaps between the 4bt
and 2bt ligands in 1 and 2-MeOH, respectively. Color scheme: Fe =
garnet, S = gold, Cl = green, O =red, N = blue, C = gray.

not exhibit any noteworthy vdW interactions. Overall, we can
conclude that the interstitial species do not provide any strong
connections between the columns of cations, and the coopera-
tivity of the spin transition, which will be discussed in the
section on magnetic properties, arises primarily due to the
interaction between the cations along the columns.

Complex 3 co-crystallized with a free ligand, affording crys-
tals of 3-2(3tpH) in the space group Pbcn at 300 K. Although
the only previously reported crystal structure of the
[Fe(3tpH);]** cation was obtained as a hydrate with the BF,~
anion, [Fe(3tpH);](BF,),-1.5H,0,” the Ni(u) salt was obtained
as a co-crystal with the free ligand, [Ni(3tpH);](BF4),-2(3tpH),”
isostructural to 3-2(3tpH) obtained in our work. The ASU of 3-2
(3tpH) contains a half of the [Fe(3tpH);]>* cation, one ClO4~
anion, and one free 3tpH molecule (Fig. S2ct). The cation
resides on a 2-fold rotation axis, which causes one of the co-
ordinated 3tpH ligands to be disordered, due to its asymmetric
nature. Crystallographic disorder was also observed for the
non-coordinated 3tpH ligand and the ClO,~ anion. The Fe-N

10514 | Dalton Trans., 2024, 53, 10511-10520
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bond lengths and the Xy, parameter are characteristic of the
HS Fe(u) ion at both 300 K and 230 K (Table 1).

The crystal data obtained at 100 K were of much lower
quality. As the crystal of 3-2(3tpH) was cooled from 230 K to
100 K, its color changed from yellow to red and the diffraction
spots became more diffuse, most likely, due to the strain intro-
duced by the abrupt spin transition that takes place at ~150 K
(see below). Even relatively slow cooling through this tempera-
ture region (at 1 K min™") did not alleviate the problem.
Nevertheless, we were able to establish a reliable model of the
structure (Table S1%). The spin transition causes lowering of
the space group symmetry to Pna2, and tripling of the unit cell
volume. The transformation of the unit cell parameters from
the high-temperature HS phase to the low-temperature LS
phase is described by arg = cus, brs = bus, CLs = 3aus- The ASU
of the low-temperature phase contains three unique
[Fe(3tpH);]** cations, six ClO,” anions, and six 3tpH mole-
cules. The substantial decrease in both the Fe-N bond lengths
and the Xy, parameter (Table 1) clearly indicate the formation
of the LS state at all Fe sites.

The crystal packing of 3-2(3tpH) bears features related to
the crystal packings of both 1 and 2-MeOH. Similar to 1, the
[Fe(3tpH);]** cations form columns along the ¢ axis of the HS
structure, and the free 3tpH ligands and ClO,” anions are
located only between the columns (Fig. 3a). Similar to
2-MeOH, both aromatic rings of the 3tpH ligands are involved
in intermolecular n-n contacts (Fig. 3b), with the interplanar
distance of 3.65 A at 300 K. A comparison of the unit cell para-
meters (Table S11), taking into account the relationships given
above, indicates that the change in the Fe-N bond lengths
caused by the spin transition mainly affects the parameters
perpendicular to the direction of the columns of SCO cations,
while the parameter cys (ars) along the columns remains
essentially unchanged. Evidently, the stronger intermolecular
interactions along the columns force the large SCO-induced
structural changes to be accommodated in the direction per-
pendicular to these interactions.

For each interstitial 3tpH ligand in the structure of 3.2
(3tpH), the thiazole ring engages in a n—x interaction with a co-
ordinated 3tpH ligand from one of the columns of cations,
while the pyrazolyl ring exhibits a vdW contact with a 3tpH
ligand from the other column at the N---H distance of 2.649 A
(Fig. S3df). The ClO,~ anions also show vdW interactions to
the peripheral H atoms of coordinated 3tpH ligands with the
O---H distances of 2.366 A, 2.592 A, and 2.686 A. Thus, the
crystal structure of 3-2(3tpH) exhibits more extensive vdwW
interactions between the interstitial species and the columns
of cations as compared to the vdW forces observed in the
crystal structure of 2-MeOH.

Magnetic properties

The powder samples of complexes 1-3 were studied by temp-
erature-dependent measurements of magnetic susceptibility
(). The magnetic behavior of complex 1 was previously
reported only to 333 K.? In agreement with the literature data
and the LS state of the complex established by crystal structure

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) The crystal packing of 3-2(3tpH) viewed down the c axis to
reveal columns of [Fe(3tpH)s]?* cations. The unit cell is indicated with
solid gray lines. The H atoms are omitted for clarity. The disorders of the
3tpH ligands and ClO,4™~ anions are not shown. (b) A side view of a single
column of cations, showing n—=n interactions with light-blue double
arrows. Color scheme: Fe = garnet, S = gold, Cl = green, O =red, N =
blue, C = gray.

determination at 300 K, the T product was found to be close
to zero (0.039 emu K mol™") at this temperature. At higher
temperatures, however, we observed a gradual SCO. While
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Baker and Goodwin reported the y7T value of ~0.27 emu K
mol ™" at 333 K,”> we found a slightly lower value at this temp-
erature (Fig. 4a). Nevertheless, we observed that yT reached
0.94 emu K mol™" at 400 K. Based on the yT value observed for
complex 2 in the HS state (see below), we estimate that
complex 1 exhibits ~25% conversion to the HS state at 400 K.

In contrast to 1, complexes 2 and 3 showed abrupt tempera-
ture-driven spin transitions. In the case of 2-MeOH, the initial
heating of the sample from 5 K to 400 K revealed a transition
from the LS to HS state with the midpoint at Ty, = 217 K (the
green triangles in Fig. 4b). The yT product reached 3.52 emu K
mol ™" at 300 K. These findings agree with the LS and HS states
of the complex established by crystal structure determination
at 100 K and 300 K, respectively (Table 1). Heating the sample
above 300 K revealed a small anomaly above 330 K, with the yT
value increasing to ~3.80 emu K mol™ by 400 K. Next, the
sample was cooled to 5 K and heated back to 400 K (the red
squares and blue circles, respectively, in Fig. 4b). This cycle of
measurements again revealed an abrupt spin transition with a
small thermal hysteresis (Ty/,,, = 232 K, Tyj5,; = 237 K) and a
disappearance of the high-temperature anomaly. Both the
anomaly observed in the first heating branch and the minor
shift in the spin-transition temperature in the following
cooling-heating cycle can be signs of the solvent loss caused
by the combination of heating and vacuum in the magnet-
ometer chamber. Indeed, the TGA measurements on a powder
sample of 2-MeOH showed that the material readily lost the
interstitial solvent when heated to 400 K (Fig. S1bf). The
sample obtained after magnetic measurements was subjected
to TGA, which revealed no solvent loss to 475 K (Fig. S31), thus
corroborating our hypothesis.

It is interesting to compare our findings with those
reported by Goodwin et al. for complex 2 obtained from
ethanolic solutions.® Although they were not able to determine
the crystal structure of the complex, they did establish, by
elemental analysis, the formation of analytically pure solvent-
free samples precipitated from hot ethanol. They also found
that 2, isolated in such a manner, existed as two different
polymorphs that were quite unstable, difficult to prepare selec-

(a) 1.00- (b) 4.0+ (c) 404
~25% HS state s fvwﬂ’??"
; : Hs
0.75 3.0 220 o 3.04%
. A — T T d 2
= ° g 3 s
5 e o oo vao [] et
é S K10 v oS 5 N
g 0.50 g 2.0+ ° E 201 G e W oo
5 o (m2 b = = 55 Temperature (K) o
g l; Temperature (K) -8 v 1% heating g
= o 1t i =X o cooling
025 104 v cooling 1.04 N
o 2" heating LS £ heating
v
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0.00 - T = ; . 0.0+ T T T 0.0 T T T T T T
200 250 300 350 400 0 100 200 300 400 0 50 100 150 200 250 300

Temperature (K)

Temperature (K)

Temperature (K)

Fig. 4 The temperature dependence of the 4T product for complexes 1 (a), 2:MeOH (b), and 3-2(3tpH) (c), measured under the cooling or heating
rate of 2 K min™%. The order of processes indicated in the legends corresponds to the actual sequence of measurements performed in the heating
and cooling modes. The insets in panels (b) and (c) show an enlarged region of each plot around the spin-transition temperature (T;/,). Note that in
the case of complex 2 the interstitial solvent has been lost by the end of the first heating cycle (see the discussion in the text for details).
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tively, and readily hydrolyzed upon contact with water. One of
these polymorphs showed a gradual SCO above 300 K, similar
to our observation for complex 1. The other polymorph,
however, showed an abrupt spin transition with T;,,,; =230 K
and T;,,; = 235 K, which is very similar to our observations for
2-MeOH after it has been heated to 400 K. This comparison
provides additional support for our hypothesis about the for-
mation of solvent-free 2 under high temperature and vacuum
of the magnetometer chamber. It is also possible that the
presence of the interstitial MeOH molecules imparts
additional stability to this complex under ambient conditions,
as we did not observe any substantial deterioration of 2-MeOH,
even when it was stored in air for several days.

An abrupt spin transition with a negligible thermal hyster-
esis (Ty/p,, = 158 K, Tip,p = 159 K) was also observed for 3-2
(3tpH). In this case, the maximum y7 value observed in the HS
state was 3.80 emu K mol ™", very similar to the values observed
in the HS state of complex 2. The occurrence of the complete
spin transition as a function of temperature is also in agree-
ment with the results of the crystal structure analysis
presented above (Table 1). The very steep nature of the spin
transition curve in cooling mode indicates that the cooperative
effects are strong and the system is close to the point of hyster-
esis behavior. The small observed hysteresis of 1 K could be of
kinetic origin, due to the scan rate of 2 K min~". We also note
that the SCO curve becomes rather gradual at temperatures
below T;,,. Such behavior might be related to the lowering of
crystallographic symmetry, which leads to appearance of three
crystallographically unique Fe sites in the LS structure and
emergence of extended defects, as evident from the decrease
in the quality of the X-ray diffraction pattern.

Goodwin et al. obtained a related complex with the ClO,~
anions but with deprotonation of one of the ligands.” Both
[Fe(3tpH),(3tp)](Cl04) and [Fe(3tpH),(3tp)](BF,) showed gradual
SCO between 80 K and 300 K. Unfortunately, the crystal structures
of these complexes were not established and the magnetic pro-
perties of [Fe(3tpH);](BF,),-1.5H,0, crystallized from an ethanolic
solution, were not reported, which makes it impossible to make a
reasonable comparison to the crystal structure and magnetic be-
havior of 3-2(3tpH) reported here.

Light-induced spin-state switching

The abrupt SCO observed for 2 and 3-2(3tpH) suggested that
these materials could exhibit light-induced excited spin state
trapping (LIESST). Consequently, they were subjected to photo-
magnetic studies by irradiating the samples in the magnet-
ometer chamber. In each case, a thin powder sample was sand-
wiched between pieces of tape to ensure maximum light pene-
tration. Upon cooling, these samples showed thermal spin
transitions (Fig. S4f) whose temperatures agreed well with the
values observed for the bulk samples. After being cooled to
5 K, the samples were irradiated with a broadband “white”
light provided by a tungsten halogen lamp at ~20 mW cm™>.
Both 2 and 3-2(3tpH) showed rapid increase in the measured
magnetization under irradiation, indicating photogeneration
of a metastable HS state (Fig. S51). When saturation was
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Fig. 5 The LIESST effect in 2 and 3-2(3tpH). After irradiation at 5 K, the
temperature was increased at 0.3 K min~™. (The noise in the curves at
~50 K is due to leakage of oxygen through the fiberoptic sample rod.
See Fig. S6 and explanation in the ESI.)

reached, the irradiation was stopped, and the sample was
heated at 0.3 K min~". As the temperature was increased from
5 K (Fig. 5), both complexes showed a slight increase in 7,
which can be explained by zero-field splitting effects. The yT
value reached a plateau of ~3.7 emu K mol™" for 2 and ~3.2
emu K mol™" for 3-2(3tpH), in agreement with nearly quanti-
tative population of the HS state, i.e., an efficient LIESST effect
in each case. Further heating caused rapid relaxation to the
ground LS state. The characteristic relaxation temperature
(Triesst) was defined by the fastest rate of relaxation (the
maximum —d(y7)/dT), with Tpgssr = 81 K for 2 and 68 K for
3-2(3tpH).

Given the observation of symmetry breaking due to strongly
cooperative spin transition in 3-2(3tpH) (see the Crystal struc-
tures section), we decided to explore the LIESST effect by
optical absorption spectroscopy on a single crystal of
3-2(3tpH), in particular, to assess relaxation dynamics for the
light-induced HS state. The sample was cooled to 5 K and irra-
diated with a 532 nm laser of 2 mW power for 10 min. (The
laser power was chosen based on the minimum power input
that led to efficient photogeneration of the HS state - see
Fig. S7.T) A comparison of the absorption spectra before and
after irradiation (Fig. 6a) showed dramatic differences, with
disappearance of the bands assigned to the 'A; — 'T; and 'A,
— T, excitations of the LS state and appearance of a weaker
low-energy band due to the T, — °E excitation of the HS state.
These changes indicate quantitative light-induced LS — HS
conversion and efficient trapping of the metastable HS state at
5 K, in agreement with the results of photomagnetic measure-
ments described above.

To investigate the stability of the LIESST phase, we carried
out a series of time-dependent relaxation measurements, in
which the sample was cooled to 5 K, irradiated for 10 min,

This journal is © The Royal Society of Chemistry 2024
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(a) A comparison of the optical absorption spectra measured on a single crystal of 3-2(3tpH) before and after irradiation at 5 K, as well as

after rapid heating to 45 K and maintaining at this temperature for ~500 min. (b) The time-dependent fraction of the light-induced HS state
measured at constant temperature after turning off the laser. The HS fractions were extracted by analyzing the spectra shown in Fig. S8.1

then warmed rapidly to a desired temperature between 45 K
and 70 K, and maintained at that temperature while optical
absorption data were recorded as a function of time (Fig. S87).
After the completion of each relaxation measurement, the
sample was warmed to 90 K to ensure the complete relaxation
to the LS phase before cooling again to 5 K for subsequent
irradiation and relaxation measurements at a different temp-
erature. The HS — LS relaxation was quantified by monitoring
evolution of the 'A; — 'T; ligand-field band of the LS state at 1
=590 nm. By referencing the time-dependent amplitude of the
optical density, OD(t), of this band against its ODs in the
spectra of the pure LS state (OD;s), recorded at 5 K before
irradiation, and the pure HS state (ODys), recorded at 5 K after
irradiation, we can calculate the fraction of the HS state as a
function of time:

_ ODis* — OD*(¢)
 ODys? — ODyg?

7ns(t) (1)

It is clear from the time evolution of the absorption spectra
that heating to the individual relaxation temperature causes
relaxation of the resultant photoexcited metastable HS state to
the ground LS state at different rates (Fig. 6b), as illustrated by
the intensification of the A, — 'T; and 'A, — 'T, ligand-field
bands of the LS state (Fig. S8t). The relaxation observed at
45 K and 50 K is very slow and incomplete within the
measured time interval of 5 h. Above 52.5 K, the relaxation
visibly accelerates and proceeds to completion at a faster pace
at higher temperatures. At 70 K, the relaxation is very fast and
complete within a few minutes, in good agreement with
Tresst = 68 K determined from the magnetic data.

The shape of the relaxation curves, expressed as the time-
dependent HS fraction, yys, generally imitates the extent of
cooperativity in SCO compounds. The single-exponential behav-
ior indicates stochastic evolution of like-spin domains, while
the sigmoidal relaxation points to the importance of cooperative
effects that occur via probabilistic nucleation followed by self-
accelerated deterministic growth of the like-spin domains. The

This journal is © The Royal Society of Chemistry 2024

step-sigmoidal character of the HS — LS relaxation curves
shown in Fig. 6b is especially apparent at intermediate tempera-
tures. Such relaxation behavior, undoubtedly, indicates the
importance of cooperative effects of elastic origin with various
incubation periods due to the nucleation of the LS domains fol-
lowed by their growth, propagation, and mutual interactions.

In addition, a tail of sigmoidal relaxation is evidenced by
plateaus observed around yyus ~ 0.10 for measurements per-
formed between 55 K and 62.5 K. The width and slope of the
plateau are different for each temperature. At higher tempera-
tures, the faster relaxation kinetics lead to the disappearance
of the plateau. Overall, this interesting HS — LS relaxation be-
havior could be tentatively attributed to specific non-stochastic
nearest-neighbor interactions, variable and finite
negligible short-range interactions leading to the formation of
domain structures, inhomogeneous zero-point energy distri-
bution and self-organization of like-spin domains that cause
various degrees of elastic frustration, and the influence of the
like-spin lattice reorganization with possible crystallographic
non-equivalency (which, indeed, was observed for the LS
crystal structure of 3-2(3tpH)) on the kinetics of the spin
relaxation.'*™"® Understanding the true origin of the stepped
sigmoidal relaxation behavior and the appearance of the
plateau below 65 K will require a fully described elastic model,
which we plan to apply to this system in future works.

non-

Concluding remarks

In this work, we have demonstrated the SCO behavior of three
homoleptic Fe(n) complexes with thiazole-based ligands.
Importantly, we found that carrying out the reactions in
methanol or acetonitrile facilitates crystallization of the desired
[Fe(L);](ClO,), complexes (L = 4bt, 2bt, 3tpH), in contrast to the
problems encountered in the crystallization or even isolation of
such complexes from reactions performed in hot ethanol.>”
While chains of SCO cations interacting through n-n inter-
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molecular contacts are a common feature in the structures of 1,
2-MeOH, and 3-2(3tpH), only the latter two compounds exhibit
sufficient cooperativity of such interactions to lead to abrupt
and weakly hysteretic spin transitions. We attribute this differ-
ence to the more efficient intermolecular overlaps between the
thiazole-based ligands in structures 2-MeOH and 3-2(3tpH). As
a result, these two complexes also exhibit quantitative light-
induced LS — HS switching at low temperatures.

The fact that the efficient one-dimensional packing of the
cationic complexes is sufficient to achieve the abrupt spin tran-
sition suggests that the [Fe(2bt);]*" and [Fe(3tpH);]*" cations
can be used to assemble more complex structures with poten-
tially abrupt SCO behavior. For example, inclusion of organic
radical anions can promote conductivity in the anionic part of
the structure,'®* thus leading to multifunctional conductors
with magnetic and optical bistability. Efforts in this direction
are currently underway in our laboratories, and their results
will be reported in due course.

Materials and methods
Synthesis

All reactions were performed under inert atmosphere using
standard Schlenk techniques. The starting materials,
[Fe(H,0)6](ClO,),, 2-bromothiazole, n-tetrabutylammonium
bromide, diisopropylethylamine, and Pd(OAc),, were pur-
chased from Millipore Sigma and used as received. Anhydrous
commercial solvents were additionally purified by passing
through a double-stage drying/purification system (Pure
Process Technology). Elemental analyses were carried out by
Atlantic Microlab, Inc. (Norcross, GA, USA).

Caution! The complexes between metal ions and organic
ligands with perchlorate counter ions are potentially explosive.
The compounds should be prepared in small amounts and
handled with great care!

4,4'-Bithiazole (4bt). This ligand was prepared according to
the literature procedure.”® After chromatographic purification
and removal of the solvent, the residue was recrystallized from
diethyl ether and hexane to give 4bt as yellow powder (106 mg,
76%). '"H NMR (CDCl;), 6, ppm: 8.86 (d, J = 2.0 Hz, 2H), 7.91
(d,J=2.1 Hz, 2H).

2,2"-Bithiazole (2bt). This ligand was prepared according to
the literature procedure.>” The product was purified via
column chromatography (DCM : hexanes = 9:1 v/v, Re = 0.2).
The solvent was removed by rotary evaporation to yield 2bt as
yellow powder (665 mg, 90%). '"H NMR (CDCly), 8, ppm: 7.92
(d, 2H), 7.46 (d, 2H).

3-(Thiazol-2-yl)pyrazole (3tpH). This ligand was prepared
according to the literature procedure.” The solvent was
removed by rotary evaporation to yield 3tpH as bright-yellow
powder (348 mg, 85%). "H NMR (DMSO-d,), 6, ppm: 13.23 (br.
s., 1H), 7.86 (s, 1H), 7.84 (d, J = 3.1 Hz, 1H), 7.66 (d, J = 2.9 Hz,
1H), 6.75 (d, J = 2.0 Hz, 1H).

[Fe(4bt);](Cl0,), (1). A solution of [Fe(H,0)s](ClO,),
(25.4 mg, 0.070 mmol) and 4bt (36.5 mg, 0.217 mmol) in 2 mL
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of anhydrous MeOH was stirred for 1 h. The resulting orange
solution was filtered, and the filtrate was left undisturbed for
slow evaporation. After 2 weeks, red block crystals of 1 were
isolated by filtration and dried by suction. Yield = 32.1 mg
(60.4%). Elem. Anal. Caled (Found) for FeCl,S¢OgNeC;5H;, (1),
%: C 28.47 (28.71), H 1.59 (1.54), N 11.07 (11.24).

[Fe(2bt);](ClO4), (2). A solution of [Fe(H,0)s](ClO4),
(73.0 mg, 0.201 mmol) and 2bt (135 mg, 0.802 mmol) in 5 mL
of anhydrous MeOH was stirred for 1 h. The resulting orange
solution was filtered, and the filtrate was left undisturbed for
slow evaporation. After 2 weeks, light-red block crystals of the
product were collected by filtration and dried by suction. Yield
= 63 mg (41.5%). Elem. Anal. Caled (Found) for
FeCl,S¢0oN:CioH s (2:MeOH), %: C 28.83 (29.03), H 2.04
(1.83), N 10.62 (10.72).

[Fe(3tpH);](Cl0,), (3). A solution of [Fe(H,0)s](ClOy,),
(203 mg, 0.559 mmol) and 3tpH (260 mg, 1.72 mmol) in 6 mL
of anhydrous MeCN was stirred for 1 h. The resulting orange-
brown solution was filtered, and the filtrate was subjected to
slow vapor diffusion of Et,0. After 2 weeks, yellow block crys-
tals of the product were isolated by filtration and dried by
suction. Yield = 109 mg (22.6%). Elem. Anal. Calcd (Found) for
FeCl,S505N;5C50H,5 (3-2tpH), %: C 35.65 (35.42), H 2.49 (2.37),
N 20.79 (20.87).

Thermogravimetric analysis. Thermogravimetric analysis
(TGA) was performed on a TGA-550 thermogravimetric analy-
ser (TA instruments). The samples (~2 mg each) were heated
under argon atmosphere from 300 to 700 K, at a heating rate
of 10 K min™™.

X-ray crystallography. Single-crystal X-ray diffraction was per-
formed on a Rigaku-Oxford diffraction synergy-S diffract-
ometer equipped with a HyPix detector and a monochromated
Mo-Ka radiation source (4 = 0.71073 A). A single crystal was
suspended in Parabar® oil (Hampton Research) and mounted
on a cryoloop which was cooled to the desired temperature in
an N, cold stream. The data set was recorded as w-scans at
0.3° step width and integrated with the CrysAlis®® software
package. A hybrid absorption correction was applied using a
numerical method based on face indexing and an empirical
method based on spherical harmonics as implemented in the
SCALE3 ABSPACK algorithm.>® The crystal structure solution
and refinement were carried out with SHELX>® using the inter-
face provided by Olex2.>" The final refinement was performed
with anisotropic atomic displacement parameters for all non-
hydrogen atoms while hydrogen atoms were placed in calcu-
lated position and refined in the riding model. Full details of
the crystal structure refinement and the final structural para-
meters have been deposited with the Cambridge
Crystallographic Data Centre (CCDC). The CCDC registry
numbers and a brief summary of data collection and refine-
ment parameters are provided in Table S1.f

Magnetic measurements. Magnetic measurements were
carried out on polycrystalline samples of 1-3, using the mag-
netic property measurement system MPMS-XL (Quantum
Design) equipped with a superconducting quantum inter-
ference device (SQUID). Direct current (DC) susceptibility was
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measured in an applied field of 1000 Oe in the 10-400 K temp-
erature range, at cooling/warming rate of 2 K min™". The data
were corrected for temperature-independent paramagnetism
(TIP), due to the contribution from the excited states of the d°
Fe(n) ion, for diamagnetic contribution from sample holder,
and for the intrinsic diamagnetism wusing tabulated
constants.?

Photomagnetic measurements. Photomagnetic measure-
ments were performed on samples 2 and 3, using a homemade
fiberoptic sample holder for the MPMS-XL, as described else-
where.*® A Quartzline tungsten halogen lamp (400-2200 nm)
delivering nominally ~20 mW cm™> to the sample, provided
the broadband “white” light. The sample was cooled to 5 K at
2 K min™" in an applied magnetic field of 1000 Oe, while
recording the magnetization data. Once the desired tempera-
ture was reached, the sample was irradiated as the increase in
the magnetic signal from the sample was monitored to evalu-
ate the completeness of the LS — HS photoconversion. Once
the signal reached saturation, the irradiation was discontinued
and the DC magnetic susceptibility was measured as the
sample was heated to 300 K at a rate of 0.3 K min™". Due to the
small mass of the sample and the large background from the
sample holder, the data were corrected to match the magnetic
behavior of bulk samples of 2 and 3 in the region above 150 K,
and the established background was extrapolated to the low-
temperature region. Additionally, small leakage of oxygen
through the insufficiently hermetic home-built fiberoptic
sample rode necessitated correction to the experimental data
by subtracting the magnetic peak due to elemental oxygen at
~50 K.

Optical absorption spectroscopy. For optical experiments, a
crystal of 3-2(3tpH) was mounted on a copper plate with a hole
of less than 0.2 mm in diameter. Silver paste was used to
secure the crystal and ensure good thermal contact with the
copper plate. The whole assembly was attached to the sample
holder rod and inserted into the sample chamber of a closed-
cycle cryostat (Janis Sumitomo, Model RDK-408D2) operating
between 4 and 300 K and equipped with a temperature control-
ler (Lakeshore Model 336). For recording the steady-state and
time-resolved absorption spectra before and after irradiation
as a function of temperature, the cryostat system was aligned
with the optical setup consisting of a single monochromator
(Spex 270M) equipped with a CCD camera (Jobin-Yvon CCD
3500), and a tungsten-halogen lamp used to record full
spectra following excitation with the continuous diode
pumped solid-state laser at 532 nm (ILEE VA-I-N-532) with vari-
able nominal power. This technique was used to monitor the
decay of the light-induced metastable high-spin state at
different temperatures following the photoexcitation.
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