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Hydrate of neutral iron(lll) complex based on pyruvic acid
thiosemicarbazone ligand with abrupt spin-crossover with T1/,=340
K and wide hysteresis loop of 45 K

Maxim A. Blagov,® Alexander V. Akimov,® Anatoly S. Lobach,® Leokadiya V. Zorina,® Sergey V.
Simonov,? Konstantin V. Zakharov®, Alexander N. Vasiliev® and Nataliya G. Spitsyna*?

The hydrate of neutral iron(lll) complex based on pyruvic acid thiosemicarbazone ligand [Fe"(Hthpy)(thpy)]-H20 (1) was
synthesized and characterized using FT-IR spectroscopy, powder and single-crystal X-ray diffraction, dc magnetic
measurements, EPR and >’Fe Mossbauer spectroscopy. The crystal structure of 1 was determined for the first time. Two
distinct chelating ligands Hthpy™ and thpy?™ coordinate the Fe(lll) ion to form the FeN,0.S. octahedron which shows a low
spin geometry at 150-350 K. The crystal packing contains infinite chains of the Fe(lll) complexes as well as water molecules
located in cavities. Along the chain, -1t interacting pairs of the Fe complexes are linked by H-bonding. According to the dc
magnetic measurements, the complete abrupt spin-crossover with half-transition temperature-T1/2=340 K and a hysteresis
loop of 45 K occurs in the temperature range of 300-363 K. Based on the X-ray structure of 1, the Bleaney—Bowers equation
for the isolated dimer model was used to approximate the temperature dependence of the magnetic susceptibility in the
range of 2-50 K. The defined intradimer exchange constant Jex= -0.498(1) K corresponds to a weak antiferromagnetic
exchange between the iron(lll) magnetic centers. DFT calculations of H- and -t bonded fragments of the crystal structure
of 1 in the HS and LS states were carried out. Moreover, BS-DFT calculations confirm the presence of antiferromagnetic
exchange Jeic = — 0.92 K in the n-nt bonded pairs of the ferric complexes, and show the exchange pathway between Fe(lll)

ions by the calculated spin density distribution.

Introduction

Nowadays spin switching or spin-crossover (SCO) represents
one of the most interesting phenomena in coordination
chemistry of metals with d%d” electronic
configuration.»2 The electronic transition of magnetic center
between low-spin (LS) and high-spin (HS) states can be realized
only at a suitable ligand field.3 The tuning of a suitable energy
gap between these spin states is realized by selecting an
appropriate ligand defining the first coordination sphere of the
metal ion.*> Ligands can form cationic, neutral and anionic

transition

complexes upon chemical interaction with a transition metal

cation.® Neutral complexes, unlike cationic or anionic

complexes, do not have additional elements represented by
outer-sphere counterions in the crystal lattice.”? This reduces
the number of factors that directly affect the parameters of
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spin-crossover, such as the shape of the temperature
dependence curves of the magnetic susceptibility, the half-
transition temperature (T1) and the presence of hysteresis
loop.2109 The compounds exhibiting an abrupt SCO with a wide
hysteresis loop near room temperatures are considered to be
the most suitable for further practical application as the
components of modern electron devices.1113 In turn, neutral
complexes can be formed by both homo- and heteroleptic
ligands. The most common metal coordination complexes are
those that contain two ligands of different nature, which allows
for tuning of the supramolecular packing by controlling -t and
hydrogen interactions.41? In this context the transition metal
complexes  with formed by the
corresponding organic substrates are unique, since these
ligands (L) can coordinate to the metal ion in the mono- (HL)
and di-anionic states (LZ) (Fig. 1) due to the possibility of acidic
proton loss and thione/thiol tautomerism.”- 20 The affinity of
thiosemicarbazone ligands for Fe(lll) ions facilitates the
formation of chemically stable SCO complexes, which also
exhibit biological activity and antitumor properties. These

thiosemicarbazones

complexes have attracted much attention from researchers
since the first works by Zelentsov et al. published in the 1970s.17

Neutral thiosemicarbazone SCO complexes of Fe(lll) can be
formed by coordinating two chemical nonequivalent ligands,
one in the monoanionic (thione) form and the other in the
dianionic (thiol) form.21-24 Pyruvic acid (py) thiosemicarbazones



(th) are known as ligands, that form neutral ferric complexes
with the formula [Fe!"'(Hthpy)(thpy)].

At the same time, Hendrickson et al. in 1985 investigated
two forms of the neutral complex [Fe'!(Hthpy)(thpy)] and
[Fe"(Hthpy)(thpy)]-H20. The authors were unable to obtain
single crystals suitable for X-ray diffraction analysis of both
complexes due to their general insolubility, as well as their
tendency to decompose in water.?! Thus, it was concluded that
the crystal packing of these complexes was similar to the
established structure of [Cr'(Hthpy)(thpy)]-H20. A hysteretic
spin-transition with T1/2,=225 K and hysteresis loop of AT=10 K
was established only for [Fe'(Hthpy)(thpy)], whereas for
[Fe"(Hthpy)(thpy)]-H,O was reported to be low-spin up to 300

K.21,24
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Fig. 1 Scheme of the synthesis of [Fe'(Hthpy)(thpy)]-H,0 (1) complex.
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In this work, we synthesized crystals and a single-phase
sample of the neutral complex [Fe"'(Hthpy)(thpy)] H,O (1) (Fig.
1, S1, 2t) and established its crustal structure for the first time.
The crystal structure of 1 at 150 and 350 K contains -1t bonded
pairs of this complex in the LS state, linked to each other by
hydrogen bonds, which is directly confirmed by the proposed
model for approximation of the temperature dependence of
magnetic susceptibility in the range of 2-50 K. According to dc
magnetic measurements, the complete abrupt SCO with
T12=340 K and a hysteresis loop of AT=45 K occurs in the
temperature range of 300-363 K. The presence of a wide
hysteresis loop was also confirmed by the data of high-
temperature EPR and 5’Fe Mossbauer spectroscopy
measurements. DFT calculations were carried out for the H- and
n-rt bonded pairs of crystal structure 1 in the HS and LS states.

Experimental section

Materials and methods

Thiosemicarbazide (H2NC(S)NHNH>), pyruvic acid
(CH3COCOOH), potassium  hydroxide (KOH), sodium
bicarbonate (NaHCOs), and iron(lll) nitrate nonahydrate

(Fe(NO3)3-9H,0) were obtained from Sigma-Aldrich. All
chemicals were used without further purification.

Synthetic procedures

Synthesis of ligand Hathpy-%4H,0. The synthesis of the free
tridentate Schiff-base pyruvic acid thiosemicarbazone ligand
(Hathpy) was performed according to the literature
experimental procedure.?>
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Synthesis of [Fe''(Hthpy)(thpy)]-H,O crystals (1). To a
suspension of the H,thpy-%H,0 ligand (0.5 g, 3 mmol) in 15 ml
of water was added KOH (0.347 g, 6.2 mmol) in 10 ml of water
with stirring at room temperature. After that, the resulting
solution color turned pale yellow. Then a solution of
Fe(NOs)3-9H,0 (0.626 g, 1.5 mmol) in 7 ml of water was added
dropwise with stirring. The mixture was stirred for 2 hours and
left to evaporate under ambient conditions. Several black prism
crystals of 1 (photo in Fig. S1t) suitable for single-crystal X-ray
structural analysis were obtained after one week. The electron-
probe X-ray microanalysis (EPMA) of crystals 1 afforded the
elements in the ratio Fe:S =1:2.

Synthesis of bulk powder 1. The polycrystalline powder of 1
was prepared by the modified experimental procedure.?! All of
the steps were carried out in ambient conditions. To the
suspension of the H,thpy-%H,0 ligand (0.5 g, 3 mmol) in 150 ml
of water was added the solution of NaHCO3 (0.125 g, 1.5 mmol)
in 5 ml of water. Then a solution of Fe(NO3)3-9H,0 (0.626 g, 1.5
mmol) in 50 ml of water was added dropwise with stirring to the
solution. The resulting mixture was stirred for 30 min. The black
polycrystalline precipitate was isolated by filtration, washed
with 10 ml of water, and left to dry at room temperature to a
constant weight. Yield: 0.453 g (77%).

Elemental analysis calcd (%) for [Fe(Hthpy)(thpy)]-H20 (1)
(CsH13FeNgS;:05, Mw=393.21 g/mol): C, 24.44; H, 3.33; N, 21.37; S,
16.31; found: C, 24.60; H, 3.34; N, 21.44; S, 16.50. The EPMA of bulk
powder 1 afforded the elements in the ratio Fe:S = 1:2.

The powder X-ray diffraction (PXRD) pattern at room
temperature of bulk powder 1 is in agreement with the solved
structure of crystals 1 (Fig. S27).

Thermogravimetric analysis (TGA) was performed on bulk
sample 1 to monitor the desolvation process (Fig. S31).A total
weight loss of 4.5% (calcd 4.2%) in the temperature range of 368
- 423 K is equivalent to one water molecule in the lattice of
complex 1. The thermogravimetric analysis shows the stability
of the ferric complex 1 in the temperature range of magnetic
measurements up to 368 K. So, the high-temperature spin-
crossover is not caused by loss of water.

Results and discussion
Synthesis

Complex Fe(Hthpy)(thpy)]-H,O (1) was synthesized by the
direct reaction of the H,thpy ligand with Fe(NOs)3-9H,0. The
single crystals of 1 were grown at ratio Hothpy:KOH = 1:2, while
the powder precipitate was obtained at ratio H,thpy:NaHCO;
equal to 2:1. The alkaline solution for the first case shifted the
equilibrium between the thione/thiol ~C=S¢>~C-S- forms to
the dianionic thiol-form of the Hythpy ligand, which led to the
slow formation of water-insoluble crystals of complex 1 suitable
for X-ray diffraction analysis. It is interesting to note that the
same deprotonation reaction of the H,L ligand with lithium
hydroxide monohydrate LiOH-H,0 in a ratio of 1:2 produces the
anionic complex Li[Fe'"'(thpy),]-3H,0 with dianionic thiol-form
of ligand at complexation with iron(l11).25
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Infrared spectroscopy

The experimental ATR FT-IR absorption spectra and calculated
IR vibration frequencies of the complex 1, presented in Figure
2, are in a good agreement.

Absorbance (arb. unit)

3500 3000 1500 1000 500

Wavenumber, cm™
Fig. 2 Experimental ATR FT-IR absorption spectra for [Fe"(Hthpy)(thpy)]-H,0 (1) (black
line), T =298 K, without preliminary sample preparation. Calculated (TPSSh/6-311+(d,p))
IR vibrational frequencies of the A pair of complex 1 in the LS state (blue bars).

Comparison of experimental ATR FT-IR absorption spectra
of the H,thpy-%H,0 ligand and [Fe"'(Hthpy)(thpy)]-H.0O complex
are presented in Figure S41 The main vibrational bands of the
free-ligand and the neutral complex 1 are reported in Table S17.
For both samples, the stretching vibrations of the NH; and OH
(water and carboxy-) groups appear in the 3500 -3200 cm™?
region. The structure of the ligand is altered upon complexation
(Fig. S4t) that can be observed through the shift of the
characteristic bands. The assignment of bands involving the C=S
group in the spectrum of the free- ligand may include bands at
1420, 1256 and 1200 cm™®, The shift (2-17 cm™1) of these bands,
the disappearance of absorption at 1256 cm™ and the
appearance of a new band at 543 cm, attributed to the
stretching vibration of the Fe-S groups for the complex 1. The
absence of stretching vibrations of the COO-H and C=N groups
in the spectrum of the ferric complex, and detection of new
bands at 568 and 543 cm that assignment to the stretching
vibration of the Fe-O and Fe-N groups respectively, are
observed. The appearance of these new bands indicates the
coordination of the pyruvic acid thiosemicarbazone ligand to
the center iron(lll) ion in complex 1.

The graphical representations of the selected calculated IR
vibrational modes for the A pair (see crystal structure) of the
complex 1 are shown in Table S2+.

Crystal structure

Complex 1 crystallizes in the monoclinic space group P2:/n. The
complex is indeed isomorphous with its Cr(lll) analogue, as was
proposed by Hendrickson in ref. 21. Asymmetric unit contains one
formula unit with all atoms in general positions. An ORTEP drawing
of 1 at 150 K is shown in Fig. 3, the key bond lengths and angles are
listed in Table S31.

In the 150 K structure, the Fe(lll) ion is coordinated by two
chelating ligands, one of which is in the protonated
monocharged thione form (Hthpy’) while another is in the
deprotonated dianionic thiol form (thpy?). The resulting
[Fe"(Hthpy)(thpy)] complex is neutral. The ligands in the
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complex 1 are orthogonal to each other: the angle between the
mean thpy planes based on ten non-H atoms (SO3NsC4) is
89.39(2) °. Two nitrogen, two oxygen, and two sulfur atoms
form the distorted octahedral environment of the Fe center.
The coordinated N atoms are in the trans-positions relatively to
each other, whereas the O atoms and S atoms are in the cis-
orientation. Fe-X bonds in the octahedron are slightly shorter
for the dianionic thpy? ligand than for the monoanionic Hthpy-
one, the maximum difference of ~0.03 A is observed for Fe-O
bonds (Table S3t).

NG Yy

Fig. 3 The asymmetric unit in 1 at 150K with the atom numbering scheme (ORTEP

drawing, thermal ellipsoids at a 50% probability level).

The average Fe-N, Fe-O and Fe-S bond lengths at 150 K are
1.912(3), 1.946(15) and 2.231(5) A, respectively. These values
are comparable to similar values in the Li[Fe"(thpy),]-3H,0
structure?> and correspond to the low-spin state of complex 1.
Small distortion of the coordination Fe(lll) octahedron is
additional evidence of the LS state: the O-Fe-S and N-Fe-N
angles are close to 180 °, and the distortion parameter 2, which
is a measure of the angular deviation from a normal octahedral
geometry, is equal to 52.8 ° (Table S4t).

The Fe complex is neutral in 1 and anionic in
Li[Fe(thpy)2]-3H20.%5 It is found that in the neutral complex the
average Fe-O bond is noticeably shorter: 1.946(15) A in
[Fe"(Hthpy)(thpy)1° vs. 1.974(4) A in [Fe''(thpy);]~. At the same
time, the difference in the Fe-N, Fe-S bond lengths is an order
of magnitude smaller (~0.001-0.004 A) and opposite in sign.

The crystal packing contains infinite chains of the Fe(lll)
complexes running along the c-axis (Fig. 4). Two types of
interactions (A and B) between the adjacent complexes
alternate along the chain. In both interactions, there is m-
stacking of parallel planes of equivalent ligands related by
inversion symmetry. In the interaction A, the monoanionic
Hthpy™ moieties are stacked (they are marked by black bonds in
Fig. 4 and 5). The corresponding Fe...Fe distance of 6.1534(3) A
is the shortest in the structure 1. However, the mean planes of
Hthpy~ ligands (including all 10 non-H atoms) are well separated
from each other at the distance of 4.70(5) A and between them
there are no shortened interatomic contacts.

The complexes in the interaction A are connected only
through a pair of equivalent N-Hpthpy...Othpy bonds from the —NH
function of Hthpy~ to non-coordinated oxygen of thpy?, H...O
distance is 2.07 A (Fig. 5).In B, a T-Tt interaction exists between
the dianionic thpy? ligands (white bonds in Fig. 4 and 5). In spite
of the larger Fe...Fe distance of 7.0599(4) A, the separation of
thpy? planes is 3.17(5) A and several N...N and C...N contacts of
3.238(2)-3.370(2) A are formed (black dotted lines in Fig. 4 and
5).

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 Chain of the Fe complexes with m-stacking of the Hthpy ligands (black bonds, interaction A) and thpy?- ligands (white bonds, interaction B). Fe...Fe distances along the chain

are 6.1534(3) A (brown dashed lines) and 7.0599(4) A.

Fig. 5 Hydrogen bonding in the structure 1. N-H...O and O-H...N/O bonds are shown by
red dashed lines, H...N/O distances are given in A. Shortened N...N and C...N contacts are
shown by black dotted lines.

Similar m-stacking of the thpy? ligands was observed in the
anionic Li[Fe"(thpy).]-:3H,0 complex, with the shortest in this
structure Fe...Fe distance of 6.7861(4) A.25 The ni-stacking in the
interaction B in 1 is enhanced by paired hydrogen bonds N-
Hthpy---Onthpy from -NH» group of thpy? to the coordinated
oxygen of Hthpy- (H...0 2.35 A) and indirect H-bonding through
H,0 molecule (Fig. 4 and 5). O-Huwater-.-Nthpy and O-Huwater-..Okithpy
bonds are formed with deprotonated N atom of thpy? and non-
coordinated O atom of Hthpy~; corresponding H...N/O distances
are 2.14(2)/2.13(2) A. The closest Fe...Fe distance between the
chains is 6.5418(4) A.

The compound 1 includes one crystallized water molecule,
which is well fixed in the structure by hydrogen bonding. The
H,O molecule participates in four different hydrogen bonds
with four surrounding Fe complexes and acts in these
interactions both as H-bond donor and H-bond acceptor (Fig. 5).
Details of hydrogen bond geometry at 150 K are given in Table
S5+.

The temperature behavior
investigated by a single crystal X-ray diffraction technique in the
range of 150-364 K (Table S6t). All the experiments were
performed on one single crystal during the heating, complete
structural analysis was done at 350 K to compare the details
with the low temperature data (Tables S3-S7t). It is found that
between 150 and 350 K the crystal retains

of the structure 1 was
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[Fe"(Hthpy)(thpy)]-H,O composition and monoclinic P21/n
symmetry. Fig. 6 represents temperature dependences of the
unit cell parameters. The a and ¢ parameters and B angle
increase as temperature rises, whereas the b axis length has a
minimal value at 250 K, and the reason for this is unclear. Upon
heating, all Fe-X distances become slightly longer but still point
to the LS geometry of Fe(lll) at 350 K (Table S3t). The average
Fe-N, Fe-O and Fe-S bond lengths at 350 K are 1.923(2),
1.948(15) and 2.238(10) A, respectively.
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Fig. 6 Temperature dependences of unit cell parameters of the single crystal 1.

The lengthening of the bonds from 150 to 350 K does not
exceed 0.6%. The distortion of the FeN,0,S, octahedron also
slightly increases at 350 K in comparison with the 150 K
structure (Table S41). More careful and slow heating of another
crystal above 350 K showed that the structure still exists at 360
K, but the crystals are destroyed at 364 K (Fig. S1t). At 360 K the
geometry of the Fe complex corresponds to the LS state, but
bond lengths could not be directly compared for the first and
second crystals. This allows us to conclude that the phase
very abrupt and occurs between these
temperatures (see Magnetic section).

transition is

This journal is © The Royal Society of Chemistry 20xx
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Magnetic measurements

Dc magnetization and X-band EPR spectroscopy

The temperature dependence XT of the product is shown in
Figure 7. Three ranges can be selected for the temperature
dependence of the xT of complex 1: 2—60 K (1st), 60-300 K
(2nd), and 300-363 K (3rd).
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Fig. 7 Temperature dependences of XT in the heating (red circles) and cooling (blue
circles) modes for [Fe''(Hthpy)(thpy)]-H,0 according to dc magnetic measurements. The
inset shows the enlarged region of the hysteresis loop. The scan rate is 2 K/min.

In the first temperature range below 60 K, the values of XxT
abruptly decrease from 0.436 cm3-K:mol™® to 0.378 cm3-K-mol™?
at 2 K for heating and cooling modes. This feature is attributed
to the onset of the antiferromagnetic correlations between
neighboring iron(lll) centers. Based on the X-ray data, the
crystal structure of 1 consists of interconnected dimer pairs of
[Fe"(Hthpy)(thpy)] complex through short contacts (see Fig. 4
and 5). One formula unit of complex 1 accounts for half of the
dimer (pair B, Fig.4). Thus, the Bleaney—Bowers equation for a
model of an isolated [Fe''(Hthpy)(thpy)] dimer xiso (egn (1)) was
applied to fit the experimental data in the heating mode in the
temperature range of 2-60 K without the spin-crossover
process (the solid line in the Fig. S5%).26
Nogispgy 1

kyT

Xiso = (Egn. 1)

7
3+efpT
where g;s is the spectroscopic splitting factor applicable to the
2T, (LS, S = 1/2) state; Na, u» and kp, are the Avogadro, Bohr and
Boltzmann constants; T is the temperature in Kelvin; and J is the
intra-dimer coupling constants. The best fitted curve
parameters are g:s=2.165(1); J/ke= — 0.498(1) K. The
determination coefficient for the proposed model is R2=0.996

The resulting value of g;s=2.17 (g > 2) is typical of the LS
configuration of iron(lll) with spin—orbit interaction.?” The J/kg
= — 0.498(1) K exchange constant denotes the weak
antiferromagnetic exchange between the iron(lll) centers in the
dimer pairs B of 1 due to the bulky Hthpy  and thpy? ligands
acting as mediators of superexchange. It is worth noting that
the DFT calculations of the optimized structure of two isolated
[Fe'(Hthpy)(thpy)] complexes also correctly predict a weak
exchange J(calc) = — 0.92 K. It should be noted that the
application of the Curie—Weiss law gives an overestimated xT
value of ~0.005 cm3-K-mol™ at 2 K in comparison with the egn
(1) (see Fig. S6T).

This journal is © The Royal Society of Chemistry 20xx

On the second temperature range in 60—300 K, the values of
xT gradually increase from 0.440 cm3-K-mol™ to 0.483 cm3 K mol
"1, This slight and gradual decrease in T can be attributed to the
appearance of the high spin phase. The concentration of the HS
phase (yus) at 300 K can be estimated at ~2.7%.

For the third temperature range in 300—363 K, complex 1
demonstrates an abrupt one-step spin-crossover in narrow
temperature range with wide hysteresis loop 45 K (Fig. 7 and
S7t). In heating mode, the values of XT gradually increase up to
0.600 cm3 K mol? at 360 K, which corresponds to the yus= 4%.
Then, the values of T abrupt increase from 0.600 to 4.318 cm3
K mol? in the narrow temperature range of 360-363 K. The
XT=4.318 cm3 K mol! at 363 K corresponds to HS (S=5/2) Fe(lll)
with gus= 1.987. The half-transition temperature in heating
mode is equal to Ty2 T =361 K, which reasonably agrees with
the maximum of 15t derivative of xT vs T at 360 K (Fig. S7%).

After a complete SCO at 363 K, the XxT gradually decreases to
4.137 cm3 K mol! at 320 K, which corresponds to the decrease
of Ayus=5 %. Next, the values of XT rapidly decrease to
approximately constant value 0.516 cm3 K mol-1 (yus=2 %) at 285
K. A slow decrease from 0.516 to 0.439 cm3 K mol! is also
observed in the range 285—-100K, corresponding to a returnto a
pure LS Fe(lll) with g;s =2.17 after a complete SCO. The half-
transition temperature in cooling mode is equal to T1; | =316
K, which also agrees with the maximum of 1st derivative of T vs
T at 317 K (Fig. S77). Thus, the average temperature is equal to
T12=%(T1/2 | +T1s2 T )=340 K.

The hysteresis spectra of EPR for 1 during the heating cycle
(left) and cooling cycle (right) in the temperature range of 300-
368 K are shown in Figure 8.The line position (g-factor 2.12) and
form of the line shape are typical for Fe(lll) complexes, and
correspond to a low-spin state Fe(lll) ion. At temperatures 100-
315 K, Curie's law only shows a change in the line intensity.
However, upon subsequent heating (Fig. 9), two distinct
temperature ranges can be identified. The first heating range,
315-355 K, displays a deviation from Curie's law.

The second range, 355-368 K, exhibits a sharp decrease in

the integral intensity due to a rapid transition to a high-spin
state Fe(lll) ion in the complex 1. Upon cooling, a stable HS state
is observed in the temperature range of 368-346 K. The
concentration of the low-spin state sharply increases from 346-
332 K, followed by a slow transition process to the LS state with
full recovery of the initial EPR spectrum line intensity, which
ends at 315 K.
The line noticeably broadens in the temperature range of 315-
368 K. Therefore, dependence of the integral intensity of the
EPR spectra (double integration) was examined (Fig. 9). The
integral intensity multiplied by temperature is selected on the
Y-axis, similar to dc magnetic measurements. In this case,
Curie’s law dependence corresponds to a horizontal line.

A temperature hysteresis is clearly observed between data
recorded during both heating and cooling modes, starting at
around 357 K and 342 K, respectively. These observations are in
line with dc magnetic measurements, and the sensitivity of this
hysteresis to the heating and cooling rate should be taken into
account.?
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Fig. 8 Hysteresis of EPR spectra of [Fe"(Hthpy)(thpy)]-H,0 during the heating (left) and cooling (right) cycle depending on the temperature 300-368 K.
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Fig. 9 Hysteresis of product of EPR signal integral intensity on temperature (left axis)/ yus
(right axis) from temperature during the cycle of heating (red triangles up) and cooling
(blue triangles down) in the temperature range 300-368 K for the complex 1.

The complex [Fe'(Hthpy)(thpy)]-H,0O saves its composition
up to 370 K (see Experimental section), so the measurements
were carefully performed below this temperature. Thus, the
high-temperature spin transition is not caused by water loss.

57Fe Mossbauer spectroscopy

Complex 1 was further characterized by
Mossbauer spectroscopy in the temperature range of 80—365 K
at cooling and heating modes (Fig. 10 and 11). Mdssbauer
spectroscopy data are in agreement with dc magnetic
measurements.

The spectra of 1 show one slightly asymmetric quadrupole
doublet of LS Fe(lll) in the temperature range of 80—361 K at
heating mode. The Mdssbauer parameters of spectrum at 296
K are AEq=3.073(2) mm/s, 6=0.127(1) mm/s, =0.326(5) mm/s
and I,=0.270(4) mm/s (Table S8t). It is worth noting that the
slight asymmetries and parameters of spectra at 296 K for
neutral complex [Fe'(Hthpy)(thpy)]-H,O and [Fe"(thpy).]
anionic complex in salt Li[Fe'"(thpy),]-:3H,0 (AEq=3.205(4)
mm/s, 6=0.144(2) mm/s, =0.354(2) mm/s and =0.312(2)
mm/s) are close to each other.25 The large value of isomeric shift
for anionic complex [Fe"'(thpy).] (46=0.144(2)-
0.127(1)=0.017(2) mm/s), compared to complex 1, is associated
with large Fe-O distances that leads to higher electron density
in the 4s shell of iron(lll). In addition, it should be noted that
[Fe''(Hthpy)(thpy)] unlike [Fe!'(Hthpy)(thpy)]-H.O

57Fe zero-field

complex
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complex has a symmetrical LS quadrupole doublet at room
temperature.?! It is clear that spin-spin relaxation is dominant
in these neutral Fe(lll) complexes based on pyruvic acid
thiosemicarbazone ligand, because the asymmetry in the low-
spin doublet is closely related to the inclusion of water
molecules in the crystal structure.28

In the narrow temperature range of 361-365 K, the abrupt
SCO is observed. At 363 K, HS and LS quadrupoles are distinct
since spin state interconversion rate is slow relative to the
Méssbauer timescale.2? The ratio of HS fraction is equal to
vus=68% at this temperature. The opposite asymmetries of
doublets for HS and LS states are due to the opposite sign of
guadrupole splitting. The LS state has the main contribution to
AEq from Fe(lll) electronic shell, which may have a sign opposite
to the contribution of localized charges by the octahedral
environment of Fe(lll) in HS state. A similar change in the
asymmetry of HS and LS quadrupole doublets during the spin-
crossover was also noted for N3S,;0;-coordination anionic
complex Fe(lll) based on 5CI- salicylaldehyde
thiosemicarbazone ligand in K[Fe"(5CI-thsa),] salt.30

One asymmetric HS quadrupole doublet of Fe(lll)
[AEq=0.95(1) mm/s, 6=0.327(7) mm/s, =0.54(2) mm/s and
r,=0.94(4) mm/s] indicating a complete SCO is observed at 365
K. Taking into account the fact of the crystal destruction above
364 K, it can be assumed that the SCO in complex 1 leads to a
significant increase of Fe...Fe distances in crystal structure.

Thus, the increase of intermolecular Fe...Fe distance leads
to the increase of asymmetry for HS doublet. Spin-spin
relaxation is dipolar in nature, and therefore it is attenuated
with an increase in intermolecular Fe...Fe distance.?8 31

In cooling mode, the preservation of HS state is observed in
spectra at 365 K, 353 K and 333 K. The HS and LS quadrupole
doublets are detected in the spectrum at 328 K with yus=76%
ratio. At 323 K, the ratio of HS fraction decreases abruptly to
yus=15%. The HS doublet completely disappears upon cooling to
room temperature. Thus, the temperature hysteresis loop of 35
Kin changes of the yus concentration is detected during heating
and cooling modes. This value is 10 K lower compared to dc
magnetic measurements. It is clearly associated with the
difference in conditions of the measurements. As a result, the
hysteresis loop narrows.32 33

This journal is © The Royal Society of Chemistry 20xx
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It is important to note the broadening of the lines of the LS
quadrupole doublet in the spectra at 296 and 80 K in cooling
mode after SCO compared to heating mode before SCO by
~0.03-0.04 mm/s (Table S8t). The broadening of the lines is
consistent with a decrease of sample crystallinity.34

Even a slight heating of complex 1 above the temperature of
crystalline water loss, for example 373 K, is reflected in the
Mossbauer spectra by the appearance of a symmetrical HS
quadrupole doublet at 80 and 296 K (Fig. S8, Table S9%). Thus,
Figure 10 clearly shows that complex 1 retains its composition
during high-temperature Mossbauer measurements in the
range 80-365 K.

This journal is © The Royal Society of Chemistry 20xx

So, complex 1 demonstrates a full abrupt SCO above room
temperature with a wide hysteresis loop 45 K and T1/,=340 K
according to dc magnetic The
antiferromagnetic exchange is realized below 50 K due to the

measurements.

dimeric structural motif and the short contacts in the crystal
structure.

DFT calculation

DFT calculations of the [Fe"(Hthpy)(thpy)] complex
DFT calculations of the isolated neutral complex
[Fe'(Hthpy)(thpy)] as well as the A and B pairs in structure were
carried out to establish the relationships between the crystal
structure and magnetic behavior. Calculations devoted
selection of a functional correctly predicting the parameter of
the energy gap between the HS and LS states were performed
earlier in ref. 25. A comparison of the electronic structure
features of anionic and neutral Fe(lll) complexes with N;S,0,
coordination was presented in ref. 25 and 35. The well-
established TPSSh functional was chosen for calculations of the
geometry of structural units and the exchange interaction
parameter using the BS method.36.37

The key parameters of the optimized geometries of A and B
pairs were compared with the calculated geometry of the
isolated complex and the crystal structure at 150 K (Fig. 12). The
data allow us to conclude that the gas-phase optimized
geometries of A and B pairs differ from the experimental values
by < 0.1 A (Table S10t).
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Fig. 12 Optimized geometries of isolated neutral complex [Fe"(Hthpy)(thpy)], A and B
pairs of complexes calculated at the TPSSh/6-311+G(d,p) level in HS (left) and LS (right)
states. Blue dotted line denotes hydrogen bond. Color code:, H, white; C, black; S, yellow;
Fe, orange; N, blue; O, red.

Due to the destruction of the crystal of complex 1 at the SCO
it was not possible to establish the structure in the HS state (see
structural and magnetic part, Fig. S1t). To clarify the reasons of
this phenomenon, the comparison of the selected parameters
of two structural fragments of A and B pairs of neutral
complexes [Fe"(Hthpy)(thpy)] in the HS and LS states was
carried out (Tables S11t and S12%). Analysis of the changes in
bond lengths of the Fe(lll) coordination octahedron in two spin
states showed that the relative elongation values increase in the
series Fe—0O(~4%)—> Fe—S(~8%)—> Fe—Nim(~14%).

Comparison of the calculated Fe...Fe distances for A and B
pairs in the LS state with the experimental values showed a
difference of 0.0452(4) A and 0.1559(4) A, respectively. The
negligible difference between the experimental and calculated
values for the A pair confirms the high degree of H-interaction
between the two complexes. For the B pair, this difference is
higher, which demonstrates the significant influence of crystal
packing on the formation of m-m interactions between two
adjacent complexes via the thpy? forms of the ligand.

Based on the DFT calculations, it can be assumed that the
significant increase in the Fe...Fe distance for the A pair during
the spin-crossover by ~14% leads to increasing the unit cell
parameters with crystal destruction above 364 K (see Structural
section, Fig. S1t).

Exchange coupling constants from broken-symmetry DFT
According to dc magnetic measurements, the crystal structure
of [Fe''(Hthpy)(thpy)]-H20 contains magnetic exchange
interactions in B pairs of neutral complexes, which are formed
through interactions of two thpy% ligands (see structural
section). Previously, this type of -1t interaction of the thpyZ
ligand forms was identified between pairs of anionic complexes
[Fe(thpy)2]- in the structure of Li[Fe"(thpy).]-3H,0 salt.?>

The Heisenberg spin Hamiltonian shown in the equation H =
— 2J125; -5, was applied for the analysis, where Ji, is the
magnetic coupling between the unpaired electrons in sites 1
and 2. The negative value of J corresponds to the
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antiferromagnetic interaction. In the case of weak exchange
interaction, Noodleman32 (eqn (2)) and Yamaguchi3® (eqgn (3))
were used to estimate the parameter J from the energies of the
TS and BS states:

_ _ Ers—Egs
In= Tiss, (Egn. 2)
Jy= — —gEs—Ses (Eqn. 3),

<SEs>—<Shs>

where < S%,> and < S3; > are the total spin angular
momenta of the TS and BS states.

The calculated exchange interaction parameters for the fully
optimized B pairs geometry as well as the B pairs fragment with
optimized hydrogen atoms correctly predicted the
antiferromagnetic nature, but greatly overestimated the
experimental values of J (Table S137). To study the influence of
small geometric modifications on the calculated exchange
interaction constant, the J values for the geometry of B pair
were also calculated directly from the X-ray structure at 150 K.
These calculations demonstrate the value of the exchange
interaction parameter Jy=Jy= — 0.92 K, which correctly predicts
the weak antiferromagnetic nature of the interaction between
Fe(lll) centers and are in good agreement with experimental
data J(exp)= - 0.498(1) K (Table S137).Thus, it can be concluded
that in this case, the small geometric modifications of the
structural fragment of the B pair significantly influence the
parameter of the exchange coupling constant J.

To confirm the exchange path between magnetic centers,
the change in the Mulliken spin density during the transition
from the TS state to the BS state was analyzed (Fig. 13 and 14).

Iron atoms in the TS and BS states have the same absolute
value of spin density equal to 1.029. Coordinated nitrogen
atoms (Nim) have the opposite sign compared to the iron atom
in the TS state p = — 0.057, and in the BS state p = +0.059,
respectively. On the opposite, the coordinated sulfur atoms
with p = £0.042 have the same sign as the iron atom in both
states. The change in spin density from the TS state to the BS
state indicates the participation of nitrogen atoms in magnetic
exchange, in contrast to sulfur atoms. The nitrogen and carbon
atoms from the N=C fragment in the TS state have values of p(N)
= 0.007 and p(C) = 0.004 coincided in sign, which are opposite
in sign to the nitrogen atom (Niy,) from the coordination sphere
in turn. In the BS state, the spin densities of the nitrogen and
carbon atoms of the N=C fragment equaled to p (C) = #0.007
and p(N) = +0.009 also coincide with each other, and these
values are also opposite in sign to the nitrogen atom from the
coordination sphere.

Thus, the change of spin density from the TS state to the BS
state for the N=C fragment and coordinated nitrogen atom (Nim)
also directly indicates the polarization competition between
two iron atoms with a- and B-spin density (Fig. 13),
respectively.4%4! In the case of m-mt bonded pairs of neutral
complexes [Fe"(Hthpy)(thpy)], the exchange pathway with 4
intermediaries can be represented as the scheme Fe(1.029) <>
Nim(-0.059) <= [N(0.009)=C(0.007)]---[C(-0.007)=N (-0.009)] <>
Nim(0.059) <> Fe(-1.029).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 13 Spin density plots of r-t bonded [Fe"'(Hthpy)(thpy)] neutral complexes (B pairs) corresponding to the TS (a) and BS (b) states: red, positive spin density (a) and purple, negative
spin density (B). The isodensity surfaces are plotted with the cut-off values of 0.01 e-A™3 for the TS and BS states. The TPSSh functional with the 6-311+G(2df,2p) basis was used.

- (b)

Fig. 14 DFT-calculated net Milliken spin densities for selected atoms in the TS (a) and BS (b) states of -t bonded [Fe(Hthpy)(thpy)] neutral complexes (B pairs). The color of the spin
density value corresponds to the color of the atom. The TPSSh functional with 6-311+G(2df,2p) basis set was used.

Conclusions

The X-ray structure of the hydrate of the neutral iron(lll)
complex with pyruvic acid thiosemicarbazone ligand
[Fe"(Hthpy)(thpy)]-H20 (1) has been determined for the first
time. The crystals of complex 1 were grown at ratio Hothpy:KOH
1:2, while the powder precipitate was obtained at ratio
H,thpy:NaHCOs equal to 2:1. Complex 1 crystallizes in
monoclinic space group P2;/n. The molecules in crystal packing
1 are arranged in -t bonded pairs where halves of pair is linked
together by hydrogen bonds. Crystallization water molecules
are located in cavities between the extended chains of neutral
complexes, which leads to the formation of hydrogen bonds net
in the structure and the creation of additional bonds between
the iron(lll) centers. According to the analysis of the crystal
structure at 150 and 350 K, the iron(lll)-ligand bond lengths
correspond to the LS state of the magnetic center.

According to dc magnetic measurements, a complete abrupt
spin-crossover with T1/,=340 K and the hysteresis loop of 45 K
occurs in the temperature range of 300-363 K. The existence of
a wide hysteresis loop for SCO complex 1 was also confirmed by
high-temperature EPR  and spectroscopy
measurements. Based on the X-ray structure, the Bleaney—
Bowers equation for the isolated dimer model (5S=1/2) was used

Mossbauer

This journal is © The Royal Society of Chemistry 20xx

to approximate the temperature dependence of the magnetic
susceptibility in the range of 2—50 K. The experimental constant
of intradimer coupling J/ks= -0.498(1) K corresponds to a weak
antiferromagnetic exchange between the magnetic centers of
iron(lll). The negligible values of the exchange interactions
between Fe(lll) centers can be explained by the presence of six
intermediaries participating in magnetic exchange.

Based on DFT calculations, it can be assumed that the
significant calculated increase of ~14% in the Fe...Fe distance for
the H-bonded halves of -t bonded B pairs during the spin-
crossover leads to the crystal destruction above 364 K. In
addition, BS-DFT calculations confirm the presence of a weak
antiferromagnetic exchange Jy=Jy=—0.92 K in B pairs of complex
1, which is in good agreement with the experimental value
Jexp=—0.498(1) K. Based on the Mulliken spin density
distribution, the superexchange pathway between magnetic
centers of iron(lll) was determined via m-mt interaction of C=N
fragments of the doubly deprotonated form of the ligand thpy?
. It can be assumed that the formation of m-nt bonded pairs
through the double deprotonated form of the ligand is a
structural feature of neutral and anionic thpy-complexes.

The results described in the article shed light on the class of
neutral spin-crossover iron(lll) complexes based on the pyruvic
acid thiosemicarbazone ligand with the property of abrupt
transition and wide hysteresis loop of magnetic susceptibility,
which can be applied in modern materials for spintronics.
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The X-ray structures and abrupt spin-crossover of the hydrate of the neutral iron(lll) complex based on the pyruvic acid
thiosemicarbazone ligand [Fe"(Hthpy)(thpy)]-H,0 have been determined for the first time.
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