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Abstract: The multi-magnetic salt [Fe(3-OMe-
Salstrien)][Fe(tdas),]-CHsCN (1) has been prepared and fully
characterized by a variety of methods. The crystal structure of 1,
determined at 150, 297 and 350 K, consists of alternating layers
composed by a parallel arrangement of the chains of isolated -1
coupled cation pairs of [Fe(3-OMe-Sal,trien)]” and anion pairs of
[Fe(tdas).]. The complex magnetic behavior of this salt is consistent
with the sum of the contributions from spin-crossover (SCO) cations
and strong antiferromagnetically (AFM) coupled dimeric [Fe(tdas),],”
anions. The observed gradual thermally induced spin transition
(T12=195 K) is relatable to the cation exhibiting disordering of
ethylene (-CH,-CH,-) groups between two conformers with a narrow
thermal hysteresis of 6 K. The dc magnetization measurements and
*"Fe Mossbauer spectroscopy at room temperature are in excellent
agreement between yps(%) value and ratio of disordering of ethylene
groups obtained from X-ray analysis. MGssbauer spectra at 80 K and
296 K indicate a spin transition between S=1/2 and S=5/2 for the
iron(l1) saltrien-cation and confirms S=3/2 for the [Fe"(tdas).] anion.
The experimental results are supplemented with a theoretical
Density Functional Theory (DFT) analysis.

Introduction

Spontaneous assembly of molecules exhibiting magnetic
properties into non-covalently linked stable aggregates, is a
promising approach to obtain multi-magnetic “smart” materials,
of current interest for application in electronic devices.™ In this
context, spin-crossover (SCO) Fe(ll/lll) coordination complexes
carrying of magnetic "bi-stability" at the molecular level,

represent one of the promising building blocks for such materials.

In these aggregates switching between the low-spin (LS) and
high-spin (HS) states, induced by variation of temperature
and/or pressure and by light irradiation, leads to distinctive
changes in magnetism, colour and structure.”? In the case of
iron(ll) (d®), reversible SCO is associated with the switching
between low-spin (LS, S=1/2) and high-spin (HS, S=5/2) states

of metal center.!® ' SCO Fe(lll) octahedrically coordinated
complexes with saltrien-type ligands (X-Sal.trien = hexadentate
N4O, Schiff bases are products of condensation of
triethylenetetramine with salicylaldehyde derivatives) are actively
used as molecular building blocks in the synthesis of metal—
organic/inorganic hybrid materials,*® switchable molecular
conductors,™!  multi-magnetic compounds.®**®!  The spin
transitions in [Fe(3-/5-X-Sal,trien)]” cations (X different
substituents in salicylaldehyde) are highly sensitive to
supramolecular packing, which is affected by the nature of
counterions and solvate molecules. Simplicity of synthesis, a
wide possibility of ligand tuning and stability of these cationic
complexes make them very attractive candidates as building
blocks of multi-magnetic materials.*?@ @ €19 |n most SCO
compounds based on [Fe(Sal.trien)]-complexes, a gradual
incomplete spin transition is observed without any hysteresis.
However, the salt [Fe(Salztrien)][Ni(dmit)z] (dmit = 2-thioxo-1,3-
dithiole-4,5-dithiolate) demonstrates an abrupt spin transition
behavior with a wide thermal hysteresis loop (ATsco = 30 K).
Exchange interactions between the iron(lll) centers of cations
and the formally Ni** ions of the anion were not observed.**d
Apparently, the abrupt SCO in this salt is favored by the crystal
packing.?? Relationship between hysteresis loop and
intermolecular interactions has been reported recently for the
salt [Fe(3-OMe-Saltrien)][Au(dmit)z].”! Remarkably, it was
shown that molecular interactions determine the geometry of the
complexes, orientation of ethylene groups, and effect the iron(lll)
spin state of the [Fe(3-/5-X-Sal.trien)]* cationic complexes.?* 2
These findings point out that the counterion plays a crucial role
in Fe-saltrien-type cationic complexes to try to reach a SCO
behavior. In this contest, the magnetic and structural features of
the [Fe(tdas),]” complex (tdas = 1,2,5-thiadiazole-3,4-dithiolato)
seemed to us attractive to employ this anion as components of
multifunctional molecular solids.*?% The [Fe(tdas),]” anion with
a distorted square-pyramidal coordination sphere is present in
most crystal structures as a centrosymmetric dimer formed by
metal-sulfur (Fe---S) bonds through overlap of d,2 orbitals of iron
and p; orbitals of apical sulfurs, where the apical Fe—S distance
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is longer than the equatorial ones. In the anion, the iron(lll) (d®)
ions exhibits intermediate spin (IS) state (S=3/2). Furthermore,
strong antiferromagnetic exchange is realized between the two
magnetic centers.'? 12 24281 An ynusual “reentrant” magnetic
behavior associated with the increase of magnetization (y) in
the ranges 190-250 K range at heating and 230-180 K at
cooling has been reported for the (nBusN)[Fe(tdas),] (nBusN =
tetrabutylammonium) salt.?¥

On the basis of these short introductory notes [Fe(3-OMe-
Salytrien)]” is expected to behave as a SCO cation, where the
electron-donating (3-OMe-) substituent should weaken the
ligand field by enhancing ligand-metal 1r-donation and stabilizing
the HS state of the complex.?”?® This, when the cation is
combined with [Fe(tdas),] (Figure 1), can contribute to the shift
Tsco in the area of “reentrant” magnetic behavior observed in
the (nBusN)[Fe(tdas),] salt, and possibly might entail a new
unusual magnetic properties. In addition, the structural changes
in [Fe(3-OMe-Sal,trien)]” as a result of SCO, can lead to
significant restructuring of the crystal lattice affecting the spin
state of this cation.?® 2" 28
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Figure 1. Scheme of the cation [Fe(3-OMe-Saltrien)]” (left) and anions
[Fe(tdas),]™ (right, a); [M(dmit),]" (M=metal cation) (right, b). Ethylene groups
of 3-OMe-Saltrien® ligand are highlighted in bold.

Understanding the role of interactions in salts of iron(lll) sal,trien
cationic complexes with anionic metal-dithiolenes in affecting
their properties overcomes the interest in material field.
Currently these salts are employed as synthetic models in
bioorganic chemistry for modeling active centers in iron-
containing proteins and heme iron enzymes.

With the view to contribute in elucidating these important issues,
we have combined [Fe(3-OMe-Saltrien)]” and [Fe(tdas),]
successfully obtaining the two different magnetic subsystems in
the same crystal lattice of the salt [Fe(3-OMe-
Saltrien)][Fe(tdas).]:CHsCN (1).

Here we report the synthesis of 1 and a joint experimental-
computational study, based on X-ray analysis, dc magnetization
measurements at variable temperature and *'Fe Mossbauer
spectroscopy, supplemented with a theoretical DFT analysis.

Results and Discussion
Synthesis and characterization

The salt [Fe(3-OMe-Saltrien)][Fe(tdas),]-CHsCN (1) was
synthesized by the metathesis reaction of (nBusN)[Fe(tdas),]
()% and [Fe(3-OMe-Saltrien)]NOs H,0 (3)P? in acetonitrile
(CH3CN) at room temperature (see experimental section).
Crystals of 1, suitable for X-ray diffraction, were obtained by
slow diffusion of acetone solution of (nBusN)[Fe(tdas),] into
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acetonitrile solution of [Fe(3-OMe-Saltrien)]NO3-H,O (see photo
in the Supporting Information (Sl) Figure S1). These crystals are
stable in air, and can be stored under ambient conditions.

The purity of the complexes 1-3 and their solvation state was
checked by analytical methods. The elements proportion Fe:S in
1 was estimated by the electron-probe X-ray microanalysis
(EPMA).

The thermogravimetric analysis of 1 revealed a mass loss of
4.72% in the temperature range 122-214 °C (out of the
temperature range of magnetic measurements of 1, see related
section) that is in agreement with the loss of one CH3;CN
molecule of lattice (calcd. 4.76%) (Sl Figure S2).

The phase purity of 1, taken for magnetic measurements, was
confirmed by the powder X-ray diffraction (PXRD) pattern in the
20 range from 2° to 45° and compared to the simulated powder
diffractogram from the X-ray structural data (S| Figure S3).
Experimental ATR FT-IR absorbance spectra for the compounds
1-3 and calculated IR vibration frequencies for the AFM coupled
dimer [Fe(tdas),],> are shown in Figure 2. IR spectrum of 1 is
the superposition of characteristic modes of [Fe(3-OMe-
Sal,trien]* cation and dimeric [Fe(tdas).].> anion with negligible
shifts relative to the absorption bands of the precursors 2 and 3.
Comparison of selected DFT calculated and experimental 1, 2
IR vibration modes for the dimeric [Fe(tdas);,> is in a good
agreement (Figure 2, Table S1 in Sl). Graphical representations
of selected calculated IR vibrational modes for the dimer
[Fe(tdas).],> are depicted in S| Figure S4.
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Figure 2. Experimental ATR FT-IR absorption spectra for the 1 (purple line), 3
(red line) and 2 (black line) at T=296 K, without preliminary sample preparation.
DFT calculated IR vibration frequencies for the dimeric [Fe(tdas)z]zz' (blue
bars). TPSSh functional with 6-311++G(d,p) basis set was used.

Comparison of DFT calculated for the two conformers of [Fe(3-
OMe-Saltrien)]” cation and experimental 1, 3 IR spectra are
shown in Sl Figure S5. The observed multiplicity of N-H(st) and
C=N(st), may be relatable to changes in their environment in
molecules of different Fe(lll) spin states (see X-ray and
magnetic properties).” The intensity change and broadening of
the absorption lines of N-H stretching modes (vN-H) at 3514 cm’
1 3054 cm™ and 1578 cm™ and C=N bending modes (3C=N) at
1623,5 cm™ for 1 may be due to the presence of two conformers
of saltrien-cation in HS/LS states as compared to 3 in LS state
(see below) (S| Figures S5 and S6, Tables S2 and S3).



Single crystal X-ray structure

Single crystal X-ray diffraction experiments were carried out at
150, 297 and 350 K, which confirmed the molecular structure of
[Fe(3-OMe-Sal.trien)][Fe(tdas),]- CHsCN (1) (SI Table S4).
Complex 1 crystallizes in the triclinic space group P 1.
Asymmetric unit includes the [Fe(tdas).]” anion, the [Fe(3-OMe-
Saltrien)]” cation and one solvent acetonitrile molecule, all in
general positions (Figure S7). An ORTEP drawing of 1 is shown
in Figure 3; key bond distances and angles are listed in Table 1.
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Figure 3. Cation of [Fe(3-OMe-Salytrien)]” (lefty and anion dimer of
[Fe(tdas)z]gz' (right) with atom labels. Symmetry code: (a) (2-X, -y, -z).

The structure has a layered packing with alternation of cation
[Fe(3-OMe-Sal,trien)]” and anion [Fe(tdas),] layers along c-
direction (Figure 4). Solvent molecules are located at the
interface of cation and anion layers. Anions are non-planar with
dihedral angle between two Fe-tdas planes of 25.96° at 150 K,
which decreases to 19.84° at 297 K and 19.19° at 350 K. The
anions form centrosymmetric dimers [Fe(tdas).],> through Fe-S
(out-of-plane) bond of 2.4679(6)A at 150K, which increases to
2.4771(8)A at 297K and 2.4796(7)A at 350K (Figure 3). Similar
temperature changes in angles and bonds were noted for
(nBusN)[Fe(tdas);], as described earlier® %Y 16.96° and
2.483(1)A at 150 K; 14.75° and 2.501(2)A at 298K.

Figure 4. Projection of the structure 1 (150 K) along b direction. Intermolecular
contacts S---S (yellow dashed lines), C:--C (< 3.6 A, black dotted lines) and
hydrogen N-H:--N/S bonds (blue dashed lines) are shown.

The iron(lll) ions have the square-pyramidal configuration in
dimeric anion, as generally found.*® The Fe-S (in plane)
distances of tdas-anion in 1 are not equal and range from
2.2445(7)A to 2.2831(6)A at 150 K, from 2.2360(8)A to
2.2765(8)A at 297K and from 2.2357(7)A to 2.2797(7)A at 350 K,
what is also a consequence of the dimerization.” The
interdimer contacts between the terminal sulfur atoms are found
in the anion layer of 1 (Figure 4) with S---S distance of 3.2446(9),
3.315(1) and 3.360(1)A at 150, 297 and 350 K, respectively.
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Table 1. Selected bond lengths (A) and angles (°) in salt 1 at different

temperatures.

Parameter 150 K 297 K 350 K
Fel 02 1.880(1) 1.896 (2) 1.899(2)
Fel 01 1.881(2) 1.897(2) 1.902(2)
Fel N4 1.930(2) 2.064(2) 2.095(2)
Fel N1 1.945(2) 2.078(3) 2.112(2)
Fel N2 2.014(2) 2.126(3) 2.159(2)
Fel N3 2.012(2) 2.144(3) 2.177(2)
Fe2 S2 2.2445(7) 2.2439(8) 2.2448(7)
Fe2 S1 2.2514(6) 2.2360(8) 2.2357(7)
Fe2 S4 2.2547(7) 2.2527(8) 2.2557(8)
Fe2 S3 2.2831(6) 2.2765(8) 2.2797(7)
Fe2 S3° 2.4679(6) 2.4771(8) 2.4796(7)
02 Fel 01 96.56(7) 102.04(9) 103.27(8)
02 Fel N4 93.00(7) 88.26(9) 87.44(7)
01 Fel N4 88.00(7) 91.18(9) 92.14(8)
02 Fel N1 88.49(7) 91.94(9) 92.78(8)
01 Fel N1 93.40(7) 88.45(10) 87.54(9)
N4 Fel N1 177.83(8) 179.60(10) 179.65(9)
02 Fel N2 89.53(7) 92.13(10) 92.30(8)
01 Fel N2 173.30(7) 161.15(11) 159.02(9)
N4 Fel N2 94.47(8) 101.73(10) 102.66(8)
N1 Fel N2 83.95(8) 78.60(11) 77.60(9)
02 Fel N3 173.57(7) 162.78(9) 160.27(9)
01 Fel N3 89.09(7) 89.48(10) 90.02(9)
N4 Fel N3 84.11(8) 78.65(11) 77.40(9)
N1 Fel N3 94.25(8) 101.21(11) 102.43(9)
N2 Fel N3 84.98(8) 79.80(10) 78.99(9)
S2Fe2S1 91.15(2) 91.32(3) 91.50(3)
S2Fe2s4 158.05(3) 155.08(4) 154.58(3)
S1Fe2s4 83.80(2) 85.28(3) 85.58(3)
S2Fe2S3 85.02(2) 84.62(3) 84.51(3)
S1Fe2s3 158.62(3) 163.88(4) 165.16(3)
S4 Fe2 S3 91.93(2) 91.84(3) 91.90(3)
S2 Fe2 S3 101.85(2) 102.53(3) 102.81(3)
S1Fe2S3 104.68(2) 100.49(3) 99.61(3)
S4 Fe2S3 100.09(2) 102.37(3) 102.57(3)
S3 Fe2 S3° 96.68(2) 95.62(3) 95.22(2)

Symmetry code: (a) (2-x, -y, -z)

The value at 150 K is somewhat greater than 3.237(2)A
determined for similar contact in (BETS),[Fe(tdas),], salt at 160
K.'29 One should note such key parameters as the ¢ angle
(Fe(2)-S(3)-Fe(2)*) and interlayer distance (Fe(2)-S(3)%), which
play an important role in the value of antiferromagnetic
exchange coupling constant (J) between the iron centers (Figure
3).[32a]

In the cationic layer, [Fe(3-OMe-Sal,trien)]” form isolated -1
coupled pairs with a lot of several shortened C---C contacts (less
lower than sum of van der Waals radii, 3.6 A) (Figure 4), that
should decrease the SCO cooperative effect. Moreover, it may
be a reason of arising AFM exchange between two iron(lll)
centers. AFM interactions in -1 coupled pairs of [Fe(3-OMe-
Sal,trien)]” cations were also observed earlier in [Fe(3-OMe-
Saltrien)][Au(dmit);] salt, where SCO phenomenon does not
occur: while the HS state is stabilized.”™ In the present case,
thermal SCO behavior is observed, as expected for the ligand
conformation of cation. It is well known that upon the LS to HS
transition Fe-Nam, Fe-Nin and Fe-O bond lengths increase as



well as a dihedral angle a between two phenoxide planes of the

cation,? and the central Fe octahedron becomes more distorted.

In our recent work® we found that conformations of the
ethylene groups in the saltrien-type cations also gives a good
response on the Fe(lll) spin state. At 150 K the geometry of
FeN4O, octahedron in 1 (Table 1) and the angle 0a=79.77°
(a<90°) indicate LS state of iron(lll) in SCO cation. The ligand
conformations also correspond to A(ASA) LS conformer (SI
Figure S8).%! At room temperature, the iron-ligand bonds
increase by ~6.5% for Fe-Nam, ~6.8% for Fe-Nim and ~0.9% for
Fe-O compare to 150 K structure, as well the a angle increases
as well up to 80.90°. The ethylene groups are disordered
between two different conformations with 0.72:0.28 ratio pointing
to presence of 72% of A(AA) HS and 28% of A(AOA) LS
conformers, respectively. At 350K, the iron-ligand bonds
continue to increase until ~8.2% for Fe-Nam, ~8.6% for Fe-Nim
and ~1.1% for Fe-O compare to 150 K structure, likewise the a
angle increases up to 82.34° (still a<90° under the crystal
packing influence). An attempt to refine disordering of ethylene
groups at 350 K gives less than 10% of the A(ASA) LS conformer
(the final cif-file does not contain this information). It can be
expected that the [Fe(3-OMe-Sal,trien)]” cation has only HS
Fe(lll) at T > 350K.

The cation and anion layers in 1 interact by hydrogen bonding
from N-H donors of the cation (Figure 4). At 150 K, geometry of
N-H---N bond: H---N = 2.24A, N---N = 3.082(2)A, N-H:--N angle
= 141.4(1)°; N-H---S bond: H---S = 2.67A, N---S = 3.666(2)A, N-
H---S angle = 170.5(1)°. At 350 K, N-H---N bond slightly
shortens, while N-H---S bond disappears. The CH3;CN solvent
molecule is in a dense environment of three cations and two

anions interacting with them by C---C, C---S, C-H---N/O contacts.

Magnetic properties and *’Fe Méssbauer spectroscopy

The dc magnetic susceptibility was measured in a temperature
range of 2-350 K at B = 0.1 T (the temperature was changed by
a rate of 2 K/min) at heating and cooling modes, the
corresponding temperature dependences of T product are
shown in Figure 5.

The coexistence of [Fe(3-OMe-Saltrien)]” SCO cations and
dimeric [Fe(tdas),];> anions in crystal structure leads to
sophisticated temperature dependence of yT. Starting with the
xT value of 3.93 cm®*K-mol® at 300 K, the magnetic
susceptibility gradually decreases down to 1.08 at 50 K (Figure
5). Furthermore, drastic decrease of T values down to 0.52
cm*K-mol™* at 2 K was also observed below 50 K. Similarly to
cooling process, the 4T values of heating process increased up
to 4.28 cm*K-'mol™ at 350 K, with a small hysteresis loop of
about 6 K between ca. 94 and 200 K. This is a typical behaviour
for an iron(lll) SCO compound (S| Figure S9). One can conclude
from the analysis of X-ray data of 1 at various temperatures that
the SCO behavior of the [Fe(3-OMe-Sal,trien)]” cations takes
place between low-spin (S=1/2) and high-spin (S=5/2) states.
The dependence of yT vs T is expected to be the sum of the
contributions of the anionic (ypT) and cationic (y.+T) magnetic
subsystems: AFM coupled dimerized [Fe(tdas),] anions with
S=3/2 and [Fe(3-OMe-Sal,trien)]” cations with S=1/2 or S=5/2.

The cation—anion magnetic interactions are assumed to be weak.

On the basis of the collected experimental data, we propose
here a model resulting in satisfactory agreement with the
observed trend behavior of magnetic susceptibility for the multi-
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magnetic salt [Fe(3-OMe-Sal;trien)][Fe(tdas)2]-CHsCN. To
describe the magnetic behavior of [Fe(3-OMe-Sal.trien)]” cations,
we used Equation 1, which was proposed to analyze the
magnetic  properties of ferric - N,N-dialkyldithiocarbamate
complexes Fe(S:CNR);, demonstrating a gradual spin
transition.**34

.1 0.75g,” +8x (1 +e*/2) +105Ne *(E/x

X! = Eq. 1
8 1+ 2e73/2 . 3Ng @B/

where g; is the spectroscopic splitting factor applicable to the T,
(LS, S=1/2) state, x = ¢kgT, £ — one-electron spin-orbital
coupling constant, T is the temperature in Kelvin, E is the
separation between zero-points levels of the two states and N is
the ratio of the molecular vibrational partition functions for HS
and LS states. The g;-parameter was fixed at 2.00.1* 2 33 34
Moreover, &-parameter was also fixed at 370 cm™® (532.4 K)
according to Ewald’s value for Fe(S;CNRz); complexes.®¥ The
N-parameter was set equal to 10 since this value is appropriate
for most of iron(lll) complexes.®

Concerning the analysis of the magnetic properties of
[Fe(tdas).],> dimers, earlier Awaga et al.?¥ demonstrated that
the magnetic behavior of dimerized [Fe(tdas);] anions with
antiferromagnetic coupling can be described by Equation 2,
which is applicable for our case.

N, g, uf e2hlkel  Berohlial yigetllel
kB 1+ 3e—232/k5T +5€—6J2/kBT +7e—12J2/kBT

Xol =

where g, is the isotropic Landé factor for Fe(lll) in the
intermediate state (S=3/2), Na, ug and kg are Avogadro, Bohr
magneton and Boltzmann constants and J; is the intradimer
exchange interactions parameter. The g.-parameter was fixed at
1.88 as reported by Awaga et al.**!

The experimental data cannot be described by the sum of Eq. 1
and Eq. 2 only, since Eq. 1 presumes full transformation of Fe®*
from high-spin state (S = 5/2) to low-spin state (S = 1/2). We
have to suggest that a residual HS fraction exists in the sample
of salt 1 at low temperatures.? This hypothesis is reasonable
since the electron-donating 3-OMe substitutions of saltrien-
ligand stabilize the high-spin states of the SCO cation.”® A
gradual decrease in yT values below 50 K may originate from
either the SCO conversion of HS Fe(lll) species or the AFM
interaction between paramagnetic centers.?>*! In our case, we
do not observe a T plateau typical for saltrien-complexes down
to helium temperature.?> * |t means that SCO process and
AFM exchange of residual HS fraction coexist.

Thus, the term
CHS T
T-6
with Cns=4.377 cm*K-mol™ representing the contribution (p)?*
35,368,371 of residual HS faction of SCO cation should be taken into
account to describe data in the lowest temperature range.
Overall, the experimental T can be fitted by Eq. 4.

Xewl = Eq.3

2T =20 T - Q=)+ xcwT P+ 2oT Eq. 4

The first term reflects the magnetic behavior of iron(lll) SCO
cations, the second term reflects the magnetic behavior of



residual HS fraction and the third term accounts for the impact
from magnetically coupled dimers of Fe(lll) (S=3/2) in anionic
layer.

The fitting curve and individual contributions from two magnetic
subsystems are shown in Figure 5. The best fit of experimental
data by Eqg. 4 was obtained with the set of parameters presented
in Table 2.

45 start of the measurement

S
40
351
E 3.0

v 25
2.0

1 15
1.0

05 /_—-‘—5
0

0 50 100 150 200 250 300 350
T, K

Figure 5. Temperature dependences of xT product at heating (red circles, o)
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and cooling (blue circles, o) modes. Black solid line is the fit of experimental
data by sum of two contributions. The purple (a) and green (b) lines represent
the calculated magnetic behavior of spin-crossover cations [Fe(3-OMe-
Sal,trien)]” (sum of Egs. 1 and 3) and dimerized [Fe(tdas),] anions (Eq.2),
respectively. The inset to the figure shows the enlarged region of hysteresis
loop. The arrows indicate the direction of temperature sweep.

Table 2. Parameters of the best fit of experimental data of ¢T vs. T according
to Equation 4.

Parameter [Fe(3-OMe-Sal,trien)]” Parameter [Fe(tdas),]
o1 2 (fixed)
£ K 532 (fixed) 02 1.88 (fixed)
EM K 262
N 10 (fixed)
ol 0.184 Jolke®?, K 99.47+0.19
6" K -12

1@ The “” sign of AFM exchange was taken into account in the equation 2.
"I The E, p, J; and parameter 6 were calculated within the confines of E, p, J,
>0 and 6 < 0, respectively.

The E value is very sensitive to variations in the ligands and as a
consequence to changes in the crystal forces.*® Obtained E
value is equal to 262 K. It means that the ®A; (HS) state lies the
higher than 2T, (LS) state.® Deviations from ordinary LS/HS
behavior are seen only when |E[ < 1.B% For [Fe(3-OMe-
Sal,trien)]” SCO cation in the salt 1, a reasonable |E|/ value
equal to ~0.5 has been found. In addition, on the basis of the
fitted p-parameter, the amount of S = 5/2 residual HS fraction
was estimated as ~ 18.4 %. Note, a value for [Fe(3OMe-
Salstrien)][Au(dddt);]-CHsCN salt has been estimated as ~
20%.2Y Probably, the existence of residual HS fraction is
characteristic of SCO compounds based on [Fe(3-OMe-
Saltrien)]” cation. A negative value of the Weiss temperature 6
= -12 K evidences weak AFM interaction between magnetic
centers in salt 1. One of the possible exchange paths can be
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ascribed to the presence of Tr-staking interactions of molecules
pair in the cationic layer.

The negative sign of the exchange integral J./kg=—99.47+0.19 K
(Eq. 2) between the iron(lll) centers of [Fe(tdas)s.> dimer
indicates the AFM character of magnetic interactions in
accordance with DFT calculations (see below).

The calculated T value for contribution of SCO cation (curve a
in Figure 5) gradually increases and reaches the value of 3.32
cm®K-mol? at 296 K and 3.56 cm®K-mol* at T=350 K, which
corresponds to the mixture states with yus(calc.)=74% and
Yus(calc.)=80%, respectively. The yus(calc.) values were
calculated according to formula:

_ ;(LHT—O.375_ _ 1000
s (cale.) =( 4370 0,375 (- p) + p)-100%
This is in a good agreement with results obtained from X-ray
crystal structure analysis. The iron(lll)-ligand bond lengths and
the characteristic angle a of the SCO [Fe(3-OMe-Sal,trien)]*
cation increase with temperature rises in agreement with the
SCO process. The occupation ratio of A(MA) HS and A(ASA) LS
state conformers is 72% and 28% at 297 K, in agreement with
magnetic data yus(calc.)=75%. The fraction of A(AA) HS state
conformer at 350 K of 90% is somewhat higher than
yus(calc.)=80%. This allows concluding that ethylene groups
disordering relates to cooperative structural effects and it is
strongly dependent on crystal packing features. According to the
simulated curve a (Figure 5), the spin transition temperature Tz,
where yus is 50%, is equal to 195 K that is above the middle of
hysteresis loop ca. 168 K (S| Figures S9 and S10). The first
derivative curve of the magnetic susceptibility data of 1
illustrates a one-step SCO behavior with the maximum rate of
xT change at ~170 K (cooling mode) and ~178 K (heating
mode) (S| Figure S11). The T value for 1 at 350 K is clearly
lower than the expected value for the HS Fe(lll) state (S=5/2).
The % T-T plot of 1 did not reach the plateau region, even at 350
K (Figure 5), the LS—HS transition is considered incomplete.
The calculated temperature of complete spin-state switching is
estimated at 3256 K (Sl Figure S10).
Compound 1 was further characterized by °'Fe zero-field
Mossbauer spectroscopy at 80K and 296 K (Figure 6). This
technigue was applied to confirm the dc magnetic
measurements and to support the determination the yus(calc.)
(%) value from the ratio of disordered ethylene groups of the
cation obtained from X-ray analysis at room temperature.
Moreover, an analysis of the Méssbauer spectra provides insight
into which of the Fe(lll) ions present in the multi-magnetic salt 1
undergo SCO. Attribution of spectral components for the salt
[Fe(3-OMe-Saltrien)][Fe(tdas).]-CHsCN was carried out in line
with the measurements of single-component in iron(lll)
complexes  (nBusN)[Fe(tdas),] (S=3/2) and [Fe(3-OMe-
Saltrien)]NO3-H,0O (S=1/2) (S| Figure S12 and S13).
The spectrum obtained at 80 K contains two quadrupole
doublets (see Figure 6). The first doublet has Mdossbauer
parameters characteristic of LS iron(lll) saltrien-complex, namely
isomer shift 6=0.23(1) mm/s, quadrupole splitting AEq=2.53(1)
mm/s and line width M=0.31(1) mm/s.F* % 3 The second
doublet with 6=0.33(1) mm/s, AEq=3.02(1) mm/s and =0.33(1)
mm/s is typical of [Fe(tdas),]” anion in the IS state.?®
The 296 K Modssbauer spectrum of salt 1 shows three
guadrupole doublets (Figure 6). The first two quadrupole



doublets have parameters corresponding to HS (S=5/2) Fe(lll)
(6=0.35(1) mm/s, AEp=0.66(1) mm/s, [=0.79(1) mm/s) and LS
(S=1/2) Fe(lll) (6=0.13(1) mm/s, AEq=2.58(1) mm/s, =0.37(1)
mm/s), which are typical for Fe(lll) NsO, complexes at room
temperature.*! The area intensity ratio of HS Fe(lll) to LS Fe(lll)
was found to be ca. 73%:27%, in agreement with the
magnetization and X-ray data (see above).
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Figure 6. Méssbauer spectra for the [Fe(3-OMe-Sal,trien)][Fe(tdas).]- CHsCN
salt at 80 K and 296 K. Colored areas show the decomposition of the
spectrum into components: green area corresponds to the contribution of
[Fe(tdas),]” anion (S=3/2), blue area corresponds to the contribution of [Fe(3-
OMe-Sal,trien)]” cation in LS state (S=1/2) and red area corresponds to the
contribution of SCO cation in HS state (S=5/2).

As deduced from the ymT value and X-ray analysis at 297 K, the
ratio of HS:LS states in salt 1 is 75%:25% and 72%:28%,
respectively. This perfect coincidence of yus values means that
difference in HS/LS Lamb-Md&ssbauer factors for SCO cation is
marginal at 296 K.* Since the HS and LS signals are distinct,
we may infer that the spin state interconversion rate is still slow
relative to the Méssbauer timescale.? The third doublet has
MoOssbauer parameters characteristic of [Fe(tdas);] in
intermediate spin state (6=0.28(1) mm/s, AEq=3.03(1) mm/s,
=0.26(1) mm/s)*®! and represents ca. 38% of the iron ions in
the sample. So the different Mdssbauer intensities of [Fe(3-
OMe-Salytrien)]” cation and [Fe(tdas),] anion have to be
attributed to different Lamb-Mossbauer factors.*® One can
conclude from the above data that dimeric [Fe(tdas),],*> anion
does not demonstrate spin-crossover behavior and saves IS
states on the Fe(lll) centers. The valence of irons in 1 was
confirmed to be Fe(lll) for the [Fe(3-OMe-Sal,trien)]” cation and
the [Fe(tdas),] anion.
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Theoretical calculations
DFT calculations of [Fe(30Me-Sal-trien)]” conformers

In earlier endeavor we reported on the relationship between
iron(lll) spin state and ethylene groups orientation in the [Fe(H-
Salx-trien)]*  spin-crossover  complexes.”?  The ligand
conformation can be determined by considering three five-
membered rings: FeN2(CH>),. In each cycle the ethylene group
(-C'H,—C?H,-) has two possible orientations: C' above C?
relative to the plane of N—Fe—N (3) or C* below C? (A). The
numbering of carbon atoms in the cycle is determined by
counter-clockwise motion starting from the iron atom. Thus, the
conformation of [Fe(Sal,-trien)]” is uniquely determined by
indicating the orientations of all three cycles. Besides, we
proposed to classify the conformers in three types: | (all three
cycles have the same orientation), Il (the orientation of the
middle cycle Fe(Nam)2(CH,), differs from the orientation of the
side cycles) and Il (the orientation of the side cycle differs from
the orientations of two remaining cycles). This classification
indicates the symmetry of saltrien cation: C; for classes I, Il and
C, for class Ill. Moreover, it reflects the distribution of
[Fe(Salztrien)]* conformers in the CCDC database.?? It should
be noted that [Fe(Sal.trien)]-type complexes are chiral
molecules, so we propose to consider only A-form of cation in
this work. While for A-form the equivalent conformers will have
opposite orientations of all cycles.

The SCO [Fe(3-OMe-Sal,trien)]” cation in the structure [Fe(3-
OMe-Salstrien)][Fe(tdas),]'CHsCN is  presented by two
conformers: A(ASA) at 150K in LS state, A(AMA) at 350K in HS
state. It should be noted that the transition between the A(ASA)
(LS) and A(AA) (HS) conformers is the most common in the
CCDC database.” The iron(lll)-igand bond lengths of
conformers optimized structures are in a good agreement with
experimental X-ray data (Table S5, Figure S14 in Sl). Slight
deviations in the values of the characteristic angle a are related
to crystalline packing features.”” The calculations demonstrate
the energetic benefit for A(ASA) conformer in LS state (8.6
kJ/mol) and for A(MA) conformer in HS state (9.5 kJ/mol) (Table
3). We also considered the electronic structures of conformers in
both spin state in order to find out the reasons for the existence
of A(ASA) (LS)—A(MA) (HS) transition. For all conformers, the
global Z axis was chosen along the Nin-Fe-Nin bond, whereas
the X/Y axes were approximately aligned along Nam-Fe-O bonds.
This facilitated identifying molecular orbitals of predominantly
iron d orbital character.** “ The orbital analysis was
straightforward for MOs containing predominant contribution of
iron eq-like orbitals. Whereas the mixing of the MOs containing a
predominant contribution of iron tyg-like orbitals is much stronger
in both spin states. This mixing apparently increases the degree
of overlap between metal orbitals and Tr-donor ligand orbitals.®!

Table 3. Electronic energies (Ee), zero-point vibration (Ezpy) energies, total energies (Eo=Ee + Ezpy) and relative energies (Er) of the optimized [Fe(3-OMe-
Salytrien)]” conformers in HS (S=5/2) and LS (S=1/2) states. These values were obtained from DFT calculations carried out at the B3LYP/6-311++G(d,p) level.

Conformer
Parameter A(MA) A(ASA)
HS LS HS LS
Ee, @.U. -2639.0721282  -2639.0692968  -2639.0685497  -2639.0724909
Ezpy, a.u. 0.486902 0.490689 0.486926 0.490590
Eo, a.u. -2638.5852262  -2638.5786078 -2638.5816237  -2638.5819009
Erei, kJ/mol 0 8.64 9.46 0

The coordinates of optimized geometries are shown in Tables S17-S20.



The A(ASA) conformer is realized only through LS state since the
degree of o-bonding in A(ASA) conformer is stronger than that in
A(MA) conformer, that increases the ligand-field splitting energy.
Therefore A(ASA) conformer is much more stable in LS state
(Figure 7). MOs with predominant contribution of iron d,= and
d,2_,2 orbitals for A(ASA) conformer are destabilized by 0.111
eV and 0.105 eV relative to A(MA) conformer, respectively
(Tables S6 and S7 in Sl). Among iron tyg-like orbitals of two
conformers, MOs containing dy, orbitals are more destabilized
that indicates a greater degree of iron/phenoxide Tr-bonding.
Natural atomic charges also confirm the greater degree of -
bonding in A(AOA) (LS) conformer: the minimum (positive)
natural charge on Fe and the maximum (negative) natural
charge on O (Table S8 in SI).1*"!
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Figure 7. Energy levels diagram of molecular orbitals (B3LYP/6-311++G(d,p))
with predominant iron d orbitals contribution for HS (top) and LS (bottom)
states of [Fe(3-OMe-Sal,trien)]” conformers. For the LS system, the average
energy of the relevant a and 3 spin MOs was used.

The calculated spin density distribution in the low- and high-spin
conformers is shown in Figures S15 and S16, respectively. As
seen, most of the spin density is concentrated at the iron(lll)
atom. The shape of spin density located in LS metal centers in
A(MA) and A(ASA) evidence that the unpaired electron resides in
dyy orbital which is consistent with MO analysis (Figure 7 and
S15in Sl).

In case of HS state, the A(AA) conformer is realized since the
degree of -bonding of phenoxide groups in A(AAA) conformer is
stronger than that in A(ASA) conformer, that decreases the
ligand-field splitting energy. Therefore A(AA) conformer is much
more stable in HS state (Figure 7). MO containing predominant
contribution of dy, orbital for A(AAA) conformer is destabilized by
0.059 eV relative to A(AOA) conformer. Furthermore, the MO with
predominant contribution of iron dy.y, orbitals is only slightly
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destabilized by 0.018 eV relative to A(ASA) conformer (Tables S9
and S10 in SI). In the same way, natural atomic charges on Fe
and O atoms confirm the greater degree of 1-bonding in A(AAA)
(HS) conformer (Table S11 in SI).“" It is also noteworthy that
MO with a predominant contribution of iron d,. and d,z_,:
orbitals for A(AA) conformer are destabilized by 0.01 eV and
0.006 eV relative to A(AOA) conformer, respectively. This means
that a slightly greater degree of og-bonding realizes in A(AA)
(HS) conformer. Thus, the greater o-/m-bonding for A(AMA) HS
and A(ASA) (LS) conformers can apparently stabilize the saltrien-
complex.

Exchange Coupling Constants from Broken-Symmetry DFT

A broken-symmetry (BS) method is currently widely used
because it captures the essential physics of spin-coupled
systems and provides a practical approach to estimations of
trends in experimental coupling constants.”® ¥ We used the BS
method to evaluate the coupling constants (J) between the two
paramagnetic _centers in the dimeric [Fe(tdas).],> anion. The
calculations results were compared to the experimental data
deduced from the dc magnetization measurements.

To obtain BS state for spin-zero complexes, the HS state was
initially optimized and after that the spins on metal atoms were
flipped for generating an antiferromagnetically coupled state.
The resulting electronic structures were employed as a starting
guess for geometry optimization of the BS states. For the
system of two magnetic centers, the isotropic Heisenberg spin
Hamiltonian is

H= _2]AB§; : §; '

where Jag is the magnetic coupling between the unpaired
electrons in sites A and B.

The J values were determined by following equations:

_ _Ens—Eps
J= 515 Eq. 5
_ _ Ens—Eps
J= 4S,Sg+2Sp Eq. 6
J=- EHs—EBs Eq.7

<Sfs>—<SEs>

Where Eus and Egs denote computed energies in the HS
(Shs=Sat+Sg) and BS (Sgs=Sa-Sg) states; Sa and Sg are local
spins of magnetic centers; <S%s> and <S%s> are total spin
angular momentum of HS and BS states. Noodleman’s spin-
projected approach®™ (Eq. 5) is considered to be valid in the
“weak bonding” regime, while the alternative non-spin projected
formula proposed by Ruiz and coworkers® (Eq. 6) is derived in
the strong overlap limit. In addition, the use of Yamaguchi
formulal® (Eq. 7) covers the whole range of situations from the
weak to the strong exchange coupling limit. The appropriateness
of each approximation within DFT framework is still an open
question in the literature.®

Ten functionals were employed in the present DFT-BS
calculations of J; value for dimeric [Fe(tdas),];> anion (Tables 4
and S12 in Sl) since the accuracy of approximation strongly
depends on the functional type. It is also worth noting that the
exact Hartree-Fock (HF) exchange has a significant influence on
the quantitative value of the exchange coupling constant.®*
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Table 4. The values of J, calculated by formulas [Eq.(5-7)] and various density functionals for dimeric [Fe(tdas)z]zz' anion. The calculations were performed using

6-311++G(d,p) basis set.

DFT functional T HF, % Jfcalo)”?, K Jo(exp)®, K
no. unctional e , /0 exX| ,
» Noodleman®” Ruiz® Yamaguchi®? 2A&xP
1 PBEQ"® 25 -63.3 475 -63.2
2 B3LYPE" 20 -64.2 -48.1 -63.9
3 B3LYP*! 15 -82.5 -61.8 -82.0
- GH-GGA
4 O3LYP 11.61 -68.6 -51.4 -68.3
5 B3LYP+ 10 -108.1 -81.1 -107.2
= +
6 MPWLYP1M®Y 5 -118.2 -88.7 116.8 £2.47+£0.19
7 TPSSh*d GH-mGGA 10 -102.5 -76.9 -101.7
8 TPSS!® MGGA -175.2 -131.4 -171.6
9 oLYP!®4 - -111.4 -83.5 -110.1
551 GGA
10 BLYP -148.2 -111.2 -145.4

@ The total energies (Eo(HS/BS) = Eq + Ezpy) Were applied for calculations by Equations (5-7). In the case of dimeric [Fe(tdas),],> anion: Sa(Fe)=Sg(Fe)=3/2.
Reasonable agreement of calculated and experimental values of J, selected bold italics.

® The value corresponds to the experimental structure of 1.

The coordinates of optimized geometries are shown in Tables S21-S26 and S29-S32 in SI.

The calculated J; values for dimeric [Fe(tdas);l,> anion are
indicated in Table 4, all functionals correspond to
antiferromagnetic interactions. Noodleman and Yamaguchi
equations give almost identical values; the difference is less
than ~2%. For Ruiz equation, the exchange coupling constant
values are underestimated by ~25% respect to values obtained
from the Noodleman and Yamaguchi equations.

Obtained results reveal a strong dependence on exact HF
exchange indeed, data show a general decrease in the Jy(calc)
values with increasing of HF exchange. At the same time, GGA
and mGGA functionals overestimate the strength of AFM
coupling. The closest to experimental value of J, is calculated
using the TPSSh functional by Noodleman and Yamaguchi
equations. There are many of examples that hybrid functionals
better describe the nature of antiferromagnetic bond comparing
to pure functionals but hybrid functionals tend to give a poorer
geometry of complex including unduly long metal-ligand
bonds.® ¢

Therefore, it is of interest to compare the parameters of the
optimized structures of [Fe(tdas)z].> complex with X-ray data
(Figure S17 and Table S13 in Sl). In this respect it should be
noted that the calculated interlayer distance (Fe(1)-S(18)/Fe(16)-
S(3), Figure S17 in SI) in the [Fe(tdas);l,> are slightly
overestimated by all functionals. Nonetheless, the TPSS and
TPSSh functionals demonstrate the closest to experimental
value of interlayer distance. The selected ¢ (Fe(1)-S(18)-
Fe(16)/Fe(1)-S(3)-Fe(16), Figure S17 in Sl) angle is greater than
90° for all functionals, except for TPSS, TPSSh and PBEO, while
@ angle is less than 90° for experimental structures. Then it turns
out that the TPSSh functional demonstrates excellent correlation
between experimental and calculated data both in the exchange
coupling parameter Jg(exp) and structure. The difference
between calculated and experimental bond lengths in TPSSh-
optimized structure of [Fe(tdas),],> does not exceed 0.03 A. To
study the influence of small geometric modifications on the
calculated exchange coupling constant, we also calculated the
J> values using TPSSh functional for the fixed geometry of
dimeric [Fe(tdas)z],> anion, obtained from the X-ray data at
150K, 297K and 350K (Table S14 in Sl). These calculations
show that Jx(calc) values in absolute magnitude are almost two

times higher than the reported experimental values. In the
present case geometry optimization of [Fe(tdas),],” leads to a
significant decline in the energies of the HS and BS states,
which affects the AE(HS-LS)=E(HS) - E<(BS) value.

In addition to the magnetic exchange constant, it is important to
study the spin density (SD) distribution in the [Fe(tdas).],> spin
dimer. To understand the exchange pathway, the Mulliken
population analysis for dimeric anion was performed using the
TPSSh functional for HS (S=3) state and BS (S=0) state, where
positive and negative signs denote a and [ spin states,
respectively (Table S15 in SI). The SD plots of [Fe(tdas),],* are
shown in Figure 8.

Figure 8. Spin density plots of dimeric [Fe(tdas)z]zz' anion corresponding to
HS (top) and BS (bottom) states: red, positive spin density; blue, negative spin
density. The isodensity surfaces are plotted with the cut-off values of 0.0095
eA®for HS state and 0.008 eA™ for BS state. TPSSh functional was used.

In both states, the predominant SD is located on the iron atoms
of dimer with only minor delocalization over the nearest donor
atoms of the tdas® ligands. The SDes on the two iron centers in
BS sate have the same absolute values but opposite signs
(Figure S17 and Table S15 in Sl): Fe(1) atom has unpaired
electrons with a(1) spin and Fe(16) atom has unpaired electrons
with B(|) spin.



In the case of HS sate, the SDes on sulfur atoms S(3) and S(18)
located near Fe(1) and Fe(16) atoms, respectively, are equal to
p=0.083 e, whereas the SDes on sulfur atoms S(3) p=-0.042 e
and S(18) p=0.042 e are decreased twice for BS sate. The
decrease of the spin population on the sulfur atoms S(3) and
S(18) can be associated with the delocalizing effect from the two
iron centers. It also displays that the sulfur S(3) atom is mainly
influenced by the delocalization from Fe(16) neighboring atom,
while for the sulfur S(18) atom, the delocalization from Fe(1)
neighbor atom is predominant. Obviously, in this binuclear
structure the effect of the spin delocalization results in
antiferromagnetic interaction.®”

It is also of interest to estimate the possibility of a SCO
phenomenon in the [Fe(tdas).l,> dimer. Since the "reentrant"
behavior in magnetic properties of (nBusN)[Fe(tdas),] salt was
detected by K. Awaga et al.,” MPWLYP1M functional was used
for this estimation because it demonstrated good accuracy in
reproducing the experimental data of exchange coupling
constants in (nBusN)[Fe(tdas),]: Ja/ks(exp)=-118 K, J,(calc)= -
118.2 K (Noodleman’s approach, Table 4). According to
calculated energy distribution of [Fe(tdas),;> dimer with
possible iron spins: Sx=Sg=1/2, 3/2 and 5/2, the structure with
antiferromagnetic interactions of iron centers with Sx=Sg=3/2 is
more energetically favorable, which is completely consistent with
the above experimental data (Figures S18, S19, Table S16 in
Sl). The existence of AFM exchange coupling in the dimer with
Sa=Sg=3/2 is energetically beneficial by 8.85 kJ/mol compared
to analogous HS Fe(a,1)-Fe(a,t) structure. The dimeric
structures with Sx=Sg=1/2 and 5/2 spins are not energy minima
in the cases of HS and BS states (>80 kJ/mol). Received result
allows us to completely eliminate the possibility of SCO behavior,
because the main criterion for the appearance of SCO is the
energy proximity of two spin states. Thus, this confirms the
earlier conclusion® based on °'Fe Méssbauer spectroscopy
study of (nBusN)[Fe(tdas),] salt: the “reentrant” phase transition
can be associated only with the decrease of exchange coupling
constant in the dimer.

Conclusion

A joint experimental and theoretical study has allowed to
highlight the properties of the novel salt [Fe(3-OMe-
Sal,trien)][Fe(tdas),]*CHsCN (1) showing  multimagnetic
properties. This salt has been thoroughly characterized by single
crystal X-ray diffraction methods at 150, 297 and 350 K which
show that the crystal structure consists of alternating layers
composed by parallel arrangements of the chains of isolated -1
coupled pairs of cations and dimerized [Fe(tdas),]” anions. The
magnetic behavior of 1 has shown that the dc magnetic
susceptibility is determined by the sum of the contributions from
cations showing spin-crossover behavior and strong AFM
coupled dimeric [Fe(tdas)s];* anions. The [Fe(3-OMe-Sal,trien)]*
cation exhibits gradual SCO transition (T1,=195 K) with a weak
cooperativity effect and a narrow thermal hysteresis of 6 K. The
dc magnetization and °*Fe Méssbauer spectroscopy
measurements at room temperature give excellent agreement
between yus(%) value and the ratio of disordering of ethylene
groups determined from X-ray analysis. Nevertheless, ethylene
groups disordering is strongly dependent on cooperative effects
and features of crystal packing. The experimental J, value is in
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agreement with the calculated one and also with magneto-
structural data of previously synthesized compound containing
[Fe(tdas),],> anion. DFT calculations suggest also that ethylene
groups rearrangement in the cation determines the stabilization
of the spin state. This finding provides a qualitative estimate of
the content of the HS fraction from X-ray structural data.

The synthesis, the full characterization as well as theoretical
studies of [Fe(3-OMe-Sal,trien)][Fe(tdas).]-CHsCN, represent an
important achievement addressed to optimize the molecular
design of new multifunctional materials based on salts of SCO
cation and dimerized anion pairs. The communication between
ions through intermolecular interactions, which could control the
molecular arrangement and the spin state to afford well-ordered
crystal structures was clarified for understanding the involved
microscopic mechanisms, which are of fundamental importance
for practical applications.

Experimental Section

Electron-probe X-ray microanalysis (EPMA). EPMA was performed
with a Zeiss Supra-25 analytical field emission electron microscope
equipped with a Gemini electron optical column at magnification varying
from 600 to 6200 depending on the sample and the electron beam
energy of 9.7-20 keV. The depth of beam penetration into the sample
was 1-3 ym.

Powder X-Ray Diffraction (PXRD). PXRD was measured using a
Siemens D500 powder diffractometer with linear detector at room
temperature (CuKal - radiation, A = 1.5406 A, step = 0.02°, single crystal
cuvette). Powder patterns were used as a fingerprint for identification of
the crystalline phase presented in a material.

Thermogravimetric Analysis. The thermogravimetric analysis was
performed in argon atmosphere at a heating rate of 5 °C min™ using a
NETZSCH STA 409 C Luxx thermal analyzer, which allows simultaneous
measurements of thermogravimetry (TG) and differential scanning
calorimetry (DSC). Mass of sample 8.33 mg, temperature range 30 —
350 °C.

IR spectroscopy. The FTIR absorbance spectra were recorded at room
temperature in the range 400-4000 cm™ (50 scans, resolution 4 cm™)
using FTIR Bruker model Vertex 70V spectrometer (Germany). The
attenuated total reflectance (ATR) method of registration (ATRM) was
performed using Platinum-ATR (Bruker) accessory equipped with a
diamond crystal, without preliminary sample preparation.

Single-crystal structure determinations. Single crystal X-ray diffraction
experiments were carried out on an Oxford Diffraction GeminiR CCD
diffractometer (\(MoKa) = 0.71073 A, graphite monochromator, w-scan
mode) at 150K, 297K and 350K. Data reduction and empirical absorption
correction of experimental intensities (SCALE3ABSPACK) were made by
the CrysAlisPro program.® The structure was solved by charge flipping
method using Superflip program!®! and refined by the full-matrix least-
squares technique against F? in an anisotropic approximation for all non-
hydrogen atoms using SHELXL program.™® Hydrogen atoms were
placed according to geometry and residual electron density peaks.
Selected crystallographic data and refinement parameters are given in SI
Table S4. A CCDC numbers 1996141-1996143.

Magnetic measurements. Magnetic properties of [Fe(3-OMe-
Sal,trien)][Fe(tdas),]-CH3sCN were investigated using the VSM option of
“Quantum Design” Physical Properties Measurements System PPMS —
9T on the fine powder sample with mass of about 5 mg placed into the
plastic capsule. The temperature dependence of dc magnetic



susceptibility x has been taken at warming and cooling modes
(temperature range of 2—350 K) in a magnetic field B=0.1 T. The molar
magnetic susceptibility was corrected to diamagnetic contribution
calculated as a sum of Pascal constants (-9-10° cm®mol™)."¥ The
temperature dependence of the magnetic susceptibility (y) of 1 was
performed on finely ground microcrystalline powders.

*"Fe Mésshauer spectroscopy. *'Fe Méssbauer absorption spectra of
complexes 1-3 were recorded on a WissEl (Germany) spectrometer
operating in a constant acceleration mode. >Co in the Rh matrix was
used as the source. Spectra at low temperatures were measured using a
continuous flow helium cryostat CF-506 (Oxford Instruments) with
controllable temperature. Mossbauer absorption spectra were processed
by the least square method assuming the Lorentzian shape of the
individual spectral components. Isomer shift values were taken with
respect to iron metal.

Computation details. All density functional theory (DFT) calculations
were carried out using the Gaussian 09 computational packagel® on an
servers and workstations of the Institute of Problems of Chemical
Physics Russian Academy of Sciences, Chernogolovka. Calculations of
the iron(lll) complexes were performed with an unrestricted wave
function. Geometry optimizations were done without any symmetry
constrains. Molecular geometries and orbitals (MOs), electronic energies
(Ee) and vibrational frequencies were calculated using the Pople’s group
split-valence 6-311++G(d,p) basis set.”® Zero point vibration energies
(Ezpv) for the total energy Eq (Eo = E¢ + Ezpy) Were obtained by the
harmonic oscillator approximation. The energy minima for all optimized
structures were verified by vibration frequency calculations: imaginary
frequencies were not found. Natural atomic charges were obtained using
the NBO 3.1 modulel™ in Gaussian 09. The atomic coordinates. for
starting geometries of [Fe(3-OMe-Saltrien)]” and [Fe(tdas)s.> were
taken from the X-ray crystallographic data (this work). Calculations for
[Fe(3-OMe-Saltrien)]” conformers were performed using the hybrid
B3LYP functional. Exchange interaction parameter was evaluated within
broken symmetry approximation (DFT-BS) by Ginsberg, Noodleman,
Yamaguchi and others.[’> ® 7 Ten functionals were used in calculations
of dimeric anion [Fe(tdas)2],> for both the high spin (HS) and broken-
symmetry (BS) spin-states. Negative value for J corresponds to
antiferromagnetic interaction.

Synthesis

Commercial solvents were used without further purification unless
otherwise  specified. = Reactants = commercially  obtained: = 3-
methoxysalicylaldehyde, 1,8-diamino-3,6,-diazaoctane, iron nitrate
nonahydrate [Fe(NOgz)3'9H,0] and sodium methoxide (CHzONa) from
Sigma-Aldrich (Saint Louis, MO, USA).

Complexes (nBusN)[Fe(tdas).] (2) and [Fe(3-OMe-Saltrien)]NO3-H,0 (3)
were prepared according to the general methods described previously in
literature.[2%° =0

The purity of the complexes and their solvation state were verified by
determining the carbon, hydrogen, nitrogen and sulfur content, at the
Vario MICRO Cube Elementar GmbH Analysis Service.

(nBuyN)[Fe(tdas),] (2) (tdas - 1,2,5-thiadiazole-3,4-dithiolate)

Complex 2 was prepared according to the general methods described
previously. Elemental Anal. Found: C, 40.10; H, 5.93; N, 1151; S
22.13 %. Calcd for (M= 594 g-mol‘1 ) CaoH3sNsSgFe: C, 40.40; H, 6.10;
N, 11.78; S, 22.22; Fe, 9,43%.

[Fe(3-OMe-Sal,trien)]NO3-H,0  (3).  (3-OMe-Sal,trien=N,N-bis[2-(2-
hydroxy-3-methoxysalicylaldehyde)ethyl]ethane-1,2-diamine).

Condensation of the 3-methoxysalicylaldehyde with triethylenetetramine
and subsequent metalation with iron(lll) nitrate, in situ afforded the
complex 3. The crude solid was recrystallised from warm water to give
dark violet microcrystals, which were collected and dried in vacuo over
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P,0s. Elemental Anal. Found: C, 47.73; H, 5.25; N, 12.74; Fe, 10.43%.
Calcd for (My = 548.36 g-mol'l) CxoH3oFeNsOg: C, 48.18; H, 5.47; N,
12.77; Fe, 10.21%.

[Fe(3-OMe-Salstrien)][Fe(tdas),]-CH3CN (1). The synthesis of 1 is very
straightforward and facile: to the stirred solution of (n-BusN)[Fe(tdas),]
(84 mg, 0.15 mmol) in acetonitrile (CH3CN, 15 mL) was added dropwise
a solution of [Fe(3-OMe-Saltrien)]NO3s-H,O (82 mg, 0.15 mmol) in
CH3CN (10 mL). The reaction mixture was further stirred under heating
for 10 min, then filtered off through the paper filter and cooled in
refrigerator. The precipitate appeared after 2 days was filtered from
mother liquor, washed with cooled acetonitrile, and dried in vacuo over
P,Os at room temperature. [Fe(3-OMe-Saltrien)][Fe(tdas),]-CHsCN (1)
was obtained as black polycrystalline powder with a total yield 88.14%.
Elemental Anal. Found: C, 39.00; H, 3.58; N, 14.57; S, 22.30; Fe,
12.32%. Calcd for (Mw = 861.68 g-mol'l) CogHasiFe 2NgO4Se: C, 39.02; H,
3.60; N, 14.63; S, 22.28; Fe, 12.99%.

By means of slow diffusion method in U-shaped cell solution of
(nBugN)[Fe(tdas),] (6 mg, 0.01 mmol) in acetone (4 mL) diffused into
solution of [Fe(3-OMe-Sal,trien)]NOs-H,O (5.5 mg, 0.01 mmol) in
acetonitrile (1 mL), after one week the shine black crystals of 1 suitable
for X-ray diffraction were filtered and dried at ambient temperature.
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The fully characterized multi-magnetic salt [Fe(3-OMe-Sal,trien)][Fe(tdas).]-CHsCN shows a gradual thermally induced spin-
crossover along with an antiferromagnetic exchange coupling in dimerized [Fe(tdas).],* anions.
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