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ABSTRACT: [Fe(ebtz),(C,H;CN),](ClO,), was prepared
in the reaction of 1,2-di(tetrazol-2-yl)ethane (ebtz) with
Fe(ClO,),-6H,0 in propionitrile. The compound crystallizes
as a one-dimensional (1D) network, where bridging of
neighboring iron(II) ions by two ebtz ligand molecules results
in formation of a [Fe(ebtz),],, polymeric skeleton. The 1D
chains are assembled into supramolecular layers with axially
coordinated nitrile molecules directed outward. The complex
in the high spin (HS) form reveals a very rare feature, namely,
a bent geometry of the Fe—N—C(propionitrile) fragment
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(149.1(3)° at 250 K). The HS to low spin (LS) HS—LS transition triggers reorientation of the propionitrile molecule resulting
in accommodation of a typical linear geometry of the Fe—N—C(nitrile) fragment. The switching of the propionitrile molecule
orientation in relation to the coordination octahedron is associated with increase of the distance between the supramolecular
layers. When the crystal is in the LS phase, raising the temperature does not cause reduction of the distance between
supramolecular layers, which contributes to further stabilization of the more linear geometry of Fe—N—C(C,H;) and the LS
form of the complex. Thus, a combination of Fe—N—C(C,H;) geometry lability and lattice effects contributes to the appearance

of hysteretic behavior (T,,' ~ 112 K, T} ,' ~ 141 K).

B INTRODUCTION

One of the most interesting phenomena, the thermal induced
spin crossover (SCO), arises from an ability of the transition
metal octahedral complexes with 3d*-3d” configuration to adopt
two different electronic states." In iron(II) complexes, the high
spin (HS) to low spin (LS) HS(S = 2)SLS(S = 0) transition
triggered by a change of temperature, an application of
pressure,” magnetic field,’ or by light irradiation® involves
severe alterations of magnetic, optical, and dlelectrlc properties
which are the basis of potential applications.® For practical
applications, SCO materials have to exhibit an abrupt spin
transition with a wide loop of hysteresis.” According to the
model of elastic interactions developed by Spiering,®’ a
perturbation produced by shortening of the Fe—N bond length
involves a compression of a crystal lattice contributing
additionally to a stabilization of the LS form of iron(II). It is
assumed that in molecular systems, the cooperative nature of
the SCO stems from a presence of intermolecular interactions'°
enhancing a perturbation transmission on the adjusted SCO
centers as well as on the whole crystal lattice. The interplay
between short and long-range elastic interactions may lead to
long-range ordering and superstructure formation in the
intermediate phase accompanied by incomplete'' or two step
spin transitions.'>"> Unfortunately, a control of crystal packing
in molecular systems is practically impossible. A polymeric
approach, using a single dominating interaction between ligand
and metal ion, depends on the connection of SCO centers by a
system of the covalent bonded bridging ligands.'*"* In such a
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case, a complementarity of building blocks, in term of their
ability to form the coordination bonds, plays a predominant
role in a self-assembly process.'® This approach gives a
possibility to construct polymeric materials comprising a
small number of unequivocally defined linkages between
metal centers. Noteworthy, a careful design of ligand structure
allows deliberate preparation of coordination networks;
however, in most cases rational control of dimensionality and
topology of the network is very limited.

Bis-'/>* and tris(tetrazol-1-yl)-type®® ligands attract much
attention because they are prone to form coordination
networks, and analogously to complexes based on monodentate
1-substituted tetrazoles,”* their iron(II) complexes exhibit the
SCO phenomenon. Also bidentate ligands comprising 1,2,3-
triazol-1-yl donors were successfully applied for construction of
SCO coordination networks.”® A review summarizing azole
based complexes up to 2010 was performed by Aromi et. al.*°
Nevertheless, among the SCO polymeric materials, there are
known complexes exhibiting abrupt as well as gradual SCO.
Evidently an establishing of a direct linkage between SCO
centers is not a sole and a sufficient condition for an occurrence
of the cooperative spin transition. It is supposed that weakening
of the elastic interactions may stem from a flexibility of the
ligand molecules'® or an elasticity of the whole coordination

1527 . . .
network. An absence of strong intermolecular interactions
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between polymeric units are also pointed to as responsible for
low cooperativity of the SCO.*®

Investigations of coordination properties of 1,0-di(tetrazol-2-
yl)alkanes revealed that also ligands based on 2-substituted
tetrazoles as donor groups form one-dimensional (1D), two-
dimensional (2D), and three-dimensional (3D) coordination
networks.””*® Moreover, similarly to complexes of iron(IT) with
1-substituted tetrazoles, systems containing exclusively tetrazol-
2-yl donors exhibit the SCO phenomenon.®" [Fe(pbtz),]-
(ClO,),2EtOH (pbtz = 1,3-ditetrazol-2-yl)propane) shows
gradual SCO, and analogously to complexes of 1-substituted
tetrazoles, a first coordination sphere of iron(II) consists of six
tetrazol-2-yl rings coordinated through exodentate nitrogen
atoms N4. Nevertheless, further studies revealed that bis-
(tetrazol-2-yl)alkanes can form iron(II) complexes containing a
[Fe(tetrazol-2-y1),(CH;CN),]-type core. Namely, 2-hydroxy-
1-(tetrazol-1-yl)-3-(tetrazol-2-yl)propane>* and 1,6-di(tetrazol-
2-yl)hexane (hbtz)* react with iron(II) perchlorate giving 1D
and 2D networks, respectively, in which axial positions are
occupied by acetonitrile molecules. The above mentioned
heteroleptic complexes also show thermally induced SCO.

Continuing our studies on the application of azole-based
flexible/elastic ligands suitable for construction of SCO
materials, we have prepared a 1D coordination polymer in
which iron(II) ions are bridged by 1,2-di(tetrazol-2-yl)ethane
(ebtz, Chart 1).

Chart 1
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The heteroleptic system [Fe(ebtz),(C,H;CN),](ClO,),
exhibits an abrupt SCO accompanied by a hysteresis loop. It

was found that spin transition is associated with serious
alteration of Fe—N—C(propionitrile) geometry. To determine
the role of coordinated propionitrile molecule orientational
lability on SCO behavior, single crystal X-ray diffraction studies
of the HS and LS forms were performed.

B EXPERIMENTAL SECTION

Materials and Methods. The 1,2-di(tetrazol-2-yl)ethane (ebtz)*
was synthesized according to the procedures described previously.
Iron(Il) perchlorate hexahydrate purchased from Aldrich was used.
Synthesis of the iron(II) complex was performed under nitrogen
atmosphere using the standard Schlenk technique; a few crystals of
ascorbic acid were added to the reaction mixture to prevent iron(II)
oxidation.

Caution! Even though no problems were encountered, it is worth
mentioning that complexes containing perchlorates and tetrazole
derivatives are potentially explosive and should be synthesized in milligram
scale and handled with care.

Infrared spectra was recorded with the Bruker IFS66 IR FTIR
spectrometer in the range 400—4000 cm™" in nujol mulls. Elemental
analyses for carbon, hydrogen, and nitrogen were performed on
Perkin-Elmer 240C analyzer. Temperature measurements of the
magnetic susceptibility were carried out with a Quantum Design
SQUID magnetometer in the 5—300 K temperature range at scan rate
1 and 0.1 K/min under 1 T applied magnetic field. Magnetic data were
corrected for the diamagnetic contributions, which were estimated
from Pascal’s constants.

Synthesis of [Fe(ebtz),(C,HsCN),1(ClO,4), (1). A solution of
Fe(ClO,),-6H,0 (0.15 mmol, 0.0544 g) in propionitrile (5.0 mL) was
added to a solution of ebtz (0.3 mmol, 0.0498 g) in propionitrile (5.0
mL). The resultant clear solution was concentrated in the stream of
nitrogen to a volume of about 8 mL and was left in the closed Schlenk
flask for one month. Next, colorless crystals were filtered off, washed
with 1 mL of propionitrile, and dried in the stream of nitrogen. Yield
84% (0.087 g). Anal. found: C, 24.3; H, 3.0; N, 36.3%. Calc. for
FeCy4H, N, CLOg (M,, = 697.19): C, 24.1; H, 32; N, 36.2%.
IR (nujol): 3144(s), 3131(s), 3024(m), 2955(s, sh), 2925(s), 2854(s),
2296(w), 2277(m), 1466(s), 1448(m, sh), 1416(w), 1389(s), 1377(s),
1353(w), 1323(w), 1303(s), 1210(m), 1196(m), 1186(s), 1157(s, sh),

Table 1. Crystallographic Data for 1

temperature/K

250(2) 160(2) 110(2) 100(2)? 80(2) 110(2)¢ 120(2)¢ 160(2)¢
chemical formula C,4H,,CLFeN,;,O
formula Mass 697.25
crystal system monoclinic
space group P21/n
z 2
a/A 8.388(2) 8.364(2) 8.354(2) 8.287(2) 8.144(2) 8.149(2) 8.168(2) 8.363(2)
b/A 15.370(3) 15.170(3) 15.051(3) 15.054(3) 15.725(3) 15.727(3) 15.750(3) 15.172(3)
c/A 11.616(3) 11.595(3) 11.587(3) 11.692(3) 11.217(3) 11.222(3) 11.242(3) 11.597(3)
a/deg 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00
f/deg 106.75(3) 106.62(3) 106.54(3) 106.24(3) 107.64(3) 107.63(3) 107.64(3) 106.64(3)
y/deg 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00
unit cell volume/A3 1434.0(6) 1409.7(6) 1396.6(6) 1400.4(6) 1369.0(6) 1370.7(6) 1378.2(6) 1409.8(6)
absorption coefficient, y/ mm™! 0.786 0.799 0.807 0.805 0.823 0.822 0.817 0.799
no. of reflections measured 9589 9451 9327 8232 8994 9015 9080 9178
no. of independent reflections 3087 3036 3009 3041 2936 2943 2961 3032
Ry 0.0472 0.0443 0.0407 0.0532 0.0489 0.0557 0.0508 0.0594
final R, values (I > 26(I)) 0.0354 0.0349 0.0324 0.0350 0.0379 0.0399 0.0377 0.0394
final wR(F?) values (I > 26(I)) 0.0752 0.0756 0.0739 0.0950 0.0800 0.0746 0.0754 0.0692
final R, values (all data)® 0.0714 0.0639 0.0561 0.0369 0.0747 0.0864 0.0773 0.0972
final wR(F?) values (all data)® 0.0840 0.0823 0.0799 0.0963 0.0887 0.0841 0.0848 0.0812

“RI = YIF,| — IEI/YIF. PwR? = [Yw(F,? — F2)?*/ Yw(F,2)?*"2 “Heating mode. 9Fast cooling.
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1184(s), 1109(s, sh), 1090(s), 1075(s, sh), 1056(s), 1043(s), 1027(s),
1015(m), 960(w), 940(w), 924(w), 910(w), 785(w), 712(w), 701(s),
679(m), 658(m), 623(s), 654(w), 503(m) cm™.

X-ray Data Collection and Structure Determination. Crystals
of 1, obtained according with the aforementioned synthesis procedure,
were coated by a layer of inert oil, and a suitable crystal was
immediately transferred to the stream of gaseous nitrogen of the
diffractometer (T = 250 K). Crystal structures at 250, 160, 110, and 80
K in cooling mode and at 110, 120, and 160 K in heating mode were
determined. Crystal structure at 100 K was determined after fast
cooling (2 K/min) from 110 K. Crystal data and refinement details are
listed in Table 1. Measurements were performed using Oxford
Cryosystem device on Kuma KM4CCD k-axis diffractometer with
graphite-monochromated MoKa radiation. The data were corrected
for Lorentz and polarization effects. Analytical absorption correction
was applied. Data reduction and analysis were carried out with the
Oxford Diffraction (Poland) Sp. z o.0. (formerly Kuma Diffraction
Wroclaw, Poland) programs. The structures were solved by direct
methods (program SHELXS97°*) and refined by the full-matrix least-
squares method on all F* data using the SHELXL97** program.

B RESULTS AND DISSCUSSION

2-Substituted tetrazoles can participate in the formation of
homoleptic as well as heteroleptic complexes containing also
acetonitrile molecules in the first coordination sphere.
Previously, it was shown that reaction of ebtz with zinc(II)
perchlorate performed in ethanol leads to formation of a 1D
coordination network [Zn(ebtz),](ClO,),, where six tetrazol-2-
yl rings form the first coordination sphere of the metal ion.”’
SCO phenomena is exhibited by iron(II) complexes possessing
[Fe(tetrazol-2-yl)s]- as well as [Fe(tetrazol-2-yl),(nitrile),]-
type core. Because of that, we have attempted to prepare
iron(II) a heteroleptic system containing, in the first
coordination sphere, also nitrile molecules beside ebtz. An
exchange of ethanol on propionitrile as solvent afforded the
[Fe(ebtz),(C,H;CN),](ClO,), system. Product formation
undergoes on slow crystallization from the reaction mixture
containing ebtz and iron(II) perchlorate in the molar ratio 2:1.
The complex is stable during storage under nitrogen
atmosphere; however, crystals are extremely unstable when
exposed to air humidity and immediately become cloudy. This
reactivity toward water is rather a common feature and is
observed in other iron(II) complexes containing coordinated
organic nitriles.>>*°

Magnetic Susceptibility Measurements. To determine
SCO properties the temperature dependent magnetic suscept-
ibility measurements were performed over the 5—300 K range.
A yT(T) dependence was depicted in Figure 1. Upon cooling
at a temperature scan rate of 0.1 K/min, in the temperature
range 300—117 K, yyT remains almost constant adopting
values of 3.52—3.54 cm’ K mol™'. Further lowering of
temperature involves the abrupt drop in the yyT value with
T,;,' = 112 K. In the temperature range from 116 K (yyg =
0.90) to 108 K (yys = 0.10, yys has been estimated from
[0D)r = CuDisl/[0mT)is — CemTisl, where (ruT)r
represents y T at temperature T, (yyT);s = 0 cm® K mol™ and
(rmT)ps = 3.54 cm® K mol™") 80% of the HS—LS transition
occurs. At 103 K SCO is practically finished, and the yT value
of about 0.12 cm® K mol™" indicates a practically complete
HS—LS transition. After reaching of S K, a measurement in the
heating mode was performed. 80% of the LS — HS transition
(T,)," = 141 K) occurs in the range from 137 K (yys = 0.90) to
145 K (yys = 0.10). The hysteresis loop (AT, = 29 K) is
symmetrical adopting the same width for all )T values. The
course of the spin transition obtained in repeated measurement
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Figure 1. y\T vs T plots for 1 in cooling (blue down triangles) and
warming (red up triangles) modes and after flash cooling to S K in
heating mode (red open squares).

performed at 0.1 K/min was practically the same (T,,' = 113
K and T;,,' = 142 K) as obtained previously at the same
temperature scan rate. Cooling of 1 performed at the rate 1 K/
min reveals a shift of T;,,* ~ 102 K to lower temperature values
whereas the course of the yT in the heating mode with the
rate 1 K/min is practically the same in relation to measurement
performed at 0.1 K. It shows that the investigated complex may
be thermally trapped in the HS form.”’ > What is more
important, such inhibition of SCO may indicate large structural
differences between HS and LS forms.** Taking into account
that the degree of spin state trapping depends on the cooling
rate, we have performed a next experiment depending on flash
cooling of the sample.*" The sample was cooled to 5 K, and the
measurement in the heating mode at the scan rate of 0.1 K/min
was performed. Upon heating, the yT increases, because of
zero-field splitting of the HS iron(II) ion, reaching a plateau of
value 3.6 cm® K mol ™. Further, temperature increase above 80
K involves an abrupt drop of the yy T value. HS—LS relaxation
is finished at 110 K. The LS phase obtained this way (yT =
0.16 cm® K mol™") is stable up to about 135 K and then the LS
— HS transition with T,,,' = 140 K starts. Above 145 K the
spin transition is finished and yy,T is equal to 3.60 cm® K mol™".
A comparison of yyT values, obtained for the quenched phase
in the plateau and HS phase above 150 K suggests that flash
cooling yields the HS phase practically quantitatively.

Single Crystal X-ray Diffraction Studies. The coordina-
tion environment of iron(II) consists of four tetrazole rings
forming the basal plane of the octahedron, and two axially
coordinated propionitrile molecules (Figure 2). Two ebtz
molecules join iron(II) ions, and such linkage is propagated in
the a crystallographic direction leading to formation of a 1D
chain. Polymeric units, gathered in the (010) plane, are
tethered through C1—-H1A---N1(1—-x,—y,2—z) and C2—
H2B--N1(1—x,—y,2—z) weak intermolecular interactions
(Figure 3, Supporting Information, Table S1) into 2D
supramolecular layers. Coordinated nitrile molecules are
directed outward the layer and form in the HS phase very
distant contacts C21—H21B---N1(1/2—x,1/2+y,3/2—z) and
C22—H22A--N5(1/2—x,1/2+y,3/2—z) with tetrazole rings of
adjusted supramolecular layers. Consecutive supramolecular
layers are separated by perchlorate anions participating in the
formation of numerous C—H:-O intermolecular contacts
(Supporting Information, Table S2, Figures S1 and S2). At
250 K perchlorate anions reveal disorder (30% occupy the
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Figure 2. Coordination environment in 1 (a) and bridging fashion of
iron(II) ions in 1D chains with labeling scheme of atoms as well as an
arrangement of 1D chains along a direction (b) (250 K). Hydrogen
atoms were omitted for clarity.

Figure 3. Network of C—H--N contacts established between chains
and suplamolecular layers. Perchlorate anions were omitted for clarity.

second position), and upon temperature lowering a vanishing
of the disorder takes place. At 110 K only 5% of anions adopt
the second orientation. The disorder disappears completely
when 1 is cooled from 110 to 100 K with the rate 2 K/min. To
avoid HS phase quenching, determination of the LS form
crystal structure was performed according to results of magnetic
studies, cooling crystal from 110 to 80 K with the rate of 0.1 K/
min. In the LS form (80 K) perchlorate anions are ordered.
Also in the other 1D network [Zn(ebtz);](ClO,),, ebtz
molecules act as N4, N4’ bridging ligands.”” In Zn(II) and
Fe(II) complexes ligand molecules adopt very similar
conformation with comparable values of N—C—C—N torsion
angle of about 60°. Differences in respective orientations of

azole rings and alkyl spacer result in differentiation of distances
between donor atoms (N4 N4’ distance is shorter at about 0.7
A than in 1). This, as well as differences in respective
orientation of coordination octahedrons, result in differ-
entiation of Zn-+-Zn and Fe---Fe separations. In Zn(II) complex
three ebtz molecules join neighboring metal ions at a distance
about 1.6 A shorter than in 1.

In 1, at 250 K, the Fe—N4(tetrazol-2-yl), Fe—N8(tetrazol-2-
yl), and Fe—N20(C,H;CN) distances are equal to 2.179(2),
2.187(2), and 2.146(3) A, respectively. The N—Fe—N angles
are diversified from 87.7(1) to 92.3(1) °. After temperature
lowering from 250 to 110 K the Fe—N distances and N—Fe—N
angles are virtually the same (Table 2). Also after fast cooling
(2 K/min) from 110 to 100 K Fe—N bond lengths remain
characteristic for the HS form. At 80 K the Fe—N4, Fe—NS,
and Fe—N20 distances are equal to 1.976(3), 1.985(3), and
1.934(3) A, respectively, indicating a presence of the LS form
of iron(II) ions. The FeNg chromophore geometry practically
remains unchanged after spin transition. Increasing the
temperature from 80 to 120 K does not affect the coordination
octahedral geometry of the LS form. Increase of temperature
from 120 to 160 K is accompanied by the LS—HS transition,
and Fe—N bond lengths become comparable to the ones found
at 160 K upon cooling.

After HS—LS transition, the intraligand distance between
donor atoms N4---N8 insignificantly increases at about 0.01 A
whereas bridged metal ions are separated at 0.21 A shorter
distance in LS than in HS (110 K) phase. For comparison, in
ID SCO systems based on bis(tetrazol-1-yl)ethane-type
linkage, reductions of analogous distances at 0.02—0.05 A and
0.15—0.21 A takes place, respectively."®'** So small a change of
donor---donor distance in 1 does not result from rigidity of the
ebtz molecule. Quite the opposite, the above-mentioned
rotation of the tetrazole ring around the N2—C1 bond at
about 5° and decrease of the N2—C1—C2—NG6 torsion angle is
an evidence of the elasticity of the ebtz molecule. An intrachain
contact C4—H4A--N3(1—x,—y,1—z) as well as chain thickness
(defined as C1---C2 distance, see Table 2) are reduced at 0.21
and 0.26 A. Structural transformations of flexible ebtz moieties
facilitate further compression of the supramolecular layer and
the shortening of chain—chain distances (defined by bridged
iron(II) ions) by 041 A. Intermolecular distances between
chains of the same layer vary unevenly; the C1—HI1A--N1(1—
x,—y,2—z) distance decreases at 0.1 A whereas C2—
H2B--N1(1—x, —y, 2—z) becomes longer at 0.06 A
(Supporting Information, Table S1).

At 250 K, propionitrile molecules, disordered over two
positions in the 0.7:0.3 ratio, are coordinated to iron ions in a
way that the Fe—N—C(propionitrile) angle is equal to
149.1(3)°. A bent geometry is a really rare feature of
coordinated propionitrile and is not a typical for end-bonded
nitrile molecules at all. To our best knowledge there are only
two known complexes in which the metal-N—C(nitrile) angle
is smaller than 150°.** Cooling of the crystal under
investigation to 110 K results in gradual decreasing of the
Fe—N—C(propionitrile) angle and gradual increasing of the
occupancy factor of the major component of the disordered
propionitrile molecules. In the temperature range 250—110 K,
the ethyl group of the major component of disordered
propionitrile molecules is directed parallel to the Fe—N4
bond, and the ethyl group of the minor component (5% in 110
K) adopts a skewed orientation in relation to the Fe—N4 bond.
It is worth noticing that at upon fast cooling from 110 to 100 K
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Table 2. Selected Bond Lengths (A), Angles (deg), Torsion Angles (deg), Interatomic Distances (A), Distances between Chains
(Ch, Defined by Bridged Iron(II) Ions) within Supramolecular Layer, Between Plane of Supramolecular Layer (Pl, Defined by
Iron(II) Ions Gathered in (010) Plane), and Selected Atoms for 1 in Cooling and Heating (*) Modes and after Fast Cooling

(**)

250(2) K 160(2) K 110(2) K
Fe—N4 2.179(2) 2.176(2) 2.176(2)
Fe—N8 2.187(2) 2.185(2) 2.182(2)
Fe—N20 2.146(3) 2.148(3) 2.154(2)
N4—Fe—N20 92.3(1) 92.3(1) 92.5(1)
N8—Fe—N20 91.8(1) 92.0(1) 92.2(1)
N4—Fe—N8 91.7(1) 91.8(1) 91.9(1)
Fe—N20—C20 149.1(3) 147.3(2) 1459(2)
N20—-C20—C21 172.3(7) 175.7(5) 176.4(3)
N1-N2-C1-C2 65.3(3) 65.4(3) 65.0(3)
N2-C1-C2-N6 63.8(3) 63.6(3) 63.6(3)
C1-C2—N6—-N$ —74.3(3) -73.9(3) -73.3(3)
N4---N8 5.481(3) 5.461(3) 5.456(3)
N2---N6 2.953(3) 2.952(3) 2.952(3)
Cl--C2¢ 8.256(4) 8.284(4) 8.299(4)
Fe--Fe®” 8.388(2) 8.364(2) 8.354(2)
Fe---Fe® 11.616(3) 11.595(3) 11.587(3)
Fe--Fe 9.815(2) 9.735(2) 9.688(2)
Ch---Ch 11.123 11111 11.108
Pl---C21 4.07(2) 4.10(2) 4.053(4)
Pl--N1 0.199(3) 0.196(2) 0.195(2)
Pl--N3 0.930(3) 0.913(2) 0.898(2)

100(2)K(**) 80(2) K 110(2) K(*)  120(2) K(*)  160(2) K(*)
2.191(2) 1.976(3) 1.978(3) 1.980(3) 2.172(3)
2.179(2) 1.985(3) 1.990(3) 1.997(3) 2.183(3)
2.165(2) 1.934(3) 1.934(3) 1.938(3) 2.146(3)
92.5(1) 91.6(1) 91.8(1) 91.8(1) 92.2(1)
92.0(1) 91.6(1) 91.7(1) 91.7(1) 92.1(1)
92.9(1) 91.7(1) 91.7(1) 91.7(1) 92.0(1)
145.3(2) 162.9(3) 162.8(3) 162.8(3) 147.0(3)
176.1(2) 174.2(3) 174.4(4) 174.4(4) 176.9(4)
65.9(2) 59.4(3) 59.7(4) 59.8(3) 65.4(4)
63.0(2) 61.4(3) 61.6(3) 61.5(3) 65.6(3)
—73.8(2) -73.7(4) —-73.8(4) —73.4(3) —-73.9(4)
5.413(3) 5.472(4) 5.470(4) 5.484(3) 5.465(4)
2.931(2) 2.931(3) 2.928(4) 2.935(3) 2.947(4)
8.387(4) 8.049(5) 8.042(5S) 8.048(5) 8.288(5S)
8.287(2) 8.144(2) 8.149(2) 8.168(2) 8.363(2)
11.692(3) 11.217(3) 11.222(2) 11.242(3) 11.597(3)
9.719(2) 9.799(2) 9.802(2) 9.817(2) 9.735(2)
11.226 10.690 10.695 10.713 11.111
4.072(3) 4.187(4) 4.180(4) 4.186(4) 4.090(4)
0.183(2) 0.435(3) 0.434(3) 0.434(3) 0.197(3)
0.895(2) 0.966(3) 0.964(3) 0.964(3) 0.912(3)

“Symmetry operation: 1—x, —y, 1—z. bSymmetry operation: x+1, y, z. “Symmetry operation: x, y, z+1. dSymmetry operation: —0.5—x, 0.5+y, 0.5—z.

disordering of propionitrile molecule disappears completely and
only the component adopting a parallel orientation in relation
to the Fe—N4 bond is present. Slow temperature lowering (0.1
K/min) from 110 to 80 K triggers HS—LS transition resulting
in a flip-flop of orientation of propionitrile molecule related to a
linearization of the Fe—N—C(propionitrile) fragment (from
145.9(2) to 162.9(3)°) and reorientation of the major
component to the skewed form (at 80 K propionitrile molecule
is ordered) (Figure 4). Return flip-flop, appearance of the
bending form of the Fe—N—C(propionitrile) fragment, and
appearance of disorder of the propionitrile molecule with its
ethyl group of the major component (85%) oriented parallel in

c21

t::“2‘\'0.9 A

c20

N20

N1
NS

Fel
NSA

N1A

{

Figure 4. Superpositions of [Fe(tetrazol-2-yl),(C,H;CN),] cores
showing different orientations of propionitrile molecules in HS (blue)
and LS (red) forms.

relation to the Fe—N4 bond is a result of LS—HS transition
during heating from 80 to 160 K.

Typically, in complexes based on coordinated neutral nitrile
molecules®>***> or polynitrile anions*’ the geometry of the
Fe—N—C(nitrile) fragment is almost linear, and upon HS—LS
transition only a slight increase of the Fe—N—C(nitrile) angle
(not exceeding 4°) occurs. In iron(II) complexes containing
coordinated isotiocyanate anions HS—LS triggers more
pronounced chan§es of the Fe—N—C(S) angle (usually
below 100);9'13’38’4 “** however, there are also a few systems
in which thermally induced spin transition is associated with
larger structural alterations.**°

In spite of the shortening of the Fe—N bond length during
the HS—LS transition, the linearization of the Fe—N-—
C(propionitrile) fragment causes that distance between supra-
molecular layers to increase. The flip-flop of orientation of the
propionitrile molecule, after slow cooling from 110 to 80 K,
results in an increase of the distance between atoms C21 as well
as C22 and the supramolecular layer (defined by iron atoms
occupying (010) common plane) at 0.13 and 0.15 A,
respectively, and it is combined with a rotation of the tetrazole
ring around the N2—C1 bond increasing a distance between
nitrogen atom N1 and the supramolecular layer plane at 0.24 A.
In the LS phase C21—-H21B-N1(1/2—x,1/2+y,3/2—z) and
C22—H22A-N5(1/2—x,1/2+y,3/2—z) intermolecular distan-
ces between the supramolecular layers are shorter at 0.13—0.14
A (see Supporting Information, Table S1 for details). Because
of the above-mentioned structural alterations, the separation
between supramolecular layers in the LS form is greater at 0.34
A.

Theoretical considerations of donor—acceptor properties of
nitriles show that they exhibit 6, z-donor as well as 7-acceptor
properties.*” Calculations performed for acetonitryle complexes
revealed that bending of the metal-N—C(CH;) fragment
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destabilizes 7*(N=C) molecular orbital thus decreasing 7-
acceptor abilities.*® It means that, going from bent to more
linear geometry in 1, the z-back bonding character of nitrile
ligand increases, increasing separation (A) between t, and e
orbitals. The observed, slight bending of N—C—C,H; upon
going from the HS to the LS structure supports this thesis.
Taking into account the above mentioned structural alterations,
we assume that the observed linearization of the Fe—N-—
C(propionitrile) geometry may be related to changes of
donor—acceptor properties of nitrile, thus, additionally
contributing to the stabilization of the LS form of iron(1I).

In dinuclear complexes [{Fe(dpia)(NCS),},-
(bpe)]:nCH;OH (n = 0, 2) containing coordinated isotiocya-
nate anions, a strong deviation of the Fe—N—C(isotiocyanate)
angle from linearity, which involves decreasing o, =
contributions in ligand field splitting, is pointed to as
responsible for transition temperature lowering.

Analysis of the temperature dependency of the interlayer
separation (b/2) in the HS phase reveals that temperature
lowering from 250 to 110 K involves a significant reduction of
distance at about 0.16 A (Figure 5) which is associated with
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Figure S. Alteration of interlayer separation (b/2) upon cooling (blue
down triangles) and heating (red up triangles). Standard deviation 6 <
0.003 for b lattice parameter.

decreasing of the Fe—N—C(propionitrile) angle at about 3°
(Table 2). The occurrence of a strong compression of the
interlayer separation should favor a bent geometry of the Fe—
N—C(propionitrile) fragment, thus, contributing to stabiliza-
tion of the HS form. The HS—LS transition involves inversion
of these tendencies: a steep increase of interlayer separation
and a linearization of the Fe—N—C(propionitrile) fragment
takes place. When the crystal is in the LS phase, raising
temperature does not affect interlayer separation (Figure S);
thus the linear geometry of the Fe—N—C(propionitrile)
fragment is preserved, and the LS form of iron(II) is
maintained. Another factor promoting the linear geometry of
the Fe—N—C(propionitrile) fragment in the LS phase, might
be the shortening of intermolecular contacts C21—
H21B-N1(1/2—x,1/2+y,3/2—z) and C22—H22A---NS(1/2—
%,1/2+y,3/2—z) and perchlorate anion contacts upon HS—LS
transition (see Supporting Information). It is worth underlining
that contrary to the mononuclear system [Fe(H,L),]-
(Clo,),H,0-2(CH;),CO [H,L = 2,6-Bis{5-(2-hydroxyphen-
yl)-pyrazol-3-yl}pyridine]*>° in which presence of anion
disorder in the HS phase and an absence of anion disorder in
the LS phase is pointed to as an origin of bistability, in the HS
phase of [Fe(ebtz),(C,H;CN),](ClO,), lowering of temper-

ature leads to vanishing of anion disordering. We believe that

the molecular-level coupling between temperature-dependent
interlayer distances and distinctly different geometries of Fe—
N—C(propionitrile) fragments in HS and LS forms is
fundamental for the occurrence of bistability observed in the
studied system.

It is worth mentioning, that similar structural processes are
observed in the coordination network [Fe(btr),(NCS),]-H,O
(btr = 4,4’-bis(1,2,4-triazole)) which exhibits layered architec-
ture as well.** Also in this complex, the HS—LS transition is
associated with reorientation of the NCS group leading to a
more linear geometry of the Fe—N—C(S) fragment in the LS
phase and increase of the separation between the 2D polymeric
layers. And also in this case SCO is very abrupt and
accompanied by a hysteresis loop (of width 21 K).

B SUMMARY

In the crystal of [Fe(ebtz),(C,H;CN),](ClO,), 1D chains are
tethered through weak C—H--N intermolecular interactions
into supramolecular layers in such a way that axially
coordinated propionitrile molecules are directed outward to
the layers. The unusual feature is a bent geometry of the Fe—
N—C(propionitrile) fragment in the HS form of the complex
and the ability of the coordinated propionitrile molecule to
reorient in relation to the coordination octahedron. The HS—
LS transition switches the orientation of the propionitrile
molecule which leads to a linearization of the Fe—N—C(C,H;)
fragment and increase in the separation between supra-
molecular layers. In the heating mode, in the absence of
changes to interlayer distances, the more linear form of Fe—N—
C(C,Hy) is favored, which contributes to further stabilization
of the LS phase. Thus, a combination of molecular and lattice
based effects results in bistability of the complex.

Recently we have shown how subtle changes of intermo-
lecular interactions established between polymeric units are
crucial for the occurrence of thermally induced spin transition
in the 2D coordination polymer [Fe(bbtr),] (CIO4)2.25b In the
current paper, we have demonstrated that significant structural
alterations coupled through intermolecular interactions repre-
sent a key factor for SCO properties. Additionally, we have
proved that application of elastic bridging ligands does not
preclude construction of highly cooperative SCO materials
revealing a wide thermal hysteresis loop.
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