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The mononuclear compound (1) [Fe"(L),](BE4), (L = 4-ethynyl-2,6-bis( pyrazol-1-yl)pyridine) was
prepared and structurally as well as magnetically characterised. The crystallisation revealed the formation
of two polymorphs — the orthorhombic 1A and the tetragonal form 1B. A third, intermediate phase 1C
was found exhibiting a different orthorhombic space group. Reversibility of the phase transition between
1A and 1C was studied by variable-temperature single-crystal and powder X-ray diffraction studies, while
an irreversible phase transition was observed for the transition of 1B—1C. The magnetic studies show
that the 1A« 1C transition is accompanied by a very abrupt spin transition (ST) with 8 K hysteresis width
(T12(1) =337 K, T1,5(1) = 345 K). The ST was confirmed by Mdssbauer spectroscopy as well as by DSC
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studies. In contrast, the 1B polymorph remained low-spin up to 420 K. In conclusion, a full cycle of
intertwined phase- and spin-conversions of three polymorphs could be proven following the general

scheme 1B—1C<1A.

1. Introduction

The discovery of spin transition (ST) phenomenon' has raised a
long-standing and increasing interest in molecular bistability.
Bistability in ST materials is based on the crossover between the
low-spin (LS) and high-spin (HS) state and the intra-atomic reor-
ganisation of spin density causes changes of physical properties
on the molecular as well as on the macroscopic level. The con-
version of spin-states can be triggered by external parameters
like temperature,” pressure,” magnetic* or electric fields,™® as
well as by electromagnetic excitation at visible” or X-ray™’ spec-
tral wavelengths.

From the application point of view, materials which exhibit
bistability target the exploitation of the change of magnetic
moment'® (data storage devices, contrast agents for MRI), the
thermochromism'' (displays technologies), or the spin-depen-
dent change of conductivity.”® However, the ST materials have
to fulfil several important requirements like abruptness of the
transition, room-temperature hysteresis loops or stability of the
material against fatigue'> With respect to this, the family of
iron(11) complexes of the bispyrazolylpyridine type of ligands is
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a promising candidate in view of the required technological
requests. 1317

ST compounds are built from metallic ions with 3d*~3d” elec-
tronic configurations, whereby most of the studies are dedicated
to iron(i1) metal ions (d® configuration) exhibiting a paramag-
netic—diamagnetic spin transition from the HS (S = 2) to the LS
(S = 0) states. The central iron(11) atom is coordinated by six
donor atoms (usually nitrogen or oxygen) organized in a pseudo-
octahedral environment, which causes the break of spherical
symmetry of d-orbitals into the e, and t,, orbital subsets. There-
fore, the electron occupation of the d-orbitals can follow either
the Aufbau principle (LS diamagnetic state) or Hund’s rule (HS
paramagnetic state) depending on the value of the ligand field
splitting parameter.

Even though the ST phenomenon is a single molecule prop-
erty based on the equilibrium between the ligand-field strength
and the inter-electronic repulsion energy of electrons on d shells,
the features of the transition properties are tuned strongly by the
chemical or structural characteristics of ensembles of molecules.
For instance, it is well known that abruptness of transition and
presence of thermal hysteresis can be affected by the intermole-
cular cooperativity/connectivity between the ST moieties.'® Such
an idea was successfully proven by the synthesis of coordination
ST polymers,'® 2! by introduction of substituents which are able
to create hydrogen bonding networks,?* or by the coordination
of ligands with aromatic moieties in order to increase intercon-
nection by n—m contacts.>* 4

Furthermore, the presence of counter anions and cations and
of interstitial solvent molecules can influence the parameters of
ST. Thus, the change of nature of the counter anions while main-
taining the identity of the ST complex moiety is responsible for
significant differences in the symmetry of the crystal structures
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leading to different ST behaviour.”> However, similar size and
charge of isoelectronic counter anions can result in the formation
of identical space group symmetries with very close unit cell par-
ameters leading to very similar transition temperatures 77,,.2% 2
It can be concluded that changes in the transition properties are
mainly due to the change of crystal symmetry than to local
density fluctuation within the unit cell.*®

It has to be noticed that ST properties are very sensitive to
changes of the crystal symmetry. In other words, the presence
and the character of ST is strongly affected by the manner of
placing/seating/localization of ST moieties within the crystal
lattice, respectively, the unit cell. In this sense, the study and
understanding of polymorphism is one of the pivotal challenges
for the ST investigation and recent works concerning this topic
have already shown the influence of this phenomenon.’’ % On
the other hand, the ST parameters can be actively tuned by
manipulating the different polymorphic phases of iron(i)
compounds.

Herein, we report on the synthesis, the structural determi-
nation, and the characterisation of the spectral, magnetic and
thermodynamic properties of one polymorphic iron(ir) ST system
(1). The compound [Fe(L),](BF4), crystallizes in two poly-
morphic forms 1A and 1B. Upon heating, the phase conversion
into a third polymorph 1C was observed. Magnetic studies of
1A reveal an abrupt, combined spin/phase transition which was
characterized by temperature dependent X-ray and Mossbauer
spectroscopy as well as by DSC investigations. The polymorph
1B is low spin and shows at increased temperatures an irrevers-
ible phase transition into the dichotomous 1C/1A couple.

2. Experimental
2.1. General

Purchased chemicals and solvents (FeH(BF4)2-6H20, acetone,
hexane, ethyl acetate, acetonitrile and diethyl ether) were used as
received. The ligand 4-ethynyl-2,6-bis(pyrazol-1-yl)pyridine (L)
was prepared as described previously.>> >’ Elemental analysis on
carbon, hydrogen, and nitrogen was carried out by Vario Micro
Cube. FT-IR spectra were measured in KBr pellets (Magna FTIR
750, Nicolet) in the 4000400 cm™' region. 'H and '*C NMR
spectra were recorded on a Bruker DPX 300 spectrometer with
solvent proton and carbon atoms as an internal standard. Matrix-
assisted laser desorption/ionization-time of flight (MALDI-TOF)
mass spectrometric analytical data were acquired on a Voyager-
DE PRO Bio spectrometry workstation. Electrospray ionization
time of flight (ESI TOF) mass spectrometric analytical data were
acquired on a micrOTOF -Q II Bruker.

2.2. Synthesis

Ligand preparation. Ligand L, 4-ethynyl-2,6-bis(pyrazol-1-
yl)pyridine, was prepared according to a reported procedure®
via a Sonoghashira coupling reaction of 4-iodo-2,6-bis(pyrazol-
1yl)pyridine®® 37 with trimethylsilylacethylene followed by
deprotection of the (CH3);Si protecting group with methanol and
sodium carbonate. The ligand preparation resulted in 79% yield
in the form of a white powder.

Synthesis of polymorphic compound 1 ([Fe(L);]
(BF,),). 70 mg (0.298 mmol) of 4-ethynyl-2,6-bis(pyrazol-1-yl)
pyridine (L) was dissolved in 50 cm® of acetonitrile, stirred
under a N, atmosphere at 70 °C for 30 min and 50 mg
(0.149 mmol) of Fe(BF,),'6H,0 as solid was added. The com-
plexation of the ligand was immediately carried out exhibiting a
colour change of the solution to red—orange. The reaction
mixture was stirred for a further 4 h (70 °C, N, atmosphere),
cooled down, filtered and left for crystallization by diffusion of
diethyl ether under a N, atmosphere. After two weeks two types
of dark-orange crystals — needles (polymorph 1A) and rhombic
blocks (polymorph 1B) were collected, washed in a small
amount of acetonitrile, rinsed with diethyl ether and dried under
a N, atmosphere. Elemental analysis for C,cH;gN;oB,FgFe
found% (calc.% for 1B and 1B): C 44.43 (44.61)%; H 2.75
(2.59)%; N 19.91 (20.01)%. MALDI ToF MS m/z (matrix nic-
otinic acid): found: 525.92 (C,sH gN;oB,FgFe; 20%); calc. for
({[Fe(L),]}): 526.33. ESI-TOF MS: [Fe(L),]*" (FeCaH 5N o)
at m/z = 263.05 (cale. m/z = 263.05); [Fe(L)»(BF4)]"
(FGCZGngNloBF4)) at m/z = 613.10 (calc. mlz = 61314),
[1:‘6(14)2(131:“4)2]Li14r (FGC26H18N10B2F8LD at m/z = 707.03 (CalC.
m/z = 707.13). '"H NMR (CDsCN; & (ppm)): 57.53 (s, 2H),
52.76 (s, 2H), 34.90 (s, 2H,), 32.39 (s, 2H), 4.23 (s, acetylene).
FT IR (KBr; v/em™): 3294 (ms, C-H,,); 3274 (ms, C-H,);
3247 (ms, C-H,); 3167 (ms, C-H,,); 3125 (ms, C—H,,); 3102
(ms, C-H,); 3 (ms, C-H,,); 2116(ms, C=C). Yield 0.96 g
(97%).

2.3. Magnetic susceptibility measurement

All herein reported magnetic measurements were performed on a
SQUID magnetometer (Quantum Design, model MPMS-XL-5).
In all cases, the temperature dependence of the magnetic
moment was recorded at B = 0.1 T as an external magnetic field.
The temperature sweeping rate was 1 K min~' and it was the
same for cooling and heating modes. Gelatine capsules as
sample containers for the measurement in the temperature range
5-380 K were used. In the case of high temperature magnetic
measurements (300460 K), the experiment was carried out
using a special heating setup. A high temperature sample holder
consisted of a quartz glass tube and Teflon filler. The very small
diamagnetic contribution of the gelatine capsule and high temp-
erature sample holder had a negligible contribution to the overall
magnetization, which was dominated by the sample. The dia-
magnetic corrections of the molar magnetic susceptibilities were
applied using Pascal’s constants.*®

2.4. Diffraction experiments

Single crystal X-ray diffraction data were collected on a STOE
IPDS 1I diffractometer with graphite monochromated Mo-Ko
radiation (0.71073 A). The structures were solved by direct
methods (SHELX-97). Refinement was performed with anisotro-
pic temperature factors for all non-hydrogen atoms (disordered
atoms were refined isotropically).*>** X-Ray powder diffraction
patterns (XRD) were measured on a STOE STADI P diffracto-
meter (Germanium monochromator, Debye—Scherrer geometry)
with Cu-K,; radiation in glass capillaries. A theoretical powder
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diffraction pattern were calculated on the basis of the atom co-
ordinates obtained from single crystal X-ray analysis by using
the program package STOE WinXPOW.*'

2.5. Mossbauer spectroscopy

The Mossbauer spectral absorber contained ca. 80 mg cm™ of
polymorph 1A of [Fe"(L),](BF,),, and the spectra were
measured at 297 K and 350 K on a constant-acceleration spec-
trometer that utilized a room-temperature rhodium matrix *’Co
source and was calibrated at room temperature with o-Fe foil. In
order to avoid the presence of phase impurities from polymorph
1B, the sample was overheated above 473 K before the Moss-
bauer experiment.

2.6. DSC investigations

The calorimetric study of 1A polymorph was performed on a
Perkin Elmer Pyris Diamond DSC. The heating and cooling
rates were both equal to 20 K min~". The temperature scale was
calibrated with the help of indium**** and adamantane® stan-
dards and the heat flux values with a powder aluminium
standard.** >

3. Results and discussion
3.1. Synthesis and spectral properties

The ligand L, 4-ethynyl-2,6-bis(pyrazol-1-yl)pyridine, was pre-
pared according to the procedure described elsewhere.** >’ Com-
pound [Fe'(L),](BF,), was prepared by the reaction of 2
equivalents of L with one equivalent of Fe"(BF,),"6H,O in
acetonitrile at 70 °C. Single crystals were obtained by diffusing
diethyl ether into an acetonitrile solution of the complex under a
N, atmosphere at room temperature. The crystallization resulted
in two polymorphic forms — dark orange needles (polymorph
1A) and dark orange rhombic blocks (polymorph 1B). For mag-
netic, Mossbauer, and DSC studies the two polymorphs 1A and
1B were carefully separated under a microscope. The temperature-
dependent X-ray diffraction studies elucidated the emergence of
a third polymorph 1C from both polymorphs, however only with
phase transitions occurring at elevated temperatures above 340 K
(Fig. 1a).

The UV/VIS absorption spectroscopy was recorded for 1A
and 1B in solid state at room temperature (see ESIT). Both com-
pounds are in low spin state at the temperature of the measure-
ment. At 530 nm the 'A,~'T, d—d transition*® was observed and
MLCT bands'* can be detected at 457 nm (1A) or 471 nm (1B)
respectively. The spectra of the two polymorphs are distin-
guished by slight shifts of the absorption bands maxima, which
may be caused by the presence of different short contact inter-
actions in the crystal lattice of the related compounds (see
chapter 3.2).

The comparison of the infrared spectra of 1A and 1B reveal
differences in the area of stretching C—H vibrations (see ESIT).
The most significant shift was observed for the C—H acetylene
vibration modes. While the vibration wavenumber for 1A is
3245 cm™!, the polymorph 1B shows this vibration at

Polymorph 1C
orthorhombic
Pbcn

Reversible phase
transition around 340 K

Irreversible phase
transition above 420 K

Polymorph 1A
orthorhombic

Polymorph 1B
tetragonal

P2,2,2, 14,/a

Parallel co-crystallisation of [Fe(L),](BF,),
yields 1A and 1B

Fig. 1 Schematic view of the three polymorphs and their temperature-
dependent relationship: The room temperature crystallization of
[Fe™(L),](BE4), leads to two different polymorphs — orthorhombic 1A
and tetragonal 1B. 1A exhibits a reversible phase transition around
340 K into another orthorhombic phase — polymorph 1C. Above 420 K,
tetragonal 1B undergoes irreversible phase transition into orthorhombic
phase 1C.

3272 em™'. 1A shows C-H aromatic vibrations at 3173 ¢cm™'

and 3138 cm™", but in 1B the same peaks are slightly shifted to
lower energies — 3166 and 3124 cm™' (see ESI¥).

3.2. X-Ray diffraction studies

The single-crystal X-ray analysis of polymorph 1A (Fig. 2a),
obtained at 180 K and 350 K, reveal at both temperatures an
orthorhombic P2,2,2; space group (Table 1). At 180 K, the unit
cell parameters are a = 15.3793) A, b = 16.291(3) A, ¢ =
23.329(5) A, V = 5845(2) A®; slightly increased unit cell par-
ameters are observed at 350 K (with a = 15.681(3) A, b =
16.300(3) A, ¢ = 23.553(5) A and ¥ = 6020(2) A*). The asym-
metric unit consists of two dication moieties [Fe'(L),]*" and
four BF,~ counter anions, while the unit cell contains eight
[Fe''(L),](BF,), species. No solvent molecules are present in the
crystal lattice (Fig. 3a). The bond distances of the coordination
polyhedra exhibit values typical for the low-spin state of iron(ir)
at 180 K as well as at 350 K (Table 2). The structural differences
between the low temperature structure and structure at 350 K are
negligible and they can be attributed to the thermal factor.

In parallel to polymorph 1A, the polymorph 1B (Fig. 2¢) crys-
tallizes from acetonitrile solution at room temperature being iso-
structural with its counter anion analogue [Fe'(L),](Cl04),.>
The single crystal diffraction study reveals tetragonal /4,/a sym-
metry with unit cell parameters ¢ = b = 9.5513(14) A, ¢ =
29.315(6) A, V = 2674.4(8) A (Table 1) and four molecular
species can be found within the unit cell (Fig. 3c). There is a
twofold crystallographic axis running through the atoms Fel,
N3, C6, C7, and C8 with the atom Fel located on the Wyckoff
position 4a (site symmetry 4); also the atom B1 of the counter-
ion lies on a twofold axis. At the temperature of the measure-
ment, the Fe"-N bond lengths have typically low-spin values —
1.975(14) A and 1.881(19) A (Table 2).

In order to investigate high-spin crystal structure and structural
changes elicited by ST of polymorph 1A, single crystal X-ray

This journal is © The Royal Society of Chemistry 2012
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@)

b)

Fig. 2 Overview of the molecular structures of polymorphic compound [Fe"(L),](BF,),. The independent units of (a) orthorhombic 1A and (b) tetra-
gonal 1B polymorphs both being in the LS state (average of Fe—N bond lengths are 1.941 A for 1A and 1.928 A for 1B, respectively) and HS structure
of (c) the orthorhombic polymorph 1C (average value of Fe-N bond distances is 2.144 A). The hydrogen atoms are omitted for clarity; ellipsoids are

drawn for 40% probability.

diffraction studies were carried out on the orthorhombic phase at
370 K. The results of this experiment reveal a reversible crystal-
lographic phase transition of polymorph 1A (P2,2,2, space
group) into orthorhombic Phcn (polymorph 1C) phase, with the
unit cell parameters a = 16.726(3) A, b = 12.202(2) A, ¢ =
15.212(3) A and a cell volume of 3104.6(11) A* (Table 1). The
comparison of unit cell parameters of the orthorhombic poly-
morphs allows us to conclude, that the transformation of 1A into
1C is caused by a formal splitting of the lattice parameter ¢
(23.329(5) A) of the acentric P2,2,2, unit cell by approximately
half in order to create centric Pbcn unit cell of 1C. The corre-
sponding lattice cell parameter in the 1C crystal structure is b =
12.202(2) A. The other two parameters, a (15.681(3) A), b
(16.300(3) A) in 1A and ¢ (15.212(3) A), a (16.726(3) A) in 1C,

are not affected by the 1A~ C phase transition exhibiting very
similar values to each other. The asymmetric unit in 1C consists
of half a complex cation [Fe"(L),]*" (with Fel on a twofold
axis) and one corresponding BF,~ counter anion; four formula
units can be found within the unit cell (Fig. 3b). At 370 K, the
bond distances acquire values typical for HS of iron(i1) and vary
in the range 2.129(4)-2.161(5) A (Table 2, see ESIf). All three
polymorphs of [Fe"(L),](BF.), show weak interactions between
the ligand atoms and BF,~ counter anions.*’

The comparison of the structural features of 1A and 1B
reveals some dramatic changes induced by the spin transition.
The average of the Fe-N bond lengths of 1A is 1.941 A at
180 K and 1.969 A at 350 K and so close to the distances found
in 1B (1.8813(19) and 1.9755(14) A; Table 2) indicating the
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Table 1 Crystal and structure refinement data of three crystallographic phases 1A, 1B and 1C of compound [Fe"(L),](BF4),

Polymorph 1A

Polymorph 1B

Polymorph 1C

Formula

Formula weight/g mol™

Co6H gBoFgFeN o
699.97

Co6HigBoFsFeN o
699.97

CosH1sBoFgFeN o
699.97

CaeH 3BoFgFeNyg
699.97

Crystal colour Orange Orange Orange Light orange

T/K 180(2) 350(2) 180(2) 370(2)

Wavelength/A 0.71073 0.71073 0.71073 0.71073

Crystal system Orthorhombic Orthorhombic Tetragonal Orthorhombic

Space group P2,2,2, P2,2,2, 14/a Pbcn

alA 15.379(3) 15.681(3) 9.5513(14) 16.726(3)

b/A 16.291(3) 16.300(3) 9.5513(14) 12.202(2)

c/A 23.329(5) 23.553(5) 29.315(6) 15.212(3)

o (°) 90.00 90.00 90.00 90.00

B(°) 90.00 90.00 90.00 90.00

() 90.00 90.00 90.00 90.00

VIA3 5845(2) 6020(2) 2674.4(8) 3104.6(11)

Z, pg cm™ 8, 1.591 8, 1.545 4,1.738 4,1.498

u(Mo-Ko)/mm™ 0.605 0.588 0.661 0.570

F(000) 2816 2816 1408 1408

Crystal size/mm 0.35 x 0.08 x 0.07 0.39 x0.13 x 0.12 0.40 x 0.30 x 0.28 0.25x0.22 x 0.19

6 range for the data collection (°) 1.52 to 25.65 1.51 to 24.84 1.37 to 26.09 2.46 to 25.77

Abs. structure parameter 0.019(18) 0.06(2) — —

Final R indices [/ > 20 (I)]* R, =0.0498 Ry =0.0593 R, =0.0289 R, =0.0652
WR, =0.0709 WR, =0.1535 WR, =0.0749 WR, =0.1646

R indices (all data)” R, =0.0820 Ry =0.0929 Ry, =0.0298 R; =0.1529
wR, = 0.0709 wR, =0.1713 wR, = 0.0756 WR, =0.2137

Extinction coefficient 0.00014(4) — 0.0026(5) 0.0063(18)

GoF on F* 0.874 0.954 1.046 0.937

CCDC number 846470 846471 846472 846473

TRU= 3 (Fo — Fo)/ 3 (Fo); wR2 = \/z w(F2 — F2)Y)/ 5 [w(F2)?)

presence of the LS state for both polymorphs. However, the
polymorph 1C shows typical HS bond lengths at 370 K which
scatter in the range of 2.129(4)-2.161(5) A at 370 K (Table 2).

During the concomitant 1A«<1C phase/spin transition the
most significant growth of bond lengths (ca. 13%) was observed
along the b direction, in particular along the axial Fe—Npyridine
bonds (Fel-N3, Fel-N8, Fe2-N13, Fe2-N18 for 1A and Fel—
N3, Fel-N3’ for 1C polymorph), while the increase of the equa-
torial Fe—Npyras01c bond distances was determined to be about
9.5%.

The structural changes induced by ST also usually affect the
plasticity of the coordination polyhedron. The change of the spin
state causes either an increase or decrease in N-Fe—N angles
(Table 3). The angle deviation from the optimum coordination
sphere can be reflected by the parameter X, which is derived
from the 12 octahedral angles.*® This parameter has been suc-
cessfully used for the detection of the spin state in the group of
[Fe(L),(SCN),] ST complexes, where the difference between
Y1 s and Xpg was around 32° on average.49 Consequently, the
low-spin X values for 1A and 1B structures are about 87° and
the X parameter for the high-spin state is almost two times
higher in [Fe(L),](BF,), reaching 161.18° (Table 3). The careful
comparison of LS and HS structures reveals several other angles
whose values differ according to the respective spin state
(Table 3). While in the LS state of 1A and 1B the analogous
angles scatter between 159.914 (180)°-160.610(4)°, the HS N1—
Fe—N5 angle of 1C polymorph is significantly smaller exhibiting
a value 145.675(179)° at 370 K.

A polycrystalline sample of 1B was additionally submitted to
variable temperature X-ray powder diffraction investigations (see

ESIT). The powder diffraction pattern at room temperature is
highly comparable with the calculated reflection pattern from
single-crystal X-ray data measured at 180 K (Fig. S37). Upon
increasing the temperature above 450 K the sharp reflections of
the tetragonal 1B phase gradually decrease while new and
broader peaks appear. This phase change is almost complete at
490 K. The resulting powder pattern at this temperature is in
agreement with those two calculated for the two orthorhombic
phases (1A and 1C), whereas the broadness of the peaks does
not allow for further differentiation (Fig. S41). Upon cooling
and heating the shape of the pattern remains nearly unchanged
apart from small variations of the peak positions. The interpret-
ation of the powder patterns proves the irreversibility of the
1B—1C phase transition.

3.4. Magnetic properties

Temperature-dependent measurements of the magnetic suscepti-
bility of the crystalline sample of polymorph 1A were carried out
in heating and cooling modes. This investigation elucidates a
reversible, very abrupt transition of the spin states accompanied
with a thermal hysteresis (Fig. 4a). In the temperature range of
5-310 K the yT product possesses a typical behaviour of dia-
magnetic low spin (S = 0) compound — its values are negative
and close to zero in the heating as well as in the cooling mode.
Above this temperature, the product function starts slightly to
increase and reaches 0.57 cm® K mol™! at 343 K, which corre-
sponds to 19% of iron(n1) in HS state. However, above this temp-
erature, the product function rises dramatically to a saturated HS
value of 3.48 cm® K mol™' at 370 K. Upon cooling, the

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 The presentation of molecular packing within a—c plane of unit cell in crystal structure of the (a) orthorhombic 1A (Z = 8), (b) tetragonal 1B
(Z=4) and (c) orthorhombic 1C (Z = 4) polymorphs (hydrogen atoms are omitted for clarity).

Table 2 Fe—N bond lengths of the polymorphs 1A, 1B and 1C at different temperatures

Polymorph 1A

Polymorph 1B Polymorph 1C

180(2) 350(2) 180(2) 350(2) 180(2) K 3702) K
Fel-N1 1.968(5) 1.999(5) Fe2-N11 1.950(5) 1.991(5) Fel-N1 1.9755(14) Fel-N1 2.142(5)
Fel-N3 1.904(5) 1.941(4) Fe2-N13 1.901(5) 1.907(4) Fel-N3 1.8813(19) Fel-N3 2.129(4)
Fel-N5 1.956(5) 1.960(5) Fe2-NI15 1.967(4) 1.990(5) Fel-N5 2.161(5)
Fel-N6 1.958(5) 1.980(5) Fe2-N16 1.950(5) 1.990(5)

Fel-N8 1.883(5) 1.948(5) Fe2-N18 1.913(5) 1.925(5)

Fel-N10 1.963(5) 1.982(5) Fe2-N20 1.976(4) 2.011(5)

measured sample is paramagnetic and high-spin between 370 K
and 341 K. Below 340 K, an abrupt ST takes a place, and the
value of yT product drops to 0.34 cm® K mol™" at 335 K which
corresponds to the 13% high spin fraction of iron(1). It is inter-
esting to note, that more than 80% of iron(i) atoms undergoes
reversible ST within 4 K in heating as well as within 5 K in
cooling mode and transition temperatures are only slightly above
the room temperature — 7,5(1) = 345 K for heating, 71,(]) =
337 K for cooling mode (AT, = 8 K).

Due to the LS behaviour of the 1B polymorph, magnetic prop-
erties of this compound were investigated in the high temperature
regime and the results are presented in Fig. 4b. At first, the

sample was studied in the heating mode. The small paramagnetic
values of yT product can be attributed to the paramagnetic impu-
rities only, and 1B exhibits diamagnetic low spin behaviour up
to 400 K where it obeys y7 = 0.42 cm® K mol™'. Above this
temperature, the product function starts to grow significantly and
it achieves 3.30 cm® K mol™" at the highest temperature of
measurement (470 K) — a typical value for the high spin state of
iron(i1) mononuclear compounds. The growth of the product
function is irreversible and upon cooling the 7 product stays
constant up to 350 K. However, at T, = 340 K a reversible ST
centred accompanied with 5 K hysteresis width is observed.
Since the rise of the product function in the first heating mode is
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Table 3 Comparison of selected bond angels of the coordination
polyhedral of the three crystallographic phases 1A, 1B and 1C of the
compound [Fe(L),] (BF.),

Polymorph 1A (180 K)  Polymorph 1B Polymorph 1C

LS state LS state HS state
N1FelIN5 160.3 NI1FeN1 160.61 N1FeN5 145.7
2 (®) 2)
N11Fe2N15 160.0
2
NO6FeIN10 160.7 NI1'FeN1" 160.61 N1'FeN5"  145.7
2 (®) 2
N16Fe2N20 159.9
2
N3-Fel-N8 N3—Fe— N3-Fe—
N3’ N3’
N13-Fel—
N18
N1FeIN3 80.3(2) NIFeN3 80.30(7) NI1FeN3 73.0(2)
N11Fe2N13 79.5(2)
N3FelN5 80.1(2) NIFeN3 80.30(7) N3FeNS5 72.9(2)
N13Fe2N15 80.5(2)
NO6FelIN8 80.6(2) NI'FeN3" 80.30(7) NI1'FeN3" 73.0(2)
N16Fe2N18 80.0(2)
N8FeIN10 80.1(2) NI'FeN3" 80.30(7) N3'FeN5'" 72.9(2)
N18FeN20 80.1(2)
N1FelIN8 98.5(2) NI1FeN3’ 80.30(7) NI1FeN3’ 113.0
2
N11Fe2N18 99.1(2)
N3FelN6 101.3 N1'FeN3 99.70(7) NI1'FeN3 113.0
2 ()
N13Fe2N16 102.5
2
N5FelN6 89.1(2) NIFeNI’ 91.63(5) NSFeNl1’ 100.8
)
N16Fe2N15 93.0(2)
N1FeIN10 90.3(2) NI1FeNI’ 91.63(5) NI1FeN5' 100.8
(2
N11Fe2N20 94.5(5)
X 86.20 z 161.18 z 84.04
S 87.94

irreversible, and the observed ST in the cooling and the second
heating mode is placed exactly in the region, where polymorph
1A shows its spin transition, it can be concluded that this tran-
sition corresponds to the previously observed ST of 1A<1C.
The history-dependent slight differences between the ST proper-
ties of the two observed 1A« 1C transitions (8 K against 5 K
thermal hysteresis width, slightly different saturation value of yT'
in high spin-plateau of HS state) can be attributed to the different
degree of crystallinity of measured materials as well as to the
lower sensitivity of high-temperature SQUID set-up.

3.5. Temperature dependent Mossbauer spectroscopy of 1A

The Mossbauer spectroscopy measurements for a powdered,
>"Fe enriched sample of polymorph 1A were performed at two
different temperatures 297 K and 350 K. The spectroscopic para-
meters obtained by the least-squares fitting of the experimental
data are given in the Table in Fig. 5. The spectra recorded at
room temperature showed the presence of a single component
iron(m) phase. The parameters of the doublet [4/% = 100; Eq/
mm s~ = 0.643; §/mm s~' = 0.310] indicate iron(1) in a low
spin state. The change of an iron spin state at higher temperature
is clearly reflected in Mossbauer spectra. The least-squares

Polymorph 1C
3 E
I}
S T12=337K T1/2=345K
X 5
(2}
=
O
~
I~
R 1
Polymorph 1A
03
260 280 300 320 340 360 380
TIK
a)
4
ii) blue triangles — cooling; 1C—1A
3
IS
S
x 2 -
"’E iii) red triangles — 2" heating
o 1A —1C
My
~
R 1
0 - i) red circles -1* heating of 1B; 1B—1C
320 340 360 380 400 420 440 460
T/K
b)

Fig. 4 (a) Magnetic susceptibility data of polymorph 1A: the sample
was cooled from 300 K to 5 K and the y7T was first measured upon
warming from 5 K to 370 K followed by the cooling mode. (b) Magnetic
data for polymorph 1B. Since 1B polymorph was low spin up to 370 K,
the magnetic investigation was performed in high temperature mode in
the following manner: (i) heating from 330 K up to 460 K (red circles);
(i) cooling from 460 K up to 300 K (blue triangles); (iii) heating from
300 K up to 400 K (red triangles). In total, a conversion cycle
1B—1C«1A is performed.

analysis of spectra collected at 350 K shows two components
which indicate coexistence of the spin states. The component
which is assigned to the low spin state has parameters very
similar to the doublet at room temperature [4/% = 37; Eg/mm
s7! = 0.565; 6/mm s~' = 0.276] while the second component
yields parameters characteristic of the high spin state of iron(ir)
[4/% = 63; Eg/mm s7' =1.132; §/mm s~ = 0.927. The results
obtained from M{ssbauer spectroscopy are in a good agreement
with high spin molar ratio extracted from the magnetic measure-
ments. Presence of a low-spin remnant at 350 K is indicative of
an incomplete 1A—1C transition at this temperature.

3.6. DSC study of polymorphic compound 1A

The ST of 1A was also investigated by DSC. The transition
temperatures were identified from the resulting heat flux as

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Mossbauer spectra with parameters for 1A obtained at 300 K and 350 K and comparison of high-spin molar fraction obtained from Mdss-

bauer investigation (red dots) with the data from the SQUID measurement.

intersections of the peak onset with the corresponding baseline
(Fig. 6). Their respective values are 343.5 K on heating and
338.2 K on cooling in satisfying agreement with the values
obtained from susceptibility measurements. During the exper-
iment the heat flux between filled and empty containers was
measured. The raw data were corrected for the apparatus zero-
line and scaled by comparing the measured and referenced alu-
minium heat capacity. The resulting function (ideally the heat
capacity if no kinetic effects are present) was integrated>® provid-
ing the value of molar enthalpy of transition AH = 7.74 kJ
mol~". The change of entropy was obtained in an analogous way
the only difference being that every single point of the function
in question was divided by respective absolute temperature
before its integration’’ The final molar entropy change is AS =
222 T K" mol™". The ratio of these two quantities is equal to
T. ~ AH/AS = 348.6 K and in an ideal reversible conduction of
the experiment it matches the transition temperature.

4. Conclusion

In conclusion, the results presented illustrate the effect of poly-
morphism on the magnetic ST parameters. Three different poly-
morphic phases of one mononuclear iron(1) compound were
structurally and magnetically characterized. Structurally, three
different crystallographic systems were detected. The first two
polymorphs were obtained by parallel crystallization and the
difference in their magnetic properties illustrates the conse-
quence of changes of the symmetry of the crystal lattice on the
spin transition properties. While in the first case an abrupt and
hysteretic low-spin/high-spin transition is observed, the second
polymorph stays low-spin and magnetically silent. The

338.2K 343.5K

heat flux | mW

-20 1

-25

s15 320 325 330 335 340 345 350 355 360
T/IK
Fig. 6 DSC curve for orthorhombic phase 1A. The heat flow for 1A

was recorded in the heating mode (upper curve) and subsequently in the
cooling mode (lower curve).

significant differences in magnetic behaviour for three different
crystallographic phases of the same compound can be explained
by the different level of cooperativity in each of the polymorphs.
At the bottom line, this can be attributed to a different alignment
of molecular species within the crystal lattice opening slightly
different communication pathways between the complex units
with the consequence of scattering of the Fe(i1) spin transition
parameters (e.g. temperature and abruptness of transition, pres-
ence of hysteresis loop). Our findings highlight the importance
of polymorphism in ST systems; a problem to be considered in
the design of molecular devices based on ST materials.”®>
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