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Abstract Since the discovery of the spin transition phe-
nomenon in tris(V,N-dialkyldithiocarbamato) iron(III)
complexes [1], numerous investigations have been devoted
to this field of molecular magnetism. The spin transition
phenomenon is probably the most spectacular example of
bistability in molecular chemistry. However, it is a chal-
lenge to obtain spin transition materials when working
under ambient conditions (e.g. room temperature and
pressure), which would be highly advantageous for poten-
tial applications. So far, only some Fe(Il) and Fe(IIl)
molecular systems have shown temperature-induced spin
transitions around and even above room temperature.
Within this review we discuss the characteristics of this
class of bistable compounds in detail and we try to draw
more general conclusions regarding the integration, imple-
mentation and application of spin transition compounds as
switching elements in hybrid molecular devices.
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Introduction

The design of molecules that can be utilised for informa-
tion processing and data storage is an attractive goal in
present material science. However, one of the great chal-
lenges underlying the search for such molecule-based
functional materials is to produce systems that exhibit
properties of technological interest that can be tuned and
exploited at room temperature. Some landmark achieve-
ments in this respect are the discovery of a molecule-based
magnet that displays ordering above 300 °C [2], and the
preparation of molecular materials that undergo spin tran-
sition near to room temperature [3].

In octahedral ligand fields, transition metal ions with d-
d’ configurations adopt either a high-spin (HS) or a low-
spin (LS) electronic arrangement, according to whether the
crystal field energy is lower or higher than the mean spin
pairing energy. If the two energies are comparable, tran-
sitions between the two spin states can be brought about by
varying the temperature for example. In many cases, par-
ticularly for ferrous compounds, bistability takes place, in
other words the LS-HS and HS-LS transitions occur at
different temperatures, forming a hysteresis loop. Materials
in which thermally induced spin transitions take place near
room temperature are interesting in view of their possible
use as molecular electronic devices intended for the pur-
pose of information recording and processing [4, 5].

Such spin transitions are triggered by external pertur-
bations, such as electromagnetic radiation, magnetic fields,
and pressure/temperature variations. Within crystalline
phases, the response to the spin transition may be trans-
mitted in a cooperative manner throughout the material,
leading to hysteretic behaviour [6]. Such molecular solid
state systems show characteristics of bistability, and can
therefore be considered externally addressable molecular
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switches. Current efforts are aimed at integrating spin
transition systems into metal organic frameworks in order
to combine their properties, such as chirality, conducti-
vity, or those derived from nanoporosity. The molecular
approach used to prepare hybrid materials has been mostly
exploited to obtain networks that exhibit a wide range of
pore size and shapes [7, 8], and which have the added
potential of offering a variety of other functions, in par-
ticular because of the inclusion of transition metals [9].
This may lead to systems where the multifunctionality is
manifested by the coexistence of more than one property,
such as ferromagnetism and metal conductivity [10], with
no mutual interdependence. The presence of different
functions within a material can, however, occur in such a
way that they influence each other in a synergetic manner,
thereby producing effects that would not be observed if
these properties were not coupled. Remarkable examples
are, for instance, the observation of a switchable dielectric
constant in a material controlled by the spin state of its spin
transition centres [11], or the ability to modify the spin
transition properties of a nanoporous framework by
changing the nature of its guest molecules [12].

Temperature-dependent spin transition
Definition of spin transition

Atoms of first-row transition metals with electronic con-
figurations d—d’ (CrH, Mn™, Fe'™ Mn", Fe", Co™, COH)
in an octahedral symmetry can adopt two different elec-
tronic ground states according to the occupation of the d
orbitals split into the e, and #,, subsets. When the energy
difference between these orbitals (A) is greater than the
interelectronic repulsion energy (P), the electrons tend to
occupy the orbitals of lower energy t,,, and the configu-
ration of the central metal ion is low spin (LS). In contrast,
when A < P, the d electrons obey Hund’s rule, and the
metal complex adopts the high-spin state (HS).
In-between these limits of high and low spin, a situation
where the crystal field energy and interelectronic repulsion
energy have similar values can occur. Here, the difference
in energy between the HS and LS states is on the order of
the magnitude of the thermal energy k7. The spin state of
this type of molecule depends only on external conditions
(T, p, B), and this kind of phenomenon is termed “spin
transition” (ST) or “spin crossover” (SC) herein.

Conditions of the spin transition
The usual explanation of the spin crossover is based upon

an orbital diagram, as exemplified in Fig. 1. Since the
ground state is low spin, the electrons jump from

@ Springer

nonbonding #,, orbitals into the antibonding e, counterparts,
making the final state high spin. This also rationalizes a
weakening of the bonds between the central atom and the
donor set. The orbital picture, however, is a strongly over-
simplified view, as this overlooks the interelectronic repulsion
and spin-orbit coupling.

The explicit inclusion of the interelectronic repulsion
means that the atomic terms |, L, S, My, M) are accounted
for in the orbital and spin basis set. On adding the crystal
field potential, the wavefunction of the central atom is
represented by the crystal field terms |o, I, y, S, Ms), like
'A}, and °T,, for Fe(Il); *T,, and °A,, for Fe(Ill). Upon
including the spin—orbit interaction (SOI), we arrive at the
crystal field multiplets |a,I7,7") which are classified in
terms of irreducible representations of the respective dou-
ble group (I'y through I's for Q). While the crystal field
terms are used in interpreting the d—d electron spectra, the
crystal field multiplets form the basis for interpreting the
magnetic properties.

A theoretical modeling of magnetic properties needs to
include the interelectron repulsion (parametrized by the
Racah parameters B and C for the central atom), the
crystal field potential (parametrized by the crystal field
strengths F, and eventually F,, for each ligand, of which
10Dg = (10/6)F,), and the spin—orbit interaction (with the
spin—orbit coupling constant £). Upon adding the orbital—
Zeeman and spin—Zeeman interactions, the eigenvalues of
the interaction Hamiltonian represent the Zeeman levels.
The calculated energy levels enter into the partition func-
tion, from which the magnetization (M) and magnetic
susceptibility (y) are evaluated using the apparatus of statis-
tical thermodynamics [13]. Instead of the magnetic
susceptibility, the effective magnetic moment (ii.¢r) is a more
appropriate function to plot: per = [(3K/Nalto) fmor 7] 12

Modelling based upon the generalized crystal field (CF)
theory has been done with B = 1,122 cm™!, C = 4.2B,
and & = 460 cm ™! for Fe(II). The calculated temperature
dependence of the effective magnetic moment is displayed
in Fig. 2, and one can see that the spin crossover occurs
only in a very narrow interval of the crystal field strength.
With F, = 17,700 cm ™' the ground crystal field term is
°A,, (high spin), whereas with Fy = 18,200 cm ™" it is *T»,
(low spin). At intermediate CF strength a delicate situation
occurs. With F, = 18,000 cm™ !, the ground CF term is
°A, ¢» preventing the spin transition since it is already HS.
However, the spin—orbit splitting of the excited 2T2g term
(690 cmfl) is greater than the interterm gap (425 cmfl),
so that the ground crystal field multiplet is ['7(x2) « 2T2g.
Therefore, the condition for the spin crossover AS > 0 is
fulfilled and it proceeds according to the bold curve shown
in Fig. 2. (Because of the calculations in the complete 252-
member basis set spanned by d° functions, the second-
order interaction of the lowest I's—I'g and I';—I'; parents is



Room temperature spin-transition iron compounds

Fig. 1 Orbital picture
differentiating between low-
spin and high-spin octahedral
iron complexes: left Fe(Il),
right Fe(IIT)
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naturally involved.) The modelling described above shows
that the situation in mononuclear Fe(Ill) complexes is
much more complex than reported so far: instead of a
single energy gap, we must consider two gaps.

The splitting of the isolated 2ng(xé) crystal field term
into I's = Us;p(x4) and I'; = Es5;»(x2) multiplets equals
(3/2)/. = (3/2)é = 690 cm™" for Fe(Ill) and thus is rather
high, whereas no splitting of the term 6A1g - (I'g, T'7)
occurs at the first order for an octahedral system.

The modelling of Fe(Il) systems (B = 897 cm™',
C =4.3B, and & =400 cm_l) shows that the onset of
the spin transition appears at F, = 12,860 cm™'; with
F, = 14,000 cm™" the complex is low spin. However, on
passing to the high-temperature limit (7 > 1,000 K), this
complex also turns high spin. Only the Sng term is split by
the spin—orbit coupling, and the SOI splitting amounts to
493 cm™' (for F, = 12,900 cm™"). It can be concluded
that in the Fe(II) system the energy levels are grouped into
four groups separated by three gaps.

The above modelling of the magnetic behaviour was
done with the assumption of a regular octahedral arrange-
ment (which is always absent in real systems), and with the
approximation of a vertical excitation process.

The delicate balance of the crystal field strengths with
respect to the electron repulsion used to be explained via
Tanabe—Sugano diagrams. These were reconstructed with
actual B and C parameters for Fe(II) and Fe(IlI), respec-
tively, and they are displayed in Fig. 3. It can be seen that
for Fe(Il) systems the critical crossover of the 5 Tr, 14, <
states appears at Dg/B = 2.38, which yields Dg =
2,135 cm™' and F, = 12,809 cm™', which is close to the
“observed” onset value of the spin transition in Fig. 2.
Analogously, for Fe(Ill), the critical crossover of A 1g < 2T2g

Fe(lll)

occurs at Dg/B = 2.70, which yields Dg = 3,029 cm~ ! and
F, = 18,176 cm™" which again matches the region of the
“observed” spin transition.

The drawback of these Tanabe—Sugano diagrams is that
they are valid only for regular octahedral complexes. It
would be helpful to have their analogues for decreased
symmetry. Figure 4 provides such a picture, generated for
three lowest energy levels and mapped as a function of the
axial (2x) and equatorial (4 x) ligand-field strengths. From
diagrams like this, it is possible to read off the crystal field
strengths bordering the crossover.

The crossover point in the Tanabe-Sugano diagram
simply means that, for a given ligand, there is a nuclear
configuration for which the LS and the HS states are
accidentally degenerate. In general, such a nuclear con-
figuration does not correspond to either of the equilibrium
configurations, because in iron(Il) the low-spin state with
the (1,)° configuration generally has a shorter metal-ligand
bond length than the HS state with the (12)*(e)? configu-
ration by roughly 0.2 A [14]. The condition for a thermal
spin transition is that AEy; > 0, and is of the order of kT.
The 'A, state will only be populated at low temperatures if
this condition is fulfilled. At higher temperatures, almost
quantitative, entropy-driven population of the T, state will
occur due to its 15-fold electronic degeneracy, along with a
higher density of vibrational states.

The Fe(Il)-ligand bond lengths in the LS state are
typically r.s ~ 1.96-2.00 A, resulting in a bond
length difference between the HS and the LS states
Argp, = rgs — s in the range of Aryg. ~ 0.16-0.21 A.
Thus, estimating from the proportionality (10Dg"5%/
1ODqHS) = (rHS/rLS)S, the ligand field strength is expected
to increase by almost a factor of 2 upon passing from the
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Fig. 2 Effective magnetic moment of octahedral iron complexes for various crystal field strengths, showing the spin transition. Top panels,
Fe(Il); bottom, Fe(Ill). Crystal field terms are labelled with Mulliken notation; crystal field multiplets are labelled with that of Bethe

HS to the LS state. In the Tanabe—Sugano diagram, an
iron(IT) spin transition compound 10Dg™ will be situated
well to the left and 10Dg"® well to the right of the cross-
over point.

Experimental techniques for characterizing the spin
transition

Various experimental techniques are suitable for deter-
mining the characteristics of a particular spin transition
process. Initially, the ST is investigated by performing
temperature-dependent magnetic susceptibility measure-
ments. The molar susceptibility for a pure compound free
of any paramagnetic impurity consists of the LS and HS
fractions

Ymol = *usus + (1 — Xus)11s

(1)
where the mole fraction of the high-spin species (xys) is a

temperature-dependent quantity. It can be calculated from
the product functions y7 as
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Xps = XmolT - (XT)LT
(xT)ur — (1T )iy

The limits (y7)pr and (¥T)yr can be detected from
experimental data assuming that the Curie law is obeyed:

(2)

(xT)Ls = CogisSis(SLs +1)/3 (3)
(1T )us = Co&hisSus(Sus + 1)/3 (4)
which contain the reduced Curie constant: Cp =

NA,uO,uZB /k. The high-spin mole fraction defines the
equilibrium constant

XHS

k= 1-— XHS (5)

which enters the van’t Hoff plot (i.e. the function InK
versus Tl).

Since the vast majority of ST compounds are either

iron(Il) or iron(Il) complexes, temperature-dependent STge

Mossbauer spectroscopy is very powerful tool for investi-

gating the ST behaviour of iron compounds. Thereby, a
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Fig. 3 Tanabe-Sugano
diagrams for octahedral iron
complexes (actual B and C
values are used)
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Fig. 4 Generalized Tanabe-Sugano diagrams for the three lowest energy levels of the [ML$™L5] bipyramidal complex. Top, d°; bottom, d°

system
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>7Co nucleus-based source (14.4 keV) that moves with a
defined velocity emits characteristic y-rays that are absor-
bed by the sample, leading to the excitation of °’Fe nuclei
(natural abundance is 2.17%) within the sample. The
characteristics of the absorption depend on the chemical
environment of the >’Fe nucleus and the velocity of the
cobalt source. Figure 5 depicts the origin of the absorption
of the 3’Fe nucleus and the derivation of the Mdssbauer
spectral parameters as follows.

1. The isomer shift 6 [mm s_l] arises from the interaction
between the iron nucleus and s electrons. From this
parameter, we can obtain information about the spin
state of iron, its oxidation number, and the nature of
the bonding (Table 1).

2. The quadrupole splitting AEg [mm s™'] originates
from the interaction between the quadrupole moment
of the iron nucleus and the electric field of the s
electron cloud, which gives us an idea of the spin state
and oxidation number of iron.

3. The magnetic quadrupole splitting AEy [mm s ']
arises in two different cases: if the sample is situated in
an external magnetic field and/or if the sample
possesses a remnant magnetic field (a ferromagnetic
material). Since this parameter describes the interac-
tion of the magnetic moments of nuclei with the
magnetic field, local information about magnetic inter-
actions (ferro- or antiferromagnetic) can be retrieved in
this way.

4. The peak area A [%] is an important parameter for
spin-transition iron complexes, since this gives a
quantitative evaluation of the electronic state of the
iron ion.

ground state —— v
Quadrupole
barenudeus  Isomer shift splitting
T L 1
RERE
af | [ U
6 AEq

Fig. 5 Origin of Mossbauer spectral parameters in the >TFe nucleus
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Table 1 Typical ranges of isomer shifts ¢ for various oxidation
numbers and spin states (S) of iron

1

Type S o/mm s~
Fe(II) 2 0.7-1.3
0.2-0.5

0 —0.2-0.3

Fe(IIT) 512 0.2-0.5
32 0.2-04

172 —0.5-04

Temperature-dependent far-infrared vibration spectros-
copy is another useful tool for the investigation of ST
compounds, as the spin transition causes changes in the
vibrational states of the coordination polyhedron. As the
temperature increases the intensity of the LS vibrations
decrease and the HS peaks increase. The respective peak
areas give rise to the mole fraction
s (7) = 40~ Ami (©

max — 4imin

The spin transition (ST) in the solid state is associated
with a first-order phase transition. Since the cell parameters
of the crystal lattice alter during the spin transition, X-ray
powder diffraction can be utilized to monitor the ST
process. Single-crystal X-ray structure analysis for the pure
low-spin and high-spin species results in bond lengths that
show characteristic changes for individual central atoms
(Table 2). The EXAFS technique is also applicable in this
respect.

Since it is an ideal technique for the investigation of
phase transitions in general, calorimetry has been also
applied to spin transition systems, and it allows the changes
in thermodynamic quantities such as enthalpy and entropy
to be determined [13]. The enthalpy change A,H =
AHys — AHps is typically 10-20 kJ mol™', and the
entropy change AysS = Sus — Sis is on the order of 50-
80 J K" mol™".

Classification of spin transitions

Temperature-dependent spin transitions occur in the crys-
talline and amorphous solid states as well as in liquid

Table 2 Typical changes in bond lengths in the coordination poly-
hedra of some ST metal ions

AS ArlA
Fe(Il) 0.14-0.24
Fe(IIT) 0.11-0.16
Co(ID) 0.09-0.11

AS, change of spin; Ar, change of bond length
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solutions. In the latter case, the molar fraction of complex
molecules in the HS state as a function of temperature
x{1d always follows a simple Boltzmann distribution law
for the two states. In the solid state, however, the situation
is different. Interactions between the spin-state-changing
metal complexes themselves as well as the complex mol-
ecules and the lattice may become very effective, leading
to different shapes of x{14 curves, as schematically repre-
sented in Fig. 6: (a) gradual, (b) abrupt, (c) with hysteresis,
(d) plateau(x), reflecting two (or more) stepped transitions,
and (e) a transition with a residual HS fraction at low
temperatures.

In view of potential solid-state applications, abrupt and
complete spin transitions exhibiting a wide hysteresis
around room temperature would be of great interest [15,
16]. In the following we will review and discuss the state
of the art for spin transitions, as measured against the
abovementioned criteria.

Room-temperature spin transition systems
Iron(ll)-triazole complexes

Most of the known room-temperature ST compounds
reported to date are derived from the 1,2,4-triazol (trz)
ligand system (Fig. 7a). Structurally, these complexes
consist of linear chains in which the Fe(Il) ions are linked
by triple N1,N2-1,2,4-triazole bridges (Fig. 7b). A series of
iron(II) coordination polymers of 4-octadecyl-1,2,4-tria-
zole have been synthesized and their spin transition

Fig. 6 Various types of spin

state transition curves: gradual
(a), abrupt (b), with hysteresis
(c), two-step transition (d), and
incomplete (e)

(d)

0S|

properties have been investigated thoroughly [17, 18].
Thus, the introduction of the tosylate counteranion led
to a sharp spin transition close to room temperature
(T, ~ 300 K) with a rather large hysteresis of ca.
AT, = 15 K (vide infra). It is interesting to note that
water has been found to be a good solvent for the synthesis
of iron(II)-triazole coordination polymers. Generally, these
complexes are highly cooperative and counteranion exchange
has been proven to be a versatile way to fine-tune the spin
transition temperature.

Kahn et al. [19] reported the spin transition properties of
the compound {[Fe"(Htrz),(trz)]},,(BF4), and {[Fe"(Htrz);]},,
(BF4)2,-(H;0),,, (where Htrz and trz™ are the protonated and
deprotonated forms of 1,2,4-triazolatole). The ST of the first
compound, {[Fe"\(Htrz)(trz)]} (BE,),, is strongly depen-
dent on the way that it is synthesized. In a water/ethanol
mixture, a polymorph {[FeH(Htrz)z(trz)]}n(BF4)n (A) was
prepared that exhibited a very abrupt spin transition centred
around 360 K with a thermal hysteresis of 50 K, while the
polymorph{ [FeH(Htrz)z(trz)] }n(BF,),, (B) prepared in pure
methanol leads to a smoother transition with a reduced
hysteresis width. The spin transition parameters of poly-
morph A also depend strongly on the number of temperature
cycles: during the first temperature cycle, polymorph A
shows STs at Ty, = 345 K and T/»; = 385 K (up and
down), while T)/,; is progressively shifted toward higher
temperatures during the following four cooling-heating
cycles, finally reaching a hysteresis loop of 50 K (Fig 8a).
This behaviour was explained by a sort of “running in” of the
material. The magnetic behaviour of polymorph B exhibits a
less abrupt ST with a hysteresis loop width of ca. 50 K.

(c)
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ot 4 i
4 ot
T Ty,
(e)
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Fig. 7 The molecular structures of a the R-trz ligand and b the
coordination polymer chain {[Fe"(R-trz);]*"},,, with trz = 1,2,4-
triazole and R representing different substituents

Again, successive thermal cycles modify the ST parameters
for this polymorph, and the width of the thermal hysteresis
loop is reduced by more 50% after three cycles (Fig. 8b).

In contrast, compound {[Fe"(Htrz)3]} ,(BE4),,-(H,0),
was found to undergo an o < f§ phase transition around
420 K, whereby the two phases exhibit different ST
behaviours. The o phase shows a rather abrupt spin tran-
sition centred around 335 K with a thermal hysteresis of
ATy, =22 K. The f§ phase is metastable at room tem-
perature and shows an abrupt ST around room temperature
with a hysteresis of ATy, = 6 K (Fig. 9). The water-free
compound {[Fe"(Htrz);]},,(BF,),, exhibits a less abrupt
ST with a smaller hysteresis compared to its hydrated
equivalent.

Nanoparticles of {[Fe'(Htrz),(trz)]},(BF.), have been
prepared by the reverse micelle technique [20]. Transmis-
sion electron microscopy (TEM) images show that the
average nanoparticle size is below 20 nm. The clear deep-
purple suspensions of these nanoparticles in n-octane are
stable for weeks. In addition, the solid produced by con-
trolled evaporation of the solvent can be resuspended to
yield a bright transparent suspension. This suspension does
indeed turn light pink when heated up, maintaining this
colour until it cools down below 70 °C. Both colours, each

3.5
:
1 i i

% 2.5 o
g A } . N
% 2b | A
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2 15F Y. '
t_ﬁ 1+ ﬁp]'lB-Sé *
= . ¢

0.5 - ¢ ™ S
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0
250 270 290 310
T/K

330 350 370

Fig. 9 The magnetic properties of two different crystalline phases («
and f) of the coordination polymer {[Fe"(Htrz);]},(BE4)s,-(H>0),

associated with the high- and low-spin states, respectively,
are stable for a wide range of temperatures. A suspension
of {[Fe"'(Htrz),(trz)]},.(BF,), nanoparticles was dried by
removing the solvent in vacuum, and magnetic measure-
ments were performed on the solid residue. It was shown
that the spin transition of the nanoparticles is clearly pre-
served in the solid state, and it remains almost identical to
that reported for bulk samples. The transition is very
abrupt, rendering a well-shaped thermal hysteresis loop
over 40 K (Fig. 10).

It was also shown that slight modifications of the syn-
thetic procedure (e.g. different ratios of solvent, water, and
surfactants) lead to different micelle sizes, which affect the
sizes of the particles and their ST properties. The critical
temperatures can be lowered towards room temperature by
changing the composition of the nanoparticles by doping
the {[Fe"(Htrz),(trz)]},(BF,), nanoparticles with 20%
Zn(I) metal ions.

The syntheses and spin transition properties of the
compounds {[Fe(Htrz);]},(ClOy),, and {[Fe(Htrz); _ ;,(4-
NH2UZ)3X]},1(C104)2”'I’ZH20 (HtI'Z = l,2,4—tiazole, 4-NH2tI'Z =
4-amino-1,2,4-triazole) have been reported [21]. The

Fig. 8 The magnetic properties (a) (b) 3.5

of the two polymorphs of the 3.5 M * :: zﬂ

coordination polymer 3l . 3 o dw o

{[Fe"'(Htr2) (7)1} ,(BF.),. : : z 25k o mw 5 .. ¢ _

a Representation of the yyT 'E 25F E ’ 3rd down . ‘
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(prepared from an ethanol/water S 1.5F . . 215 F : i ‘

solution), and b the first three :, 5 b

cycles of the respective yyT 5 1lr . = 1F 4 ,j wol '

versus T plots of polymorph (B) 0.5 - . = 0.5 M T I
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Fig. 10 Representation of the first four cooling/heating cycles of the
amT versus T plot of 20 nm {[FeH(Htrz)z(trz)]}n(BF4),1 nanoparticles,
demonstrating the stability of the thermal hysteresis

perfectly dry perchlorate analogue, {[Fe(Htrz);]},(ClO4),,,
shows a rather smooth ST around 265 K with a weak
hysteresis of about 5 K. When a drop of water is added to
50 mg of {[Fe(Htrz)]},.(ClOy),,, the transition becomes
very abrupt in the warming and cooling modes, with
Ty = 313 Kand T 5, = 296 K. The water most likely to
creates hydrogen bonds which increase the cooperation
between the iron(Il) centres. The ST is accompanied by an
intense change in colour from purple to white. The hysteresis
loop is just above room temperature and can be shifted
by ligand doping with the 4-NHtrz ligand. Since the com-
pound {[Fe(4-NH;,trz)] }»(Cl0O4,),, shows a smooth transition
around centred around 130 K, the authors expected that the
ST properties could be controlled by mixing of 4-NH,trz and
Htrz ligands. Consequently, the magnetic properties of the
material {[Fe(Htrz); _ 3(4-NHstrz);,]},(ClOy),,,-nH,O were
investigated for compositions 0 < x < 0.1, and the authors
found the dependences T'/5(1) = 313 — 180x and T /5y =
296 — 160x. At x = 0.05, the transition occurs with hys-
teretic branches above and below room temperature, with
Tl/Z(l) = 288 K and TI/Z(T) =304 K (Flg 11)

Kahn et al. [22] reported the spin transition properties
of the compound {[Fe"(4-NHytrz)s]},,(t0s)s,-2H,0, (tos =
tosylate anion) under hydrated and dehydrated conditions.
The hydrated form exhibits an abrupt spin transition in the
warming regime at 361 K accompanied by the removal of
the two noncoordinated water molecules. Cooling the
dehydrated compound, {[Fe(NH,trz)s]},(tos)s,, causes a
slightly smoother spin transition at 279 K. In the presence
of humidity, and at room temperature (293 K), the white
{[Fe"(4-NH,trz)5]},,(tos)s,, transforms back into the violet
hydrated phase. The dehydration allowed the isolation of a
system with an exceptionally large thermal hysteresis loop
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Fig. 11 The ymT versus T plot for {[FeH(Htrz)3 _ 3,(4-NHjtrz)3,1},
(Cl0O4),,'nH,0, for x = 0.05, exhibiting an ST with a wide hysteresis
around room temperature

of ca. 80 K. Historically, the {[Fe"(NH,trz)s]},(tos)s-2H,0—
{[Fe"(NHatrz)s]},(tos)s, couple was one of the first exam-
ples of spin transition materials with a large hysteresis that
exhibited up and down branches below and above room
temperature.

The polymeric compound {[Fe"(4-NH,trz);]},(NO5),,
(with NH,trz = 4-amino-1,2,4-triazole) was characterised
and studied by optical response and electron spin resonance
using Cu®" and Mn*" as dopants and paramagnetic probes
[23]. In all of the doped samples the spin transition of Fe*™
ions was characterised by a pronounced thermochromic
effect between a bright pink colour (LS state) and chalky
white colours (HS state), so the ST could be detected
optically. It was seen that doping with copper does not
affect Ty, while the stabilised Ty, value is more
sensitive to doping. By changing the amount of dopant
from 10 to 1%, the hysteresis loop for the Cu/Fe-doped
sample shifts its centre from 312 to 307 K. Simultaneously,
the hysteresis loop narrows from 36 K down to 28 K and
the ST becomes less abrupt. Doping the same compound
with manganese(II) has a more pronounced effect upon the
characteristics of the hysteresis loop, which dramatically
narrows over the course of the first three thermal cycles
(from 41 K to a stabilized value of 21 K). Finally, the
hysteresis loop ATy, narrows and Ty, shifts to a lower
temperature with increasing manganese(Il) doping level.

Further anion exchange generated a series of iron(Il)
spin transition compounds of general formula {[Fe'(4-
NH,trz)3]},X5,-xH,O (X = 1-naphthalene sulfonate,
2-naphthalene sulfonate, 4-hydroxy-1-naphthalenesulfo-
nate, 4-amino-1-naphthalene sulfonate, 6-hydroxy-2-naphtha-
lene sulfonate), and the ST properties of these were
investigated in relation to the nature of the anion involved
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[24]. These compounds are isostructurally linear chains in
which iron(Il) ions are linked by NI,N2 of 1,2,4-triazole
bridges, while the noncoordinating anions of naphthalene
sulfonate type mediate interchain interactions. The physi-
cal properties of these compounds can be understood by the
synergy between the Fe(II) spin transition behaviour and by
the dehydration—hydration process for interstitial water
solvent molecules. In terms of room-temperature ST, the
compound involving the 2-naphthalene sulfonate anion
delivers a temperature-induced hysteresis centred at 290 K
and with a 14 K hysteresis width. A further series of iron(Il)
ST compounds of general formula {[Fe“(hyetrz)g,]}n(X)z,,
xH,0, where hyetrz = 4-(2'-hydroxyl-ethyl)-1,2,4-triazole
and X = CI",NO;,Br, I, BF,, ClO; and PFg, have
been prepared [25]. Here, the ST is strongly associated with
the removal of lattice water molecules, which initially stabi-
lize the low-spin state. However, after dehydration, the
perchlorate and iodide variants show clearly increased tran-
sition temperatures. In general, a correlation where the
transition temperature 7/, increased with increasing anion
radius was found. For example, in {[Fen(hyetrz)3] }u(Day,, the
ST temperature T/, gets very close to room temperature, and
is accompanied by a thermal hysteresis of 12 K centred in the
vicinity of room temperature (291 K). Thus, {[Fe"(hye-
trz);]},(D)2, represents one of the very few iron(I) spin
transition materials to show a spin transition with hysteresis
and to be associated with thermochromic effects in the close
vicinity of room temperature.

The synthesis, structural characterisation, MOssbauer
study and magnetic properties of a trinuclear iron(Il) com-
pound containing the hyetrz ligand, [Fegl(hyetrz)3(H20)6]
(CF;S03), were reported by Giitlich et al. [26]. Single-crystal
X-ray structure analysis carried out at two different temper-
atures (120 and 330 K) revealed that the central iron Fel was
coordinated with six 4-(2-hydroxyl-ethyl)-1,2,4-triazole
nitrogens, and the two peripheral equivalent irons, Fe2 and
Fe2’, had coordination polyhedra that contained three hyetrz
nitrogens and three water oxygens (Fig. 12a). Hydrogen
bonding through the oxygen atoms of the SOz groups of the
triflate anions links to the coordinated water molecule, and

Fig. 12 The crystal structure (a) 43
(a) and magnetic properties Fa2
(b) of the compound F1 OO\ o

[Fe3'(hyetrz)3(H20)6](CF3S03)s .}T'
052

@ Springer

these anions are also linked by hydrogen bonding to the
hydroxyl groups of the ethyl chain in the 4-position of each
triazole ligand. The bond distances of the central iron Fel
change with temperature, indicating a LS state at 120 K and a
HS state at 330 K. However, the bond lengths of the Fe2 and
Fe2' polyhedra remain constant with temperature and are
typical of the HS state of iron(II).

Magnetic measurements reveal a gradual ST behaviour
which crosses the room temperature regime. In the tempera-
ture range 77-235 K, the yT value is constant and equal to
7.4 emu K mol™!, which corresponds with two HS iron(II)
centres and confirms predictions from the X-ray structure at
low temperature. Above 240 K the magnetic moment
increases with temperature, and at 360 K it reaches the value
10.92 emu K mol ™, which is in accordance with the situa-
tion where there are three iron(II) HS centres per molecule. In
conclusion, the compound [Fegl(hyetrz)3(H20)6](CF3SO3)6
can be considered an oligomeric equivalent of the Fe(Il) tri-
azole coordination polymer family, for which a full single-
crystal X-ray data analysis is yet to be reported. Miller et al.
[27] reported the synthesis and variable-temperature infrared
and magnetic studies of the mononuclear compound
[FC(HB(C2H2N3)3)2]O (HB(C2H2N3)3 = bis[hydrotris(1,2,4-
triazol-1-yl)borate](—)) (Fig. 13a). The variable-temperature
(4-350 K) magnetic susceptibility measurements showed an
abrupt ST between the LS § = 0 to the HS § = 2 states,
centred at 331 K with athermal hysteresis of 1.5 K (Fig. 13b).
Variable-temperature FTIR spectra between 300 and 360 Kin
both heating and cooling modes revealed that there were no
differences between the spectra recorded at identical tem-
peratures, implying that no thermal hysteresis effect was
detected. However, several vibrations show dramatic modi-
fications in intensity and frequency upon ST, proving that
changes in distant nonmetal-ligand vibrations can be used to
monitor the ST behaviour.

Hoffman-type pyrazine networks

In 2001, the research group of Real et al. [28] reported on
bimetallic coordination complexes of the general formula
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Fig. 13 a The proposed (a)
coordination of the

HB(C2H2N3)3(7) ligand, and b

the magnetic properties of the

complex [Fe{HB(C,H,N3)3},]°

®

|

H
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b S
‘MN/‘/

{ [FeH(pz)M"(CN)4] }-xHpyO  (pz—pyrazine, CN—cyano,
M = Ni, Pd, Pt). With respect to room temperature ST,
the compound {[Fe"(pz)][Pt"(CN),]},-xH,O (x =0, 2)
exhibits interesting properties. The single-crystal X-ray
diffraction study of this analogue (Fig. 14a) revealed two-
dimensional sheets of iron-tetracyanoplatinum moieties,
which are interconnected via Fe'-pyrazine linkers to a 3D
network. Magnetic measurements of this compound reveal
ST (T]/z(i) =220 K and TI/Z(T) = 240 K) with Strong
hysteretic behaviour (AT, = 20 K). In a more recent
paper, Bousseksou et al. [29] describe the dependence of
the ST of the same compound on the presence of interstitial
water molecules. Note that the dehydrated form exhibits
improved spin transition behaviour, exhibiting a more
complete ST that is closer to room-temperature. Moreover,
the hysteresis loop becomes wider (AT}, = 24 K), rather
square-shaped, and reproducible over several cycles
(Fig. 14b).

Additionally, and for the first time, reversible light-
induced LS < HS one-shot laser excitation within the area
of the hysteresis loop was reported. This is of fundamental
importance, because in contrast with light-induced spin-
state trapping (LIESST), this experiment even works at
room temperature, and does not show thermal relaxation
from HS to LS. The metastable HS or LS states have
representation of the solvent

dependency of the ST properties

of [Fe(pz)Pt(CN)4]-2H,0 in the -
amT versus T plot

Fig. 14 a The crystal structure
of the 3D Hoffman-type
pyrazine network of
{[Fe(p2)Pt(CN)4]},, and b a
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infinite lifetimes in the thermal hysteresis loop region,
which may give access to switching behaviour that could
be exploited in molecular hybrid device setups [29].

Room-temperature ST behaviour with hysteresis is also
observed for the nickel analogue of the 3D Hoffman-type
pyrazine network, {[FeH(pZ)][NiH(CN)4]}n-ZHzO, but
the transition is not so abrupt and the hysteresis is smaller
(T1/2¢;) = 280 K and T3y = 305 K) than for the previous
compound [28].

With respect to the aim to use spin transition compounds
in the field of memory storage devices, Hoffman-type
pyrazine networks are excellent candidates for potential
applications due to their unique combination of (1) abrupt
spin transitions with (2) wide thermal hysteresis loops that
are (3) centred on the room-temperature region. Further-
more, Cobo et al. [30] studied the surface-assisted creation
of multilayers of this class of ST compounds. The first
monolayer cycle was obtained from a mercaptopyridine
surface link (Fig. 15a, step 1), while the conventional
pyrazine ligand was used during subsequent cycles.
Alternating coordination sequences of iron(II) ions/
[Pt"(CN),]* /pyrazine finally led to an architecture of a
few multilayers of water-free {[Fe“(pz)Pt”(CN)4]}n on a
gold substrate (Fig. 15a, step 2—4). The ST properties of
the assembled thin films were subsequently studied by
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Fig. 15 a Sequential surface assembly of Hoffman-type multilayer
[Fe(pz)Pt(CN)4]: 1, monolayer of mercaptopyridine; 2, coordination
of [Fe(H,0)s](BF,),; 3, two-dimensional networking with [Pt(CN)4]27;

variable-temperature Raman spectroscopy. The Raman
spectra of both a powder sample and the multilayer were
measured at several temperatures in the cooling and heat-
ing cycles. The powder sample reveals a hysteresis
loop width of 25 K centred around 290 K, corresponding
closely to the magnetic susceptibility measurements
(Fig. 16a). The multilayer sample displays a hysteresis loop
centred around 310 K, also showing a hysteresis width of
25 K. However, the ST in the multilayers is much less
abrupt and the square shape of the hysteresis loop has com-
pletely vanished (Fig. 16b). The authors normalized the
Raman intensity by the formula /(norm) = (1,025 cmfl)/
1(1,230 cmfl), since the modes at 1,025 and 1,230 cm™!
have the highest intensity, but other Raman markers pro-
vided comparable results (Fig. 16c).

The ST behaviour of nanoparticles made from Hoffman-
type pyrazine networks was reported by Larionova et al.
[31, 32]. The authors studied [Fe"(pz)]>™/[Ni"(CN),*~/
chitosan composite beads (Fig. 17) and determined the
magnetic properties of the obtained material at fields of 1
T. The results revealed incomplete STs (T, = 220 K
and T, = 240 K) for this kind of nanoparticle, and a
10 K thermal hysteresis width. Variable-temperature
Mossbauer investigations confirmed the loss of ST com-
pleteness in the nanoparticle material. Obviously, only one-
third of all iron(Il) ions undergo ST, while two-thirds
remain in the LS state at any temperature. The huge ther-
mally inactive fraction can be related the high surface area
to volume ratios of these tiny nanoparticles (3—5 nm), since
60-70% of the iron atoms are localized at the surface. Thus,
the majority of the iron(II) centres in the nanoparticles expe-
rience a strongly modified coordination environment; and
this situation leads to ST loss due to inappropriate ligand field
strengths.

@ Springer

(b) N

4, assembly of pyrazine; b schematic representation of the mole-
cular structure of the first layer of {[Fe(pz)Pt(CN),]}, on the gold
surface

In addition to the abovementioned 3D structures, two
isostructural compounds expressing 2D coordination
polymer networks of the formula {[FeH(3-Xpy)2AgI(CN)2]
[Ag'(3-Xpy)(CN),1},-3-Xpy (py = pyridine; X = Br, I)
were reported [33]. These compounds create 2D corrugated
layers, and the ST is situated in both cases close to room
temperature (e.g. for X = I exhibiting a thermal hysteresis,
T\ = 261 Kand Ty /5y = 275 K). In the bromo analogue,
ST is only observed in the heating mode (7, = 306 K);
the compound remains blocked in the HS state during the
subsequent cooling mode.

Iron(1l) bis(pyrazol)pyridine complexes

Halcrow et al. [34-37] reported a mononuclear iron(Il)
complex which contains the tridentate N donor ligand 2,6-
bis(pyrazol-1-yl)pyridine (1-bpp) in the molecular formula
[Fe(1-bpp),1(BF,), (Fig. 18). This compound shows an
unusually abrupt spin transition centred somewhat below
room temperature (7, = 259 K) and possessing a mere
3 K thermal hysteresis. This ST is accompanied by sig-
nificant thermochromism, with dark brown and mustard
yellow colours indicating the LS and the HS states,
respectively.

Systematic substitution in the 4’-position of the pyridine
ring of the bpp ligand has been shown to be a useful
tool since it increases the spin transition temperatures until
they get close to room temperature (Fig. 19) [15, 38—40].
Thus, the introduction of a para-pyridyl substituent leads to
the linear interconnection of the mononuclear iron(II)
complexes into a chainlike hydrogen-bonding polymer
{[Fe"(1-bpp-4-py-H™)(bpp-4-py)1} ,(C10,)3,-(CH;0H),
(Fig. 20a, c¢) [38] (1-bpp-4-py = 2,6-bis(pyrazol-1-yl)-
4,4'-bipyridine, see Fig. 19a). The interconnecting
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Fig. 16 a Comparison of the ST behaviours of the powder sample via
SQUID measurements (crosses) and variable-temperature Raman
spectroscopy (filled squares); b comparison of the ST behaviours of
the powder sample (filled squares) and the multilayer film (circles),
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both obtained by variable-temperature Raman spectroscopy; ¢ Raman
spectra of the powder sample and the multilayer film at the HS
(295 K) and LS (125 K) states (chosen modes at 1,025, and
1,230 cm™!; I(norm) = 1(1,025 cm™')/1(1,230 cm™ "))
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hydrogen bonds are performed by the semi-protonation of
the para-pyridine nitrogens of the ligand 1-bpp-4-py,
forming pyridinium cations that allow self-complementary
N*-H --N hydrogen bonds together with deprotonated

pyridines of neighbouring complex units, resulting in infi-
nite one-dimensional chains of mononuclear ST Fe(Il)
centres. The ST of this 1D polymer, which is centred
exactly at room temperature, is accompanied by a 2 K
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Fig. 19 Molecular structures of
different 2,6-bis(pyrazol-n-
yl)pyridine-type ligands (n = 1
or 3)
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Fig. 20 a Representations of the single-crystal X-ray structure, b the magnetic behavior, and ¢ the supramolecular 1D structure of compound

{[Fe"(1-bpp-4-py-H")(1-bpp-4-py)1} (Cl0.)s,-(CH;0H),

hysteresis (T'2;) = 285 K; T2ty = 287 K), and demon-
strates the existence of a significant degree of cooperation
mediated by hydrogen bonds and/or by the methanol
molecules trapped in the lattice (Fig. 17b). The zero-field
>"Fe Mossbauer spectra of the powdered sample was
obtained at several temperatures, and no discernible
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differences between the cooling and heating modes were
discerned; the room-temperature ST of the sample was also
confirmed.

In the same vein, a ST iron(II) complex incorporating
the ligand 1-bpp-4-acety-ph-SAc (S-(4-{[2,6-(bispyrazol-1-
yl)pyrid-4-yl]ethynyl}-phenyl)ethanethioate; see Fig. 19b)
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Fig. 21 The single-crystal

X-ray structures and magnetic (a)

properties of the compounds a

[Fe''(1-bpp-4-1),](C10,), and b %

[Fe''(1-bpp-4-ph-OH),](Cl0.),
@

(b)

was reported recently [39]. The ST of the resulting mononu-
clear compound [FeH(l—bpp—4—acety—ph—SAc)2](ClO4)2 is
situated very close to room temperature (T, = 273 K;
Ty = 281 K). The appearance of thermal hysteresis
(AT, = 8 K) is attributed to intermolecular hydrogen-
bonding interactions and sulfur—sulfur contact for acetyl-
protected thiol end-groups. Further substitutions elucidate the
influence of the nature of the 4-substituents on the ST tem-
perature. The iodo analogue, [Fe'l(1 -bpp-4-1),](ClOy), (1-bpp-
4-1 = 4-iodo-2,6-bis(pyrazol-1-yl)pyridine; see Fig. 19c),
shows an abrupt spin transition at T;,, = 333 K, while the
4-hydroxy phenyl group causes the ST in [Fe"(1-bpp-4-
ph-OH),](C10,4), (1-bpp-4-ph-OH = 4-(4-hydroxyphenyl)-
2,6-bis(pyrazol-1-yl)pyridine; see Fig. 19d) to occur at
exactly room temperature, 77, = 281 K, but without any
evidence of hysteresis (Fig. 21a, b) [15]. Interestingly, X-ray
diffraction studies carried out at 180 K did not reveal any
intermolecular connectivity for these two compounds. The
bond distances of the coordination polyhedra at this temper-
ature confirm a low-spin state for the iron(Il) in both cases,
which is in accordance with magnetic measurements.

The synthesis, structural characterisation, magnetic
properties and Mossbauer investigations of a linear iron(I)
coordination chain of formula [Fe"(1-bpp-ph-1-bpp)l,
(BE4)2,, (1-bpp-ph-1-bpp = 1,4-bis{2,6-bis(pyrazol-1-yl)pyri-
din-4-yl}benzene) have been reported [40]. The poly-
nuclear structure of the complex was proven via ESI
mass spectral data for the complex in methanol-DMF-
acetonitrile solution, providing evidence for the presence
of a pentanuclear oligomeric unit [FeX(1-bpp-ph-1-bpp)s
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(BF4_)8(OH_)6]2+, together with fragmented smaller
nuclear entities. However, the only partial solubility of the
complex in the abovementioned solvent mixture advocates
for the presence of higher-chain homologues that possess
even more than five repeating units. Considering the linear
rod-like shape of the ligand, the formation of cyclic oligo-
mers can be excluded (Fig. 22).
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Fig. 22 a Representation of the molecular structure of the Fe(Il) 1D

coordination oligomer/polymer [Fe'(1 -bpp-ph-1-bpp)1,,(BF,),,, and b
its ST properties
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A variable-temperature magnetic investigation of
[FeH(l-bpp-ph-l-bpp)],,(BF4)2n was carried out in heating
and cooling modes (Fig. 22b). A thermal hysteresis with a ca.
10 K loop width was observed, (T2 = 318 K; Typ) =
328 K), although the 7 value was almost constant below
225 K, reaching a minimum value of 0.38 emu K mol ™! at
4.5 K. This residual magnetic moment most likely arises from
HS ions of the water end-capped iron(Il) at the linear chain
ends.

Another interesting family of iron(II) ST compounds
with 2,6-bis(pyrazol-3-yl)pyridine (Fig. 19, 3-bpp) ligands
was only recently reported by Clemente-Ledn et al. [41]. In
this work, three heterometallic complexes containing ST
cations [FeH(3-bpp)]2+ and paramagnetic [Crm(bpy)(ox)z]_
or [Cr'™(phen)(0x),] ~ anions (bpy = 2,2/-bipyridine, phen =
phenanthroline, ox = oxalate) are described. Single-crystal
X-ray structural analysis of the compound exhibiting the
formula [FeH(3—bpp)2][Crm(bpy)(ox)z]-ZHzo reveals two
nonequivalent iron(Il) sites, Fe(1A) and Fe(1B) (Fig. 23 a, b).
The Fe(1A)-N distances are in the range of 2.146(2)-
2.210(2) A and are characteristic for the HS configuration. In
contrast, the Fe(1B)-N distances are shorter, 1.921(2)—
1.976(2) A, and are typical of LS iron(II). Thus, the structure
shows the coexistence of HS and LS iron centres in the same
crystalline phase. The four noncoordinating —NH groups of
centre A are hydrogen-bonded to three anions [Cr'(b-
py)(0x),]” and one water molecule, and the diamagnetic
Fe(B) centres are surrounded by four [CrHI(bpy)(ox)z]_
anions at hydrogen-bonding distances. Due to the fact that the
terminal O atoms of oxalates are better hydrogen-bonding
acceptors than water, the electron density in the corresponding
pyrazolyl ring of B is increased with respect to the A centre,
leading to a strengthening of the N(imine)-Fe(1B) bond,
which favours the LS state for the Fe(1B) centre. Additionally,
one more type of intermolecular interaction was found in the
supramolecular structure of this compound. The cationic

Fe(1A)
=

: :3 f ¥ c:::m{ _

i

Fig. 23 Representation of the X-ray structural analysis of [Fe'(3-
bpp)z] [CrIH(bpy)(ox)z]QHzO, showing a the two nonequivalent Fe(II)
centres: the HS Fe''(A) centre is linked by hydrogen bonds to three

anions of [CrHI(bpy)(ox)z]f and to one molecule of water. b The LS
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[Fe"(3-bpp)]*™ units are organized into layers via m—7 stack-
ing interactions between neighbouring pyrazole parts
(3.204 A), and the anionic layers show aryl-aryl interactions
between neighbouring bispyridyl ligands (in the range
3.583(2)-3.742(1) A). Finally, the cationic and anionic layers
are interconnected by an intricate hydrogen-bonding network
involving water molecules. Note that dehydration and
subsequent hydration are irreversible processes for this com-
pound, and the crystal structure of the subsequent hydrated
compound [Fe(3-bpp)-] [Clm(bpy)(ox)g]-2H20 exhibits only
a HS type of [Fe(3-bpp)]*" cation connected by hydrogen
bonds to three [Crm(bpy)(ox)ZT anions and one molecule of
water.

The magnetic properties of [Fe"(3-bpp),][Cr™
(bpy)(0x),]-2H,0 are shown in Fig. 23c. The spin states of
the iron(II) centres show a strong dependence on the
presence of water molecules in the structure. The dihydrate
compound shows a constant value of the y7 product
(5.5 emu K mol_l) up to 320 K, which corresponds to the
situation where the Fe(A) centres are HS and the Fe(B)
centres are in the LS state. Above 320 K, the yT versus T
curve decreases due to the removal of water molecules and
then reaches a plateau value of 7 emu K mol~! at 400 K,
which corresponds to a 100% HS state for all iron(Il)
atoms. In the anhydrous sample, all iron(Il) centres
undergo reversible and reproducible ST with a 16 K ther-
mal hysteresis loop centred above room temperature
(Ti/2¢;) = 353 Kand T3¢ty = 369 K). In the second cycle,
the hydrated material shows completely different magnetic
behaviour: below room temperature, the y7 product is
constant (7.5 emu K mol™") and its value is in good
agreement with the spin-only value for a trinuclear system
2™ + Fe''(HS) (2 x §; = 3/2 + S, = 4/2, TP =
6.76 emu K mol_l). Above 300 K, water is removed and
the ST of the dehydrated compound is identical to that
before hydration. The authors also present two other
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compounds of general formula [FeH(3-bpp)2][Crm(phen)
(0x),]-nH,O-mCH3;OH, where n = m = 1/2, which are
isostructural with the previous complex. Again, the single-
crystal structure reveals two different iron(II) centres:
Fe(A), which is HS and surrounded with three [CrIH(phe—
n)(ox),]~ complexes and one molecule of water; and Fe(B)
centres, which are LS and hydrogen bonded with four Cr'"
complexes. There is also a similarity in terms of crystal
packing: the m—m interactions are in-between pyrazolyl
rings (cation part) and in-between phenanthroline rings
(anion part). Equally, only the solvent-free compounds
exhibit a complete spin transition, which is situated above
room temperature and accompanied by thermal hysteresis
(Tl/Z(J,) = 353 K and TI/Z(T) = 369 K, AT1/2 =1 K)

Miscellaneous room-temperature iron(Il) ST systems

Recently, the Jidger-type mononuclear iron(I) complex
[Fe"(Ph(Imoxo),)(HIm),]°  (Ph(Imoxo), = diethyl(E,E)-
2,2'-[1,2-phenylenebis-(iminomethylidyne)]-bis[3-butanoate],
HIm = imidazole) was shown to exhibit an abrupt ST
centred at approximately 297 K (T3, = 244 K and
T2y = 314 K) and an unusually large thermal hysteresis
loop with AT, = 70 K (Fig. 24b) [42]. The HS value of
the %7 product was determined as 3.32 emu K mol ' (at
325 K), which is in accordance with the pure Fe' HS state.
The HS plateau remains approximately constant down to

Fig. 24 a The single-crystal
X-ray structure of the complex
[Fe"(Ph(Imox0),))(HIm), ],
and b its ST behaviour, with a
thermal hysteresis AT = 70 K

(a)

Fig. 25 Representation of the
2D layer of molecules of
[Fe'((Ph(Imox0),))(HIm),]°
created from a two different
types of hydrogen bonds and

250 K, where an abrupt transition to the LS state is
observed and the LS value of 7 is 0.15 K (at 200 K).
Upon heating, the LS state of [Fe"(Ph(Imoxo),)(HIm),]°
stays constant up to 300 K (0.31 emu K mol™"), when it
increases abruptly to the HS value. These ST properties are
resistant to grinding effects and are fully reproducible.
The single-crystal X-ray structure of [Fe''(Ph(Imox-
0)2)(HIm)2]0 was obtained at 275 K and the bond distances
of the coordination polyhedron (FeH—N(L) = 2.08 10%; Fe'l-
NHIm) = 2.22 10\; Fe'0 = 2.03 10%) are in accord with
those reported for similar HS iron(II) complexes (Fig. 24a).
Due to the unusually large hysteresis, a detailed investi-
gation of the intermolecular interactions is important to
understanding of the ST properties of this complex. A
closer look at the supramolecular contacts between the
mononuclear units reveals two different types of hydrogen-
bond bridging: the first one involves the NH hydrogen
atom of the imidazole unit and the OCOEt oxygen atom
(05) of the ligand Ph(Imoxo), (N---O = 2.841 10\), while
the second contact connects the NH hydrogen atom of the
second imidazole with the coordinated carbonyl oxygen
atom (O1) of the ligand (Ph(Imoxo),) (N---O = 2.83 10\)
(Fig. 25a). The combination of the two hydrogen-bond
types leads to an infinite two-dimensional layer of linked
mononuclear molecules. In addition, two other short con-
tacts between the OCOEt oxygens and the aromatic C-H
groups of the imidazole and phenylene rings seem to play a

(b)
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role (Fig. 25b). This hydrogen-bond/short-contact network
is clearly responsible for the highly cooperative character
of the ST observed in this compound. It is interesting to
note that a very similar mononuclear iron(II) complex
involving the same ligands but a slightly different stoi-
chiometry, [Fe"((Ph(Imoxo),))(HIm), ¢]°, exhibits an ST
above room temperature with a 4 K hysteresis, Ty =
328 K and Ty = 332 K [43]. The slight difference in
stoichiometry seems to significantly disturb the subtly
balanced H-bond network, leading to reduced cooperative
interactions.

Another family of mononuclear ST complexes, of gen-
eral formula [FeH(L)z](X)z'nS, has been reported by Boca
et al. [44-46, 104], where L are tridentate N-donor benz-
imidazole-type ligands (Fig. 26).

The magnetic properties of [FeH(bzimpy)z](BPh4)2-nH20
show a strong dependence on the presence of water in the
lattice (n = 4, 2,0) [104]. The complex with n = 4 exhibits a
spin transition in the temperature range 280-350 K. The g
values in the LS (ca 1.6 ug) and HS (ca 5.5 up) states are
typical of the S = 0 < 2 spin crossover. Up to 323 K, the
spin transition occurs without thermal hysteresis and is
reproducible (Fig. 27). Above 400 K, the complex loses water
and stays high spin. In the complex [Fe'(bzimpy),]
(SO4),-2H,0, the spin transition is visible between 300-
480 K, but at the highest edge of the data collection it is not
complete.

Fig. 26 Schematic
representation of
benzimidazole-type ligands: a

(a)

The perchlorate analogue [FeH(bzimpy)z](C104)2-
0.25H,0 shows an abrupt spin transition centred above RT,
Tl/2(T) = 409 K and Tl/Z(l) =397 K (Flg 28b), the hyS-
teresis width is AT, = 12 K [45]. In this compound, a 3D
network of m—rn stacking exists among the benzene rings,
which probably causes and/or enhances the solid-state
cooperativeness. At the transition temperature, the complex
shows a reversible, first-order phase transition (as verified
by DSC calorimetry), and it exhibits a structural phase
transition (as seen from powder diffraction patterns)

The compound [Fe'(tzimpy),](ClO4),-2H,O shows
strong temperature dependence of the effective magnetic
moment, leading to the conclusion that the ST occurs
above room temperature (Fig. 29) [46]. Values of s are
1.0 up below 250 K (LS) and 5.1 ug at 385 K (HS), which
means that a ST occurs between the spin states S = 0 and
2. This ST is associated with a thermal hysteresis centred at
T]/z =323 K (T]/z(l) = 306 K, TI/Z(T) = 340 K), and the
hysteresis width is ATy, = 35 K.

The neutral, mononuclear iron(II) complex of formula
[Fen(bzimpy, 121 H,O  with  the deprotonated ligand
bzimpy.;y shows a more complex magnetic behaviour
(Fig. 30). The effective magnetic moment rises from its
room-temperature value of 1.3 to 4.2 ug at 500 K. At about
this temperature, the compound undergoes irreversible
changes: liberation of the crystal water, a colour change
(blue—green), followed by a structural change (as
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Fig. 27 [Fe(bzimpy),](BPh,),-nH,0 complexes: a molecular structure of [Fe(bzimpy)2]2+; b magnetic properties; ¢ high-spin mole fraction for

n=4
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Fig. 28 [Fe”(bzimpy)z](ClO4)2~0.25H20 complex: a packing of [Fe"(bzimpy)z]2+ units with n—r stacking; b magnetic properties; ¢ high-spin

mole fraction

Fig. 29 [Fe'(tzimpy),] (a)

(Cl0Oy4),-2H,0 complex: a
structure of [Fe”(bzimpy)z]2+
unit; b magnetic properties

Fig. 30 Molecular compound
[FeH(bzimpy,lH)z]O: a structure
of the [Fe''(bzimpy.i)2]” unit;
b magnetic properties

determined by TGA analysis, IR spectroscopy and X-ray
powder diffraction). After that, in the cooling mode, the
Uegr gradually decreases, and below 300 K it adopts a value
of 2.0 ug; this value is caused by partial oxidation above
500 K (the presence of iron(II) in the sample was con-
firmed by Mossbauer spectroscopy).

In 1976 Sams and Tsin reported a family of mononu-
clear iron(II) complexes of the bidentate N-donor ligand 2-

b
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(2'-pyridyl)benzimidazole (pyben) [47]. In this work, six
complexes of general formula [FeH(pyben)3](X)2-nH20
were described, and room-temperature STs were observed
for X = BPhy, n = 1; X = Cr(NH3)(NCS)4, n = 0 and
X = BF4, n = 2. However, due to experimental limita-
tions, magnetic measurements of these compounds were
only carried out up to room temperature, meaning that their

STs were incomplete.
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The ST properties of the compound [FeH(phy)z](BF4)2
(phy = 1,10-phenanthroline-2-carbaldehyde  phenylhyd-
razone, Fig. 31a) are reported in several papers by Konig
et al. [48-50]. Magnetic measurements (Fig. 31b) of this
complex reveal an ST, T 5, = 279 Kand T} 51y = 286 K,
that exhibits a hysteresis loop of AT}, = 7 K. This thermal
hysteresis was consistently confirmed by other tech-
niques: Mossbauer spectroscopy (T = 277 K and
T2y = 286 K), variable-temperature X-ray powder dif-
fraction (T1/2(l) =277 K and Tl/Z(T) = 284 K), and DSC
studies (Ty/x)) = 276 K and T/ = 288 K). The same
group also presented a very detailed analysis of the hysteresis
of this complex [49] and the effect of pressure on the thermal
hysteresis [50].

Among the group of mononuclear iron(Il) room-tem-
perature ST compounds, we should mention the complexes
of formula [Fe"(TRIM),](X),-MeOH (X = Br—, HCO,;
TRIM = 4-(4-imidazole-methyl)-2-(2-imidazolylmethyl)
imidazole) [51]. Both of these compounds exhibit very
similar magnetic properties—the magnetic moment starts

Fig. 31 Representation of a the (a)
molecular structure of the
[Fe"(phy),]*" cation (colour
code for web version: gray,
carbon; blue, nitrogen; red,
iron), and b the magnetic
properties of [Fe"(phy),](BF4),

to increase around 250 K from the low spin value, and
at 380 K it reaches 5.1 yg (X =Br") and 5.0 up
(X = HCO, "), respectively (the ST is not finished at this
temperature). The transition temperatures were determined
as T = 340 K for the bromo and T}, = 330 K for the
HCO, analogues. The absence of thermal hysteresis seems
to be a characteristic of this family of compounds.

The crystal structure of the dinuclear complex
[(TPyA)Fe"(DBQ*")Fe'(TPyA)|(BF,), (TPyA = tris(2-
pyridylmethyl)amine; H,DBQ = 2,5-di-t-butyl-3,6-dihy-
droxy-1,4-benzoquinone) elucidates strong n—7m interac-
tions between the iron(II) dimers that give rise to a two-
dimensional sheet structure [52]. The pyridyl groups of the
TPyA ligands and the benzene ring from the DBQ*™ are
involved in C—H—n and offset face-to-face n—m interactions
between the iron(II) dimers. The X-ray crystal structure of
this compound (Fig. 32a) was collected at 208 K and
indicated that both iron(II) ions were LS. At 298 K, the
bond distances indicate a mixed spin state in the crystal,
higher than observed for the LS state but smaller than
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Fig. 32 a The ORTEP view of the complex cation [(TPyA)Fe'l(DBsz)Fe”(TPyA)]“, and b the magnetic properties of the bulk

[(TPyA)Fe"(DBQ?")Fe(TPyA)|(BE,), compound
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Fig. 33 a Representation of the
molecular structure of the cation
[Fel{ (1u-CN)4(bpy)4(TPyA),]**,
and b the magnetic properties of
the compound [Feff(,u—CN)4
(bpy)a(TPyA),1(PFe),

observed for typical HS ions. These results are in good
agreement with results from variable-temperature magnetic
measurements (Fig. 32b). The magnetic moment starts to
increase from an LS value of around 200 K, reaching
6.69 ug at 380 K, which is very close to the spin-only
value for the system 2 x S = 2(ca. 6.93 up).

Another interesting oligomer—the tetranuclear iron(Il)
complex [Fe(1-CN)4(bpy)a(TPyA):1(PFe)s (bpy = 4.4'-
bipyridine, = TPyA = tris(2-pyridylmethyl)amine)—con-
tains two types of irons, Fel and Fe3 (Fig. 33a), which are
coordinated via the carbon from the cyano group, leading
to LS at these centres over the whole investigated tem-
perature range [53]. The bond distances of these iron(Il)
ions within the coordination polyhedra are typical of low-
spin iron at 100 K. At 200 and 300 K, the Fel, Fe3 and Fe4
centres are still in the LS state, but the Fe2 centre starts to
form a longer Fe(I)-N bond (2.154-2.165 10%) character-
istic of the HS iron(Il) state. The magnetic properties of
this complex are shown in Fig. 33b and are in good
agreement with the X-ray results in the temperature
range 5-100 K. As the temperature is raised to 200 K
the yT product increases, reaching a plateau value at
3.2 emu K mol_l, which is close to the spin-only value for
a single spin system of § = 2. However, a second spin
conversion starts around room temperature, and at 400 K
the T value reaches 4.9 emu K mol ™' without saturation.
Variable-temperature Mossbauer spectroscopy of this
compound did indeed confirm two-step spin transition
behaviour at higher temperatures.

Iron(Ill) and mixed-valence room-temperature
ST compounds

In general, the iron(IIT) ST does not deliver such an abrupt
transition as that observed for iron(Il) compounds, and of
course the diamagnetic plateau of the low-spin state is
replaced by a paramagnetic one. On the other hand, the
thermochromism of iron(Ill) ST compounds shows more
variety and more intensive colours than in the iron(II) case.
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Moreover, the d° spin system offers not only spin-state
switching between the respective LS (S = '2) < HS
(S = 5/2) states, but also frequently involves an interme-
diate spin state, IS (S = 3/2) [54-59], which leads to ideas
beyond bistability.

Thus, several reports deal with iron(Ill) room-temperature
ST compounds containing thiosemicarbazone ligands
(Fig. 34) [60-66]. Among the reported examples, the com-
pound of formula Li[FeIH(SBr—thsa)z]-HzO (H»(5Br-thsa) =
5-bromosalicylaldehyde thiosemicarbazone, see Fig. 34a)
was studied using several techniques, like SQUID measure-
ment, DSC, temperature-dependent IR, X-ray powder and
Mbssbauer spectroscopy. The ligand is coordinated to
iron(Ill) ion via its oxygen, Schiff-base nitrogen and sulfur
donor atoms (Fig. 35a).

The SQUID measurements of Li[FeHI(SBr—thsa)z]-HZO
reveal a ST with a hysteresis loop in the range of
Tl/Z(l) =294 K and TI/Z(T) = 333 K, with AT1/2 =39K
(Fig. 35b). The magnetic susceptibility measurements up to
380 K prove that the spin-state change at the iron(IIT) metal
ion occurs between the LS (S = 2) and the HS (S = 5/2).
The ST curve gradient is rather gradual in the cooling
mode, but becomes rather abrupt in the heating mode. This
abnormal asymmetry between branches is attributed to the

(a) H (b) cmon

L
OH S N~ OH S

CH;
© CH,O0H H @ HN
2! C,Hs —N —R
™~
~.o-N NHCH; N
YT /7 Non H %
N~ S
OH N=
CHj, CH;

Fig. 34 The molecular structures of thiosemicarbazone-type ligands:
a H,(5Br-thsa); b H(thpy); ¢ H(mthpy); and d H(R-thsa), R = Ph,
Me, Et

@ Springer



I. Salitros et al.
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Fig. 35 a The proposed molecular structure of the complex anion

[Fe“'(SB—rthsa)z]’ (colour code for web version: brown, iron; blue,

nitrogen; red, oxygen; green, bromine; yellow, sulfur; grey, carbon;

presence of solvent molecules in the crystal structure,
which may provide additional defects or positional disorder
and eventually provokes the loss of a small amount by
desolvation. A further explanation for the asymmetric
shape of the thermal hysteresis is the presence of two or
more crystallographic phases, as also confirmed by X-ray
powder investigations.

Variable-temperature Mossbauer spectroscopy of this
compound confirmed an ST at Ty, ~274 K and
T1o¢) ~332 K, while the DSC investigations yielded that
the ST temperatures were slightly shifted from those in the
magnetic measurements, Ty ~291 K and T4 =
330 K (Fig. 35¢). The presence of thermal hysteresis was
further corroborated by variable temperature X-ray powder
studies, which yielded T'y,>y ~279 Kand T, ~338 K.

Several other reports have demonstrated STs for a series
of thiosemicarbazone iron(Ill) compounds where the
ligands are only slightly different from H,(5Br-thsa) or
were just obtained by counteranion exchange. Note that the
compound NHy[Fe(5-Br-thsa),] [61], which crystallised
into two different polymorphs, shows an ST in the region
of around 200 K for a 2D “mica”-like crystal lattice, while
the second polymorph (tabular plates) exhibits a gradual
ST up to 400 K. The ST in the solvent-free compound
NH,[Fe™(3,5-Cl-thsa),]-1,5H,0 (3,5-Cl-thsa = 3,5 dichlo-
rosalicylaldehyde-thiosemicarbazone) starts at 80 K and
continues to above room temperature, while Cs[FelH(3,5—
Cl-thsa),] remains HS and NH4[Fem(thsa)2] (thsa =
salicylaldehydethiosemicarbazone) stays LS across the tempe-
rature range [62-64]. Another class of iron(IIl) room-
temperature ST compounds that also belong to the category
of complexes with thiosemicarbazone ligands was reported
by Tido et al. [65]. Two mononuclear complexes of formula
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[Fe'(Hthpy)(thpy)]-CH;0H-3H,0 and [Fe"(Hmthpy)(mth-
py)]-2H,O (Hthpy = pyridoxal thiosemicarbazone (Fig. 30b),
Hmthpy = pyridoxal methylthiosemicarbazone, see Fig. 34c;
thpy~ and mthpy™~ are the mono-deprotonated forms of these
ligands) were investigated by X-ray, SQUID and DSC studies.
In both compounds, the %7 product starts to increase above
200 K from values typical of LS iron(IlI). Above room tem-
perature, the spin transition is more abrupt and is not saturated
at 375 K (Fig. 36a,b). The reports do not provide any evidence
for thermal hysteresis.

In 1991, Gupta et al. [66] reported on three mononuclear
iron(IIT) complexes with modified analogues of thiosemi-
carbazone ligands of general formula [Fe(R-thsa),]Cl,
(R-thsa = pyridoxal 4-R-thiosemicarbazone R = Ph, Me,
Et). The magnetic properties of these compounds were
obtained on a vibrating-sample magnetometer at 0.5 T. In
the cases of R = Me and Et, the authors observed blocked
LS behaviour, whereas for H(Ph-thsa) they observed abrupt
ST behaviour at the temperatures of 7,1, = 299 K and
Ty = 290 K. According to the values of ug, the ST
occurs between the LS (S = 2) and HS (S = 5/2) states.

Another family of ST iron(IIl) compounds features the
general formula [FeIH(qsal)z]X-solv (Hgsal = N-(8-quino-
lyl)salicylaldimine) [67-71]. The respective iron(IIl) ST
compounds were reported by Sato and his research group
for [Fem(qsal)z]NCSesolV (Fig. 37), where qsal is the
tridentated Schiff base ligand coordinated with iron(IIl) via
two nitrogens and one oxygen, and “solv” stands either for
CH;0H or CH,Cl, [67]. It was shown that the magnetic
properties of the cation Fe™(gsal);” are strongly dependent
on the nature of the counteranions and/or the solvent
molecules [68, 69]. Temperature-dependent magnetic
measurements were carried out in several heating and
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cooling cycles. For both solvation isomers, the first cycle in
heating mode revealed a ST defined by T}y = 352 K for
solv = CH;0H and 392 K for solv = CH,Cl,. In the
subsequent cooling mode, both compounds showed an
abrupt drop in magnetic moment at T, = 212 K. In the
second thermal cycle, after desolvation, the magnetic
properties of these two compounds were identical. In
cooling mode, Ty remains at 212 K, and in the second
heating mode ST is shifted to 7,51y = 282 K, revealing a
two-step ST with 70 K hysteresis in both cases (Fig. 37).

These very unusual magnetic properties—(1) ST with
large thermal hysteresis widths of around 70 K, and (2) a
two-step ST only in the heating mode—are attributed to the
intermolecular arrangement of the ST molecules in the
crystal structure. The Fem(qsal)zr cations exhibit ©-7
stacking of the gsal ligands between the quinoline and
phenyl rings, forming a one-dimensional network of sol-
vated complexes in both cases. The nearest-neighbour
distances between the quinoline and the phenyl rings are in
range 3.35-3.52 A, explaining the strong cooperativeness
between the packed molecules. Furthermore, molecular
stacking was noted between the phenyl rings in the gsal
moieties, through which the one-dimensional molecular
assemblies are converted into a 2D sheet structure. The
distances between neighbouring molecules within the 2D
sheets are around 13.75 A (solv = CH;OH) and 14.04 A

T/IK

(solv = CH,Cl,), respectively. The counteranions and the
solvent molecules are localized between the 2D sheets and
do not participate in the polymeric superstructure. This
result explains why these compounds do not lose their
cooperative nature even after solvent removal.

It is worth noting that a iron(Ill)-gsal complex of for-
mula [Fe™(gsal),]NCS exhibits a strong dependence of its
magnetic properties on its preparation parameters, in par-
ticular its coordination temperature [71]. The complex
prepared at 298 K exhibits ST in the range between 220
and 270 K, while the complex prepared below 280 K
remains LS across the temperature range.

Another family of iron(Ill) ST compounds are com-
plexes of formula [FeHI(pap)z]Xsolv (Hpap = N-bis
(2-hydroxyphenyl)-(2-pyridyl)-methaneimine]) [72—-74]. Here,
the solvent-free compounds with X = NO;~ and BPh; per-
sist in their HS states, while the PFs~ analogue is blocked in
the LS state. However, freshly prepared, unsolvated [Fe™
(pap),|ClO, exhibits a ST with a hysteresis at 751y = 262 K
and Ty 5)) = 242 K[72], but after aging in air in the presence
of moisture, the ST temperatures were shifted to 71y =
180 Kand T}y = 165 K, respectively [73]. The compound
[FeIH(pap)z]PF6-CH3OH (Fig. 38a) shows a quite abrupt
ST centred around 7, = 288 K (Fig. 38b). Moreover,
this compound shows light-induced spin-state switching (the
LIESST effect) at low temperatures [74].
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Fig. 37 Molecular structures
(left) and magnetic properties
(right) of a [Fe"(gsal),]NCSe
CH;0H and b
[Fe™(gsal),]NCSe CH,Cl,

Fig. 38 a The proposed
molecular structure of the
complex [Fe™(pap),]™ (colour
code for web version: brown,
iron; blue, nitrogen; red,
oxygen; grey, carbon; white,
hydrogen), and b the magnetic
properties of the compound
[Fe'"'(pap),]PFs-CH;OH,
showing LIESST at low
temperatures

The supramolecular pseudo-dinuclear iron(IIl) complex
of formula {[Fe"H,L]---[Fe™HL]}(Cl0,),-H,O, (HsL
being the Schiff base condensate of 5-methylpyrazole-3-
carbaldehyde and tris(2-aminoethyl)amine) belongs to the
category of mixed-valence iron (II/III) complexes exhibit-
ing room-temperature ST (Fig. 39a) [75]. The crystal
structures of this compound, determined at 93 and 295 K,
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reveal a pseudodimer of two almost structurally identical
iron complexes at different redox states (Fig. 39b). The
variable-temperature magnetic measurements depicted in
Fig. 39c show that the magnetic moment per pseudodimer
in the temperature region 4-200 K is around 2.3 ug, a
value which is consistent with both iron metal ions being in
the LS state in each half-molecule, and this is confirmed by
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Fig. 39 a Molecular structure of the ligand H;L, the Schiff base
condensate of 5-methylpyrazole-3-carbaldehyde and tris(2-amino-
ethyl)amine; b 3D view of the pseudodimer complex cation
{[FeHHzL]u-[FemHL] }* (colour code for web version: red nitrogens

Mossbauer spectroscopy. However, above 200 K the
magnetic susceptibility starts to increase and reaches a
value of 3.3 pg at 300 K, which can be interpreted as a
situation where all iron(III) centres are in the LS state and
33% of iron(Il) centres are HS. However, the Mdssbauer
spectra analysis at 298 K reveals that only 21% of the Fe"
are HS. These inconsistencies between the Mossbauer and
SQUID data are attributed to Debye—Waller factors or non-
Lorentzian line shapes in the Mdssbauer spectra. Both
investigation techniques clearly indicate that at 300 K a
significant proportion of Fe"(HS) emerges, and the shape
of the up versus T curve indicates the continuation of the
ST above room temperature.

A series of polynuclear Prussian blue analoques of
general formula [Mu(tmphen)z]g [IMM(CN)g]-xCH;CN
(tmphen = 3,4,7,8 tetramethyl-1,10-phenanthroline; M/
M = FelYFe!!, Fe'l/Co'™, FeH/CrHI) were described by

(b)

CH,

moment (BM)

are negatively charged, blue iron is Fe'l, green iron is Fe', pink
dashed lines represent hydrogen bonds); ¢ magnetic properties of the
pseudodimer compound {[Fe"H,L]---[Fe™HL]}(Cl04),-H,O

Shatruk et al. [76]. In the case of M/M’ = Fe"/Fe'" and
Fe'/Co™, the compounds possess gradual ST behaviour
starting at around 200 K and passing through room tem-
perature (Fig. 40b, c). The compounds were synthesized by
the same protocol, and TGA analyses determined the
number of interstitial water and solvent molecules.

In the case of the Fe''/Fe'™ compound, the X-ray single-
crystal structure reveals 14 molecules of acetonitrile within
the crystal lattice. The magnetic investigations of this
compound carried out on samples in the presence of water
or not show that the ST is more gradual when water mol-
ecules are included (Fig. 40a). At low temperatures, the y7
value only reflects the contribution from the LS Fe' sites:
therefore, the three Fe!l sites of the cluster must be LS up to
100 K, which is in agreement with the results of Mossbauer
spectroscopy. Above this temperature, the y7 product
gradually increases and is not yet saturated at 375 K. At
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Fig. 40 Schematic molecular view of a the structure of the
[M"(tmphen)2]3[M/ M(CN)g] cluster, and representations of the mag-
netic properties of b [FeH(tmphen)z]3[FeIH(CN)6] and ¢

300 K, after subtracting out the LS contribution of Fem, «T
is equal to 5.3 emu K mol_l, which corresponds to x~ 1.8
HS Fe! (xuswerry &60%) per one molecule of cluster.
Low-temperature Mossbauer spectroscopy (at 4.2 K) of
the second series of complexes, [FeH(tmphen)z]3
[Co™(CN)s]-xCH;CN (with x = 7.7; 18; 11; 7.6), reveals
that 10-20% HS Fe' is present, which was attributed to
impurities. The amount of paramagnetic impurities does
not change up to 50 K, but at room temperature 66% of the
iron(II) is converted into the HS state. Also in this case, the
ST continues above 300 K and saturation begins at 375 K
(Fig. 40c). The magnetic behaviour of a third compound,
[Fe"(tmphen),]5[Cr™(CN)]-22CH;CN, follows the Curie
law and the y7 value corresponds to two isolated Cr'
centres, indicating that the three Fe" nuclei are LS up to
300 K. A similar Fe§"~Cr'™ Prussian blue analogue was
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[FeH(tmphen)z]3[COHI(CN)(,] (water-containing samples: open circles;
acetonitrile-wetted crystals: solid line)

also reported by Herchel et al. [77], which shows a gradual
ST from 5 K up to above room temperature.

In 1997, Fallon et al. [78] reported the mononuclear
ST complex [Fem(dmptacn)Cl][PF6]2~MeOH, (dmptacn =
1,4-bis(pyridin-2-yl-methyl)-1,4,7-triazacyclononane), coor-
dinated by three nitrogens from the triazacyclononane ring
and with two nitrogens from two pyridine substituents. In
the temperature range of 4.2 K to ca. 100 K, the compound
remains in the LS iron(III) state. The ST starts above 150 K
and reaches 3.58 ug at 300 K, which is close to the
expected value for the intermediate spin state of iron'"
(IS, S = 3/2, spin-only value p.¢r = 3.88 pg). Unfortunately,
variable-temperature magnetic measurements of this com-
pound were only carried out up to 300 K; no experimental
data that allow us to discern whether the ST continues
beyond the intermediate state (IS) above room temperature
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are available. For a recent review of Fe(Ill) SC, see
Ref. [79].

Theoretical background of ST processes

The spin crossover process can be viewed as a unimolec-
ular reaction LS < HS, for which the high-spin mole
fraction (xyg) and the low-spin mole fraction (x;g) fulfill
the normalization x; g + xys = 1. The transformation is an
entropy-driven process conditioned by positive enthalpy
and entropy changes, AH > 0, AS > 0. Therefore, a critical
temperature (7, = T),,) exists above which the change in
Gibbs energy is negative (AG < 0) so that the reaction
proceeds spontaneously. The equilibrium constant
K = xys/(1 — xys) obeys the van’t Hoff equation, so the
function InK versus 1/T is linear. At the critical tempera-
ture, xys = 0.5 is fulfilled and so InK(7,) = 0 (Fig. 41).
The real systems differ from the above idealisation in
that the Boltzmann statistics are influenced by interactions
in the solid state. The cooperativeness originates from the
interaction energy, which can be written in the form

Ein(xus) = Erp (1 — xus)? + 2Epxus (1 — xus) + EnnXps
(7)

Here Ep;, E;y and Eyy refer to the pair-interaction
energies. This equation can be rewritten as

Eini(xus) = jo + jiXus +j2x%[s (8)
with the individual coefficients introduced as follows
Jo=ELL )
OE;
J1=2Ey —2E = (a—mt> =pu (10)
XHS

iy — Eut + En — 2By — o CEin\ _ (11)
J2 = ELL HH LH =5 ax%ls =1n.

One can reconsider Eq. 8 as the Taylor expansion of the
interaction energy in terms of the high-spin mole fraction,
where p is the chemical potential (equal to minus the

(b)

InK

Fig. 41 Thermodynamics of the spin crossover process: a tempera-
ture variation of the Gibbs energy, b the van’t Hoff plot

En .—‘
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Fig. 42 The relationship between the interaction parameters

absolute electronegativity) [80] and # is the chemical
hardness [81, 82]. The relationship between the interaction
parameters is shown in Fig. 42.

The identification of the second-order coefficient as the
chemical hardness (j, =#) allows a more detailed
inspection of the nature of the cooperativeness [83]. The
conventional cooperativeness parameter J is introduced
through the relationship [84]

J:ELH—(EHH+ELL)/2:—j2/2>0 (12)

as the difference between the interaction energy between
dissimilar spins (Eypy) and the average of the interaction
energy for same-spin pairs.

The first-order contribution to the cooperativeness j; (the
“chemical potential”) disappears on the assumption that

W=ji1+j=FEuu—EL—0 (13)

60

40

N8
(=}

E, and (dE, /dx)
(=)

-40 L | | | N
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ns
Fig. 43 Dependence of the interaction energy (solid) and its deriv-

ative (dashed) on the high-spin mole fraction. Ey; = 10, E g = 40,
Eyy = 20 (arbitrary units)
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Table 3 Thermodynamic data on mononuclear complexes

No System/note Method® T, AH AS AHIAS  Jlk References
(abbreviations of K  kImol™' JK™' mol™! K]
the ligands under A7)

(A) T. < 200 K, mono- and bidentate ligands

1 [Fe(py).phen(NCS),]-0.5py DSC 106 3.7 37.0 100 Claude et al. [87]
flexible monodentate ligands
2 [Fe(py),bpym(NCS),]-0.5py DSC 116 6.5 56 116 Claude et al. [87]
flexible monodentate ligands
3 [Fe(2-pic);]Cl,-EtOH Mg 1140 6.14 50.6 1213 123 Kaji and Sorai [88]
flexible bidentate ligands, two-step 122.2
4 [Fe(2-pic);]Cl,-MeOH Cal 150 8.88 59.5 149 Nakamoto et al. [89]
flexible bidentate ligands
5 [Fe(2-pic);]Cl,-H,O Cal 280 17.1 59.4 288 Nakamoto et al. [90]
flexible bidentate ligands
[Fe(btr),(NCS),]-H,O DSC 132 10.2 76.4 134 Martin et al. [91]
[Fe(Hpt)3](BF,),-2H,0 DSC 150 5.81 39.5 147 Roubeau et al. [92]
8  [Fe(pybzim)3](ClOy,),-H,O DSC 153 2.92 19.0 154 114 Boca et al. [83]
rigid bidentate ligands MgX 141 2.62 18.5 142 112 Boca et al. [83]
9  [Fe(5NO;-sal(1,4,7,10))], MgX 145(1) 7.6 50 152 280 Petrouleas et al. [93]
flexible hexadentate ligand, two-step 180(T)
10 [Fe(4ditz);](PFs), 0.25EtOH, DSC 168(7) 18.8 109 172 Bartel et al. [94]
two-step 180(1)
11 [Fe(4ditz);](PFs), 0.075MeOH, DSC 174(1) 9.6 55.3 174 Bartel et al. [94]
two-step 181(1) 9.0 49.7 181
12 [Fe(phen),(NCS),] Cal 176.3  8.60 48.8 176.2 Sorai et al. [95]
rigid bidentate ligands
13 a-[Fe(dppa),(NCS),] MgX 178 6.9 39 177 160 Matouzenko et al. [96]
14 [Fe(dpyatriz),(SCN),] DSC 200 7.45 37.7 198 Quesada et al. [97]
15  [Fe(bpy)»(NCS),] DSC 212 10 48 208 Kulshreshtha and Iyer [98]
rigid bidentate ligands
16 [Fe(PM-BiA),(NCS),] DSC 168 10.06 59.88 168 Letard et al. [99]
173 10.05 58.09 173
(B) T, > 200 K, tridentate ligands
17 [Fe(dapp)(abpt)](ClO4), DSC 186 15.4 83.7 184 Miyazaki et al. [100]
18 [Fe(trim),]Cl,-0.5MeOH MoS 170 11 64 172 Lemercier et al. [101]
19 [Fe(trim),](PhCO,)(ClO,4) MgX 220 14.4 65 226 170 Lemercier et al. [102]
20 [Fe(phen),(NCSe),] Cal 231.3  11.60 51.2 227 Sorai et al. [95]
rigid bidentate ligands
21  [Fe(phy),](ClO4), DSC 248 15.8 65 243 Kulshreshtha and Iyer [103]
22 [Fe(phy),](BF,), DSC 283 15.6 56 279 Kulshreshtha and Iyer [103]
23 [Fe(bzimpy),](BPhy),-4H,0 MgX 330(1) 14.9 45 331 226 Boca et al. [104]
24 [Fe(bzimpy),](ClOy),-0.25H,0 DSC 414(1) 174 43.1 404 Boca et al. [45]
406(])
MgX 409(1) 17.9 444 403 418(b) Boca et al. [45]
397()) 454(c)
25 [Fe(tzimpy),](ClO4),-H,O MgX 340(1) 11.9 37 322 424 Boca et al. [46]
305())
25 [Fe(bzimpy_;z),-H,O MgX 424(1) 18.1 43 421 519 Boca et al. [46]
DSC 425(1) Papéankova et al. [105]
26  [Fe(trim),]Br,-MeOH MoS 340 13.0 38.2 340 Thiel et al. [51]
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Table 3 continued

No System/note Method® T, AH AS AHIAS Jlk References
(abbreviations of [K]° kI mol™" J K™ mol™! [K]°
the ligands under A7)
27 {[Fe"(Htrz);]},,(BE4)2, DSC 334 8.9(1) Kroeber et al. [19]
Polymorph o® 9.5(])
28 {[FCH(HH'Z)Z(H'Z)]},l(BF4)n Polymorph AY DSC 361 27.8(1) Kroeber et al. [19]
28.6(])
Polymorph BY 363 225
(C) Fe(IIl) complexes
29 [Fe™(3MeO-salenEt),]PF Cal 1623  5.94 36.7 161.9 Sorai et al. [106]
30 [Fe™(3EtO-salapa),] Cl10,-CsH4Cl, Cal 150 5.38 39.5 136 Conti et al. [107]
31 [Fe"™(3EtO-salapa),] C10,-C¢HsBr Cal 165 7.99 40.4 198 Sorai [108]
32 [Fe"(3EtO-salapa),] Cl104-CgHg Cal 187 7.08 34.8 203 Kaji et al. [109]
33 [Fe(3EtO-salapa),] C10,-CeHsCl Cal 188 6.34 36.1 176 Sorai et al. [110]
34 [Fe™(acpa),]PFs Cal 190 7.03 36.2 194 Sorai et al. [111]

For the ligand abbreviation, see the table in the “Appendix”

4 Cal, adiabatic calorimetry; DSC, differential scanning calorimetry; MgX, fitting the magnetic susceptibility (Ising-like model); MoS, fitting the

Mossbauer spectra

° T, critical temperature for xys = 0.5; peak values T, p are reported for DSC and adiabatic calorimetry

¢ J, solid-state cooperativeness—a model-dependent quantity; multiple values refer to different models

4 See text—triazole part

The role of the first-order parameter j; has not been
modelled so far, except in one paper [85]. The effect of the
cooperativeness on the total interaction energy is shown in
Fig. 43.

As reviewed elsewhere [13], the molar Gibbs energy can
be constructed from the following contributions:

G= XHSG?-IS + (1 — st)GES — TSmix + Eim (14)

where Gis (Grs) is the molar Gibbs energy for the HS (LS)
molecules in the absence of any cooperative interaction, and
Smix = —(R/l’l){st 11’1)6]-]34'(1 —XHs) ln(l —XHs)} (15)
represents the mixing entropy in the regular solution/

domain model (n is the number of molecules per domain).
The requirement for equilibrium demands

oG XHS
(@xﬁs> - = Gjs — Gis + (RT/n)1In (1
+Jj1 + 2j2xus =0
and at the transition temperature, where the high-spin mole
fraction is xgs = 0.5, the following expression is obtained:
AG® = Gygs — Gis +j1 +)2 (17)

— XHS
(16)

’T:T, n 0
The transition temperature
Ty, = (AH® + ji +j2)/AS° (18)

then involves the cooperativeness factors (unless the can-
cellation W =j; 4+ j, — 0 is assumed in the theoretical

model, as it is in the case of the Ising-like model). More-
over, there is no need to restrict ourselves to two-body
interactions [86]; three-body ones will produce a third-
order term j3xj;s in Eq. 8 that gives rise to an additional
term AT, = (3/4)j5/AS in Eq. 18.

Equation 18 is a key formula for understanding the
transition temperature and the factors that influence it. It is
evident that an increase in AH (disfavouring a ST) will
shift the transition temperature to higher values. This factor
can be tuned chemically in a transparent way.

Let us consider a monodentate donor set, like the
compounds [FeH(py)zphen(NCS)z]~0.5py and [FeH(py)z
bpym(NCS),]-0.5py, numbered (1) and (2) in Table 3.
Their T,,, values (106 and 116 K, respectively) lie at the
lowest edge of the reported values for iron(Il) complexes.
At the same time, the enthalpy of the ST has rather small
values, AH = 4-6 kJ mol~'. This quantity matches the
electron energy difference between the LS and HS
states, corrected to the zero-point vibrations: AH = (E +
evib)us — (Ee1 + evip)Ls- Analogous behaviour is exhibited
by the compound [Fe"(2-pic);]Cl,-EtOH, numbered (3) in
Table 3, though it contains flexible bidentate ligands
(2-picolylamine). The term “flexible ligand” is used in the
sense that the single bonds allow the donor atoms to be
positioned in near-octahedral positions for both the LS and
HS states. Interestingly, the rigid ligands (e.g. bpy, phen,
bzimpy) cause a positive shift in the 74,,. The term “rigid
ligand” here means that the octahedral positions of donor
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atoms cannot be maintained as the Fe"-N bond lengths
increase during the ST. In general, the substitution of
flexible ligands with rigid ones causes an increase in the
AH (although there are some exceptions). The enthalpic
barrier AH > 10 kJ mol™' is most marked for rigid tri-
dentate ligands, as listed in Table 3.

However, AH is not the only factor entering T',,, since
the value of AS assists in the denominator. Its variation is
more difficult to understand. It basically includes the
electronic (spin) and vibrational parts; the second one is
dominant. It also reflects other degrees of freedom in the
solid state, like the free or hindered rotations of groups, etc.
Therefore, chemically tuning it is a far from routine task.
Even in the case where AH is increasing, AS can decrease,
increase, or to stay the same, which can produce an
unexpected final T ,.

The cooperativeness factor W =j; + j, + ... acts in
symbiosis with the AH value in the numerator for T.
Note that the solid-state cooperativeness is a fictitious
quantity that cannot be measured directly; it is a model-
dependent parameter that acts like the activity in equations
for ideal solutions when applied to real solutions. The real
thermodynamic enthalpy and the entropy change (detect-
able by calorimetry) are temperature-dependent quantities:
AH(T) and AS(T); these naturally include the coopera-
tiveness as AH = AH® + j, + j,. The cooperativeness,
however, causes a nonlinearity in the van’t Hoff plot
around InK = 0. When W/k > T,, the system exhibits a
thermal hysteresis on heating/cooling.

Conclusion

This review describes the state of the art in research on iron
ST complexes in relation to their room-temperature
switching, a critical criterion for the integration of ST
compounds as active components into application devices.
The survey showed that there are an increasing number of
iron(II) and iron(IIl) complexes with critical temperatures
around room temperature, and in general the iron(Il) ST
complexes exhibit more abrupt transitions 7}, combined
with occasionally very large temperature-induced hystere-
ses AT),. Coexistence of the latter two ST parameters
leads to bistability at ambient conditions, mostly in their
solid-state bulk phases. Iron(I) ST complexes also show
maximal magnetic discrimination between dia- and para-
magnetic states, while iron(Ill) ST complexes have to deal
with two different paramagnetic states (and sometimes even
an intermediate spin state). Such a situation complicates the
spin-state picture; on the other hand, this class of ST com-
pounds often delivers more pronounced thermochromism.

A common disadvantage of all iron ST systems is that
they sometimes show extreme sensitivity to local
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environmental influences, including crystal packing,
inclusion of solvent and anion/cation molecules, and con-
comitant crystalline phase transition events. The recent
report on neutral ST complexes with room-temperature
critical temperatures and large hystereses appears to be a
first step towards circumventing such problems (such as
excluding anions at the very least).

Generally speaking, critical switching temperatures at
ambient conditions seem to be favoured (1) by the use of
rigid, multi (preferentially ter)-dentate ligand systems.
Desirable wide regions of bistability around room tem-
perature can be achieved (2) by multidimensional (1D,
2D, 3D) interlinking of the respective mononuclear ST
centres through relatively weak but multiple hydrogen-
bonding networks or stronger coordination bond net-
works. The use of multinuclear ST compounds does not
seem to be useful in this respect, particularly due to the
potential for magnetic exchange processes that dilute the
magnetic response and lead to more complex switching
schemes.

However, the full process of introducing, integrating,
and implementing ST complexes as active units into
molecular hybrid devices still has some way to go. The
recent reports that persistent ST switching has been
observed, even in nanoscale thin layers and particles, are
important since they provide the basis for introducing ST
into device architectures. However, spin-state switching in
such highly predefined device environments [112, 113]
may require—in addition to the previously described trig-
gers of temperature, pressure and light—the development
of more suitable triggers, for example the direct application
of electrical fields or the implementation of single-mole-
cule optical readout of spin state. Generally speaking,
addressing single monolayers or even molecules is yet to
be investigated as a research topic, and the inherent ten-
dency of ST compounds to respond to multiple triggers
simultaneously is a problem that will probably need to be
tackled in the future [114]. However, despite these many
remaining challenges, ST remains a uniquely attractive
phenomenon that is equally appealing to chemists, physi-
cists, biologists and electrical engineers, since it points to
new horizons in molecular data processing and storage
[115].
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Room temperature spin-transition iron compounds

1,2,4-triazole type of ligands

H N
; W
( W N—N
N—N
1,2,4-triazole 1,2,4-triazole(-)
Htrz trz(-)
?18H37 "\‘HZ
N N
W W
N—N N—N

4-(n-octadecyl)- 1,2,4-triazole

4-(amino)- 1,2,4-triazole

C18H37trz 4-NH2tI‘Z
i R
- b
N N
€ 7 W
N—N N—N

4-(2-hydroxyethyl)- 1,2,4-triazole

4,4’-bis(1,2,4-triazole)

hyettrz btrz
(‘72H5 =
N
N AN A
) P
N—N /

4-ethyl- 1,2,4-triazole

ettrz

3-(pyridin-2-yl)-1,2,4-1H-triazole

Hpt
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Sy (o
== \ W/@ \\N\/ /=N
N—N J _N\7r|\1
{2
4-amino-3,5-bis(pyridin-2-yl)-1,2,4- bis[hydrotris(1,2,4-triazol-1-yl)borate]
triazole
abpt HB(trz),

N-donor Ligands with six membered ring

(]

pyrazine 1,10-phenantroline
pz phen
7N

N,/

3,4,7,8-tetramethyl-1,10-phenantroline

tmphen

2,2’-bipyridine

2,2’-bipy

4,4’ -bipyridine

4,4’ -bipy

/ N N—
) {
<_ \ />
N N
2,2’-bipyrimidine

bpym
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NH,

= NZ

(3-aminopropane-1-yl)bis(pyridin-2-

bis(3-aminopropyl)(2-

yl-methyl)amine pyridylmethyl)amine
DPPA dapp
CH
/ \ N ’
| H
. N
——N
07" “CHs
N N

tris(2-pyridylmethyl)amine

TPyA

N-—(1-acetyl-2-propylidene)(2-

pyridylmethyl)amine

Hacpa

@ Springer



@ Springer

Bis(pyrazol-n-yl)pyridine ligands

2,6-bis(pyrazol-1-yl)pyridine

D

2,6-bis(pyrazol-1-yl)-4,4’-bipyridine

1-bpp 1-bpp-4-py
o 1
A A
G
N

S-(4-{[2,6-(bispyrazol-1-yl)pyrid-4-
ylJethynyl }-phenyl)ethanethioate

1-bpp-4-acety-ph-SAc

4-iodo-2,6-bis(pyrazol-1-yl)pyridine

1-bpp-4-1
o S
<
‘\
o
X

1-bpp-4-ph-OH = 4-(4-

P
TN

1.4-bis{2.6-bis(pyrazol-1-yl)pyridin-4-

hydroxyphenyl)-2,6-bis(pyrazol-1- yl)benzene)
yl)pyridine
1-bpp-4-ph-OH 1-bpp-ph-1-bpp
| X
2 N YN
HN-N N~NH

2,6-bis(pyrazol-3-yl)pyridine

3-bpp
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Benzimidazole types of ligands

2,6-bis(benzimidazol-2-yl)pyridine

bzimpy

2,4,6-tris(benzimidazol-2-yl)pyridine

tzimpy

2,6-bis(benzimidazol-2-yl)pyridine(-)

bzimpy. 1y

(CI—=)
;

2-(2’-pyridyl)benzimidazole)

pybzim

Others

NH HN
Eooc— N— ookt
o] o]
CH, CH;

diethyl(E,E)-2,2’-[1,2-phenylenebis -

(iminomethylidyne)]-bis(3-butanoate)

Hli \
f X
HN\;/N N\;/NH

4’-(4-methylimidazole)-2’-(2"’-

methyl- imidazole)imidazole

Ph(Imoxo), trim
S S =N\ /X
N
[ >—<] | N—cHy—N )
N NT =N N=N

2,2’-bis(2-thiazoline)

bt

1,4-bis(tetrazol-1-yl)butane

4ditz
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Schiff Base ligands

H
N

NH,
Br \N/ \"/
S
OH

5-bromosalicylaldehyde

pyridoxal thiosemicarbazone

thiosemicarbazone
H,(5Br-thsa) H(thpy)
CH,OH H HN—R
~N NHCH N
AN S 3 7~
| N C,Hs N S
N~ S
OH 7\
CH, OH
N=
CH,

pyridoxal methylthiosemicarbazone

H(mthpy)

pyridoxal 4-R-thiosemicarbazone

R=Ph, Me, Et
H(R-thsa),

1,10-phenantroline-2-carbaldehyde -

phenylhydrazone

phy

AN
N §>

— HO

N-(8-quinolyl)salicylaldimine

Hgsal
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CHj
NH
SN N N
N
| _N OH ?
N‘\_\
CH; NJ—/ N=
HI\Q_// h
°N CH;3
u
N-bis(2hydroxyphenyl)-(2-pyridyl)- Schiff base condensate of 5-
methaneimine methylpyrazole-3-carbaldehyde and
tris(2-aminoethyl)amine
Hpap H;L
/ \ NN P
NH  HN \Va N
C o0
N N
7 OH HO \ OEt
\
7 N\
0,N NO,
Schiff base condensed from 5- Schiff base condensed from 3-
nitrosalicylaldehyde and 1,4,7,10- ethoxysalicylaldehyde and N-
tetraazadecane (2:1) aminopropylaziridine (1:1)
5NO;,-sal-(1,4,7,10) 30Et-salapa
7\ O_\\
N-(2-pyridylmethylene)aminobiphenyl N-(2’-pyridylmethylene)-4-
(phenylethynyl)aniline
PM-BiA PM-PEA
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