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Switching of Molecular Spin States in Inorganic Complexes by Temperature,
Pressure, Magnetic Field and Light: Towards Molecular Devices

Azzedine Bousseksou,*!#! Gabor Molnar,'?! and Galina Matouzenko!”!
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Ising-like model

The spin crossover phenomenon in molecular inorganic com-
pounds is one of the most spectacular examples of bistability
phenomena leading to a switching between the high-spin
and the low-spin states of the molecule by several means
such as temperature, pressure, light and magnetic field
(multi-property molecular switching). In the present micro-
review we report our most important findings, both experi-

mental results and theoretical approaches, and discuss pos-
sible technological applications for each switching method as
well as the recent synthesis of new spin crossover molecu-
lar materials.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

1. Introduction

Certain (pseudo)octahedral transition metal complexes
are known to display a molecular bistability of the high-
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spin (HS) and low-spin (LS) electron configurations which
can be distinguished by different occupations of the anti-
bonding e, and the nonbonding t,, d orbitals of the central
metal ion.!'?l The electronic ground state of these spin
crossover (SCO) complexes may be reversibly interchanged
by an external stimulus such as temperature, pressure, mag-
netic field or light irradiation. This phenomenon was disco-
vered by Cambi et al. as part of a study of iron(ur) dithio-
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carbamate compounds in the early 1930s.*] The first Fe!!
complexes [Fe(phen)>,(NCS),] and [Fe(bipy),(NCS),]
(phen = 1,10-phenanthroline, bipy = 2,2-bipyridine) with
“unusual magnetic behaviour” were reported only about 30
years later. Their careful reinvestigation by Konigl®! has
shown that they represent the first examples of iron(ir) SCO
compounds and this marked a starting point for further
extensive developments of the field, chiefly in the frame-
work of the European TOSS TMR network coordinated by
P. Giitlich.l% Although the SCO phenomenon may occur
for octahedral compounds with d*—d” configurations, it is
most commonly observed for iron(i1) complexes with nitro-
gen donor atoms. Currently, about two hundred spin tran-
sition systems are known.

The SCO phenomenon has been studied by a variety of
physical methods such as magnetic susceptibility and heat
capacity measurements, Mdssbauer, Raman, UV/Vis, IR
and EPR spectroscopy and also X-ray diffraction and di-
electric constant measurements.['"?) These methods com-
bined with temperature, pressure, high magnetic field and
light irradiation provided a firm basis for the theoretical
modelling of the SCO. In our group (Toulouse, France) we
are particularly interested in the application of an external
perturbation in the macroscopic metastable states of SCO
materials leading to an irreversible switching of their mag-
netic, optical and electrical properties. Experiments under
different external stimuli will be discussed in the second
part of this paper together with a theoretical treatment of
experimental data.

Concerning synthetic methods, two approaches are cur-
rently employed for designing new cooperative SCO sys-
tems, namely supramolecular and polymeric approaches.
These two strategies will be illustrated in the third part of
the paper using several examples of mononuclear and poly-
meric compounds recently synthesised at ENS Lyon
(France).

2. Switching of Spin States by External
Perturbations

The SCO phenomenon is one of the most spectacular
examples of molecular bistability which means that SCO
molecules may exist in two different electronic states within
a certain range of external perturbations.” Most notably,
the existence of a thermal hysteresis in certain SCO com-
plexes (in the solid state) confers a memory effect on these
systems. This bistability is accompanied by a marked
change in various physical properties. Besides the well-
known magnetic and optical responses, we have recently
shown that the dielectric constant can also be used to read
the state of the bistable system!®! leading to the first proto-
type of an electronic component for information storage.l!

According to the pioneering ideas of O. Kahn, several
compounds have been designed for which room tempera-
ture falls within the hysteresis loop.l'” Using local warming
and cooling for writing and erasing, O. Kahn and his col-
leagues have promoted devices based on SCO materials for
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different applications such as temperature sensors and ac-
tive elements in displays and memory devices.”! In our
group, we have pursued these ideas and proposed the use
of pulsed perturbations in the hysteresis loop temperature
range (macroscopic metastable states) to switch the spin
state of the system (Figure 1). In the first experiments we
used a pulsed magnetic field to trigger an LS — HS tran-
sition.'!l Later, we showed that a pressure pulse leads to
a “mirror effect” when compared with a pulsed magnetic
field.l'?! Recently, other groups reported the first results of
the application of a laser pulse in the hysteresis loop.['3!
In this chapter we discuss the effect of different external
perturbations (temperature, magnetic field and pressure) on
the spin state of SCO materials from an experimental and
theoretical point of view. A brief summary of light pulse
induced effects completes this part. Finally, an example is
given to illustrate the response functions (optical, magnetic
and electric) associated with the bistability.

A ‘/Working point

& State 1 (HS)

* State 0 (LS)

High spin fraction (Yyg)

v

T,P,B, hv

Figure 1. Schematic representation of the memory effect; the
switching may be obtained by temperature, pressure, magnetic field
or light irradiation

2.1. Thermally Induced Spin State Change

The thermally induced spin state change is the oldest
spin-switching channel so far discovered in the field of mo-
lecular SCO compounds. The thermal spin transition
curves, i.e. plots of HS fraction (yyg) vs. temperature, may
take different forms such as gradual, abrupt or two-step
and with or without hysteresis (see part 3 of the paper for
examples). Several phenomena contribute to this different
kind of behaviour, the most important being the interac-
tions between the SCO molecules. The microscopic origins
of the cooperative interactions have been extensively stud-
ied in the past and it is now generally accepted that the
main contribution arises from elastic interactions between
the molecules undergoing spin change. A detailed treatment
of the elasticity theory was given by Spiering et al.l'!

To describe the thermally induced spin state change, in
1992 we adapted the Wajnflasz and Pick model'* to a two-
level system (HS and LS levels in our case) which we called
the Ising-like model.') In our approach, a fictitious spin ¢
is associated with the HS and LS states for each molecule
i. The Hamiltonian of the system is expressed as a function
of the energy gap between the two levels of an isolated mol-
ecule (Ap) and a phenomenological parameter (J;;) describ-
ing the interactions between the molecules i and ;:

H; = lq“-c‘rj- B g_JJ-}-&,-&J-
2 oy
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where G is a fictitious spin operator with eigenvalues of +1
or —1 for the HS and LS states, respectively. Each level in
this model represents an effective level including the elec-
tronic configuration and the vibrational density of states. In
the mean field approximation, where the interaction energy
of the neighbouring molecules is averaged as J{(G):

2 Ji66 ; = J{(6)d;,
j#i

the magnetisation of the system, proportional to the mean
value of 6 = (6) is a self-consistent equation and the frac-
tion of HS molecules takes the form:

yus{T )= 7.‘;_.._1_.___
.«-u,—xp"‘" 2N 2yns=1)

with r = g/5/g"S being the degeneracy ratio of the HS and
LS levels including the vibrational contributions. The equi-
librium temperature 7, (obtained for yus = y15 = 1/2)
takes the form:

e "*"ll
Tz = PR

In the case where the cooperative interaction exceeds a
critical value (J > T)),), one observes a discontinuity in the
first derivative of the free energy F of the system, leading
to a first-order spin transition. In this case we observed
a hysteresis loop. By introducing two kinds of cooperative
interactions, namely “ferro-like” (positive) and “antiferro-
like” (negative), this model reproduces the main thermal
SCO behaviour observed experimentally: one-step or two-
step transitions, with or without hysteresis loops.['®) Fig-
ure 2 shows four examples of theoretically calculated
curves.

It is now well established that the HS form is stabilised
at higher temperatures due to its higher entropy (electronic
and vibrational in origin) when compared with the LS
form. The prominent role of the entropy difference between
the HS and LS states (ASyy) in driving the thermal spin
crossover was first considered by Sorai and Seki.l'”l These
authors studied the heat capacity of the compound
[Fe(phen),(NCS),] as a function of temperature and found
a heat capacity anomaly around the spin crossover tempera-
ture (176 K). The entropy change associated with the spin
transition was then estimated to be ASy. = (49.0%+0.7)
J-K~'mol~!. Since the entropy change measured by Sorai
and Seki is significantly larger than the electronic entropy
change, they proposed that the main contribution to ASy.
arises from the coupling of the electronic state to the
phonons of the system. In a first approach, this effect can
be explained by the increase in the number of antibonding
e, electrons upon an LS — HS crossover of the central me-
tal ion. This electronic change significantly weakens the
metal—ligand bonds leading to lower vibrational frequen-
cies. For example the metal—ligand stretching frequencies,
which are those most influenced by the spin state change,
were found to decrease by a factor of 1.5—1.8. In other
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Figure 2. Calculated thermal variation of ypyg using the Ising-like
model: (a) one-step spin crossover: gradual (/ < T,) and abrupt
with hysteresis loop (J > T7,); (b) two-step spin crossover: gradual
and abrupt with two hysteresis loops

words, the density of vibrational states shifts to the low fre-
quency range when going from the LS to the HS state. Since
the contribution of low-frequency modes to the vibrational
entropy will be higher, this phenomenon leads to a more
entropic HS state.

We have studied the effects of molecular vibrations on
the SCO phenomenon using vibrational spectroscopic
methods as experimental tools and by including the molec-
ular vibrations in our Ising-like theoretical model.l'0%:18]
The vibrational spectra, even recorded by a variety of meth-
ods (Raman, IR, nuclear inelastic scattering), cannot pro-
vide the complete vibrational spectrum. For these reasons,
theoretical treatments incorporating vibrational -effects
must inevitably rely on various approximations.

The Raman spectra of [Fe(phen),(NCS),] have been ana-
lysed!'®3 by making the assumption of an average frequency
representative of the idealised FeNg octahedron. An average
frequency ratio of 1.35 was obtained which is in good agree-
ment with the result (1.5) of recent DFT calculations on
the same compound.l'”! Using this value, an estimated vi-
brational contribution to the entropy change from the coor-
dination core of 20 J-K~!'mol~! was obtained. This result
supports the proposition of Sorai and Sekil'”! that the intra-
molecular vibrations represent a prominent contribution to
the overall entropy change.

The inherent limitations of the average frequency ap-
proach have been addressed by summing the entropy terms
associated with the distinct vibrational modes.[!3>18¢1 A
family of coordination polymers of formulae [Fe(pyrid-
ine)>(M(CN),)] and [Fe(pyrazine)(M(CN),)]:2H,O (M =
Ni, Pd, or Pt), displaying comparatively clear-cut low-fre-
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Figure 3. Raman spectra of the [Fe(pyrazine)(Pd(CN),)]-2H,0 spin
crossover complex in the HS (300 K) and LS (200 K) states!'8¢l

quency vibrational spectra (Figure 3), has recently been
studied by using this approach.['8] It was shown that the
spin state change in these compounds influences not only
the vibrations which can be described as Fe''ligand modes
but all other low-frequency modes of the polymeric net-
work (below ca. 600 cm™!). It was concluded that alongside
a major contribution from the metal—ligand vibrations (ca.
60 %) other intra- and intermolecular vibrations can also
make nonnegligible contributions to the entropy change
(ca. 40 %). The underlying reason may involve either coup-
ling with the Fel'—ligand vibrations or with the lattice con-
traction/expansion that accompanies the spin transition.
High pressure,'®1 isotopic substitution!'®d! and metal di-
lution!'®e] techniques combined with Raman spectroscopy
and calorimetry measurements revealed that in this family
of compounds, ASy; decreases upon isotope exchange and
metal dilution but does not change much with the lattice
contraction. These observations suggest, therefore, that the
vibrational couplings have a significant effect on the en-
tropy change.

Thus, both infrared and Raman spectroscopy reveal a
pronounced change in the molecular vibrational modes. We
have also studied theoretically the effect of intramolecular
vibrations on the spin crossover phenomenon for indepen-
dent molecules involving a set of harmonic oscillators.!'%d]
Each two-level molecule is associated with p harmonic os-
cillators having two possible frequencies, ®; 5 and oys (p =
15 for an octahedral symmetry). For each oscillator of fre-
quency ®,, the vibrational partition function can be written:

2(0uT) = Ufexplho/kT) — 1]

The contribution of oscillator (i) to the total entropy is
then derived from the free energy expression (F; = —k7Tlnz;
S; = —0JF/0T) leading to:

S{®;,T) = ho/2T-tanh(ho/2kT) — kIn[2sinh(hw/2kT)]

The total entropy of the system can be calculated by sum-
ming the contributions of the different vibrational modes.
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The decrease in the frequencies upon LS — HS crossover
results in an entropy increase that can be expressed by:

ASu(T) = Sus(T) — Sis(T)

The frequency dependence of the contribution of a given
mode on the total entropy change calculated according to
the above equations is shown in Figure 4 at different tem-
peratures. The higher the frequency and the lower the tem-
perature, the less the mode contributes to ASyy (7).
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Figure 4. Vibrational entropy change of a harmonic oscillator upon
spin transition as a function of the vibrational frequency; the
cur[\llg:s] were calculated with ops = opg/1.5 for different values of
T, lise

Interesting behaviour occurs due to the intramolecular
vibrations when the system is in an “equi-energetic’ situ-
ation. This situation corresponds to the case where Ay =
Actec — phi(0rs — ®ps)/2 = 0, i.e. when the contribution of
the molecular vibrations is of the same order of magnitude
as the electronic gap between the HS and LS states. In this
case, the HS state will be the ground state at low tempera-
ture and one may observe, as illustrated in Figure 5, a par-
tial SCO phenomenon with particular thermal behav-
iour.'%l To date, three examples of such “equi-energetic”
situations have been reported,?” the first two examples
coming from our group in 1996 and 1998.

Yus

0 SIO l(I)O I lIS() I 200
T(K)
Figure 5. Theoretical thermal variation of yyg in the vicinity of the

“equi-e[lr})e]rgetic” (HS, LS) situation (At = Aclee — Pl (®rs — Ops)/
2 = ()liee
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2.2. Magnetic Field Induced Spin State Change

Keeping in mind that (i) a magnetic field stabilises the
highest spin-state of the molecule through the Zeeman ef-
fect, (ii) the spin crossover phenomenon is a dynamic pro-
cess and (iii) it is possible to generate high pulsed magnetic
fields®>1 (LNCMP/CNRS, Toulouse, France: 32 Tesla in
2000 and 60 Tesla currently), the idea of applying a pulsed
magnetic field in the hysteresis loop was developed.

Historically, the first study using a static magnetic field
of 5.5 Tesla, reported by Y. Qi et al. on [Fe(phen),(NCS),],
revealed a shift of the thermal spin transition by
—0.12 K22l [n the second study with cobalt complexes un-
der a static field of 20 Tesla, J. Lejay et al. measured a shift
of Ty by —0.6 K.[2331 In 2000, we reported the first study
of the effect of a high and pulsed magnetic field (32 Tesla)
on the spin state of [Fe(phen),(NCS),] and a partial trig-
gering of the SCO was demonstrated with at least a 15 %
HS fraction created in an irreversible process (Figure 6).['14]

30 f 90 ms
10.75
25 |
20 Ascendi(::)g branch o7
i "t
s 15
- N q0.65
& ) ﬁ
) 10 D ms Descending branch
@
Wormstimspmsand 0:60
5
ot Magnetic Field 0.55
0.0 0.2 0.4 0.6 0.8 1.0
Time (sec)

Figure 6. Magnetic pulse effect on Fe(phen),(NCS),; the time de-
pendencies of yys(7) for two initial states belonging to the ascend-
ing (a) and descending (b) branches of the thermal hysteresis loop;
for comparison, the time dependence of the magnetic field pulse is
also shown!!!al

In a quasi-static approach, we modelled the observed ef-
fects under a magnetic field introduced in the Ising-like mo-
del.l"'?l The magnetic field, through the Zeeman effect, re-
moves the electronic degeneracies of the HS and LS levels
and the new Hamiltonian can be written as:

G;+1

i Ap = G
H;(ng)==26;+4,6,6;+ g, 11pBS7
i

where pp is the Bohr magneton, g; is the Landé factor, B
is the magnetic field strength and S. is the projection of the
spin moment operator along the field direction. The latter
can take any of the 2§ + 1 values mg = =S, =S + 1, ...,
S. The system can now be described by its spin state 6; and
also by myg. In order to solve analytically the Hamiltonian
of the system, we use the mean-field approximation. By ex-
plicit calculation of the mean value of 6 we obtain for ygs:

Eur. J. Inorg. Chem. 2004, 4353—4369 www.eurjic.org
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(B)
yus(B)= 4
Ao-2/Qyus—1)
r(B)+exp T
] h[M]
»8(B,S
with  r(B) = M(BS”S) and  g(B.S) = 2tsT
grs.2in8(B.Ss) sinh| 8L48B
2kgT
and for T,:
A
hyo= v
h[M]
g Ind SHS.0 2kghh/2
8LS,vib Sinh[w}
2kgTis2

where gus.yip and grs.vip are the vibrational degeneracies of
the HS and LS states, respectively.

The exact solution of these self-consistent equations can
only be obtained numerically. Figure 7 represents the reso-
lution of the yys(7,B) equation using the Newton numerical
method. This resolution was carried out in the case of a
gradual conversion between the diamagnetic (Sp g = 0) and
the paramagnetic (Syg = 2) spin states with the parameter
set as Ag = 700 K, J = 139 K, gusvin/grLsvib = 30 and for
different strengths of the applied magnetic field. It can be
noted that for an applied magnetic field above 18 T, a first-
order phase transition appears accompanied by a thermal
hysteresis. This effect has also been shown qualitatively in
ref123] In fact, the magnetic field decreases the transition
temperature but the condition for a first-order transition
JlkgT. > 1 remains unchanged. This condition is illustrated
in Figure 8, where, for J = 139 K, the first-order phase
transition appears above 18 T.

1,0 1

0,8

0,6

YHS

0,4 1

0,2

0,0

T
120 140 160

Temperature (K)

Figure 7. Calculated thermal variation of f”%(T’B) under a static
magnetic field using the Ising-like model,!''® for selected values
B =0,20T, 40T and 60 T; a thermal hysteresis loop (first-order
phase transition) is obtained for B = 60 T

As described in ref.['' we can also obtain an analytical
expression for the variation of 7', as a function of the ap-
plied magnetic field strength from the Landau free energy
in the presence of a field and in thermodynamic equilib-
rium. For an isothermal process and in the high-tempera-
ture approximation (paramagnetic Curie law), the magnetic
molar free energy can be written as:

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4357
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Figure 8. (B,T) phase diagram calculated using the Ising-like model
(Wim igLS =0, Sus = 2, Ag = 700K, J = 139 K, gus.iv/gLsvib =
30)tHe

AG = Gus — Grs = AH(0) — TAS(0) — (xus — XLS)BZ/ZHO

where AH(0) and AS(0) refer to the properties in the ab-
sence of an external field. Accounting for the paramagnetic
properties of the HS state, for a spin S = 0 — S = 2 tran-
sition we obtain:[!!a11el

and
8(A) = A(B) — A(0) = —4(Ing)(upB)*/A(0)
For a spin crossover between two paramagnetic states

(S = 1/2 2 S = 3/2) the equilibrium temperature shift takes
the form;[1d-11¢]

2(upBY
8ly2=- %BA )
B20

The negative sign for both the equilibrium temperature
and the energy gap between the HS and the LS states due
to coupling to the magnetic field leads, as expected, to the
stabilisation of the HS form.

Newton numerical resolution of T, obtained in the Is-
ing-like model has been described in ref.l''®l It appears, as
expected, that the transition temperature decreases quad-
ratically with the magnetic field B and the two approaches
(Ising-like and thermodynamic) are equivalent for weak
magnetic fields but diverge for strong fields.

The dynamic aspects of the pulsed magnetic experiments
are very interesting. In Figure 6 the peak value of the ap-
plied magnetic field (32 T) corresponds to a computed shift
of the transition temperature AT, = —1.8 K which is suf-
ficient for a complete triggering to be expected in the quasi-
static regime. Therefore, the incompleteness of the spin
switch can be associated with the kinetic part of the pulsed
field experiment.

Subsequently, using the metal-diluted complexes
Fe,Nig—,(btr)2(NCS),H,O  [btr = 4',4'-bis(1,2,4-tri-
azole)], we observed a clear correlation between the coop-

4358 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

erativity of the thermal transition and the dynamics of the
triggering process. In particular, the delay between the exci-
tation (magnetic pulse maximum) and the response in-
creases exponentially with increasing cooperativity (J) (Fig-
ure 9).[11e.111]

17 JOPITIL I (x=0.8)

Z ] + (x=0.52)
g
e g
T K rewnenoves);

% 0,17 .

if ]
£ ]
- h .

oo + x=0.33)
] T 1 ) L] T T T ) T T T ) L] T

L0 1,2 14 1.6 18 2,0 2,2 24

J/kgTq

Figure 9. The time delay between B™*¥(¢) and n{j&*(¢) on the ascend-

ing branch of the hysteresis loop (for initial temperatures corre-

sponding to a molecular fraction y={¢ = 0.4) for different samples

of [FeXNiﬁl_v\.)(btr)2(NCS)2]~HZO mixed crystals as a function of
J/]fﬁ]; w:1el the point obtained with Fe(Phen),(NCS), is also report-
edltia

This work prompted us to study, under a magnetic field,
a system with a low energy barrier between the (macro-
scopic) LS and HS states and with a paramagnetic LS state
in order to observe a complete spin-state switching. For this
aim we selected the compound Co""[H,(fsa),en](py),.[''4 As
shown in Figure 10, applying a magnetic field of 32 T to
this system, initially being in the ascending branch of the
hysteresis loop, leads to an irreversible and quasi-complete
S = 1/2 — S = 3/2 transition.

Ths

T T T T T T T T T T
100 120 140 0 4 8 12 16 20 24 28 32

T (K) B(Tesla)

Figure 10. Magnetic pulse effect on [Co{H,(fsa),en}(py),]; set of
isotherms yys(7,B) showing the irreversible triggering of the LS —
HS transition for an applied pulsed magnetic field in the ascending
branch of the hysteresis loop;l!'¥l the pathway of the increase in
the proportion of high-spin molecules as function of magnetic field
is shown by the arrows
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The kinetic aspects of the spin crossover triggering by
pulsed magnetic fields were modelled through dynamic
treatments of the Ising-like model.l''Y This requires a
stochastic description based on the following master equa-
tion:

L oor)=w,c0 ol o i) 2w 0 poll o o0
J J

where p({c},?) is the probability of observing the system in
the configuration {6} = (G}, 0, ..., Gy) at time ¢ and {c};
denotes the configuration of all spins, except ;. W(o))
which are the transition rates of the spin flip 6; — —o,
induced by the thermal bath which are constrained in order
to respect the microscopic detailed balance condition.

In the mean-field approximation, we obtained the follow-
ing nonlinear differential equation for the HS fraction of
molecules yys = (1 + m)/2:

dyps __2

- ——ste_Bge_zﬁqu*’S +l(1 —yys e P 2BalVns
t Ty 70

Figure 11 represents the solution of the equation for
yus(z,T) in the ascending and descending branches of the
thermal hysteresis loop: this model is (i) qualitatively in
good agreement with the experimental behaviour and (ii)
reproduces the nonreversible/reversible character of the
triggering in the ascending/descending modes, respectively.

0.9 A
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Figure 11. Calculated HS fraction as a function of the pulsed mag-
netic field B in the ascending branch of the hysteresis loop;!''¥ no
significant effects of magnetic field are observed for initial values
of yus < 0.3 (lower section of the figure)

As a summary of the main findings associated with the
effects of intense and pulsed magnetic fields we refer to the
following points:

1. In the first experiments with Fe(phen),(NCS),:!!1al

a) In the ascending (metastable) branch of the thermal
hysteresis loop, a partial irreversible triggering of the spin
crossover was obtained (15% of the LS molecules) by apply-
ing a 32 T pulsed magnetic field. In other words, in the

Eur. J. Inorg. Chem. 2004, 4353—4369 www.eurjic.org

ascending branch we succeeded in triggering the “first-or-
der” (in the nonequilibrium sense) magnetic field induced
spin transition.

b) In contrast to the situation with the ascending branch,
reversible triggering was obtained in the descending branch
(i.e. in this branch, the system cannot reach a metastable
state in a magnetic field.)

¢) Dynamic effects of the phenomenon are evidenced by
the delay between the excitation (application of magnetic
field) and the response (increase of high spin fraction)
measured at 50 ms and 90 ms for the ascending and de-
scending branches of the thermal hysteresis loop, respec-
tively.

2. In a second series of experiments with the
Fe Ni(; _ (btr)2(NCS),"H,0 family of complexes:['!]

a) Similar effects were obtained with x = 0.33, 0.52, 0.8
in the ascending/descending branches of the hysteresis
loops.

b) The delay between the excitation and the response in-
creased exponentially with increasing cooperativity.

3. In a third series of experiments on [Co(H,(fsa),en)py-],
a quasi-total triggering of the SCO was observed!!!4 and
was attributed to the low energy barrier (A = 442 cm ™)
between the HS and LS forms and to the paramagnetic
character of the LS state (S = 1/2).

4. A dynamic Ising-like model, including a magnetic
field, reproduced well the experimental observations.!!!d!

2.3. Pressure-Induced Spin State Change

The LS — HS spin state change of the central metal ion
in a molecule brings about a significant increase in the
metal—ligand bond lengths and, as a result, an increase of
the unit cell volume. This volume change associated with
the SCO may reach several percent of the unit cell volume
in iron(11) complexes as determined from X-ray diffraction
data.l"? In the case of complexes with an Fe''Ng core,
AV is typically around 20 A3/iron atom. 24241

Externally applied pressure stabilises the LS state (i.e.
with a smaller volume). Pressure thus has the effect of shift-
ing the thermal spin transition towards higher tempera-
tures.?* It also speeds up the relaxation back to the LS
state at a given temperature.?4¢=24.25] For complexes with
an Fe''Ng core, the shift in the transition temperature was
found, in general, to be around 15 K/kbar, though in cer-
tain cases a few exceptions were also found.[>4e-240.24K]

The pressure effects on the SCO can be modelled within
the Ising-like model using the mean-field approximation
and by taking into account only a direct coupling between
the HS fraction and the pressure through the work term
which increases the energy gap (A, = Ay +
pAVy).[11824:231 [n this case the shift of the transition tem-
perature with pressure is given as:

6T1/2/6p = AVHL/ASHL

where ASy is the total entropy change upon SCO and
AV, is the volume change. The positive sign of both ASy,
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and AV leads to a positive shift of 7, with increasing
pressure.

In the case of a first-order phase transition, the spin
crossover is usually accompanied by a hysteresis loop. The
hysteresis loop can be obtained from the Ising-like model if
the condition J > Ty, is fulfilled.'® The surface of the
hysteresis loop is proportional to the difference between the
cooperativity of the system and the equilibrium tempera-
ture [S ~ (J — T},)].2°! The positive sign of the shift of the
equilibrium temperature obtained by the Ising-like model
thus leads to a vanishing of the hysteresis loop upon in-
creasing pressure.

The pressure-induced spin switching around room tem-
perature can be illustrated by the example of the polymeric
spin crossover compound [Fe(Atrz);](NO3),-nH,O (Atrz =
4-amino-1,2,4-triazole). Mossbauer spectroscopic measure-
ments have been carried out under pressure at 325 K, i.e. in
the temperature range of the thermal hysteresis loop of this
compound. Figure 12 shows Mossbauer spectra of this
complex obtained at 325 K at low pressure (50 bar), under
compression (1000 bar) and after decompression (50 bar).
At low pressure the spectrum consists of a main doublet
(80 %) with hyperfine parameters characteristic of Fe!l in
the HS state (IS = 1.00 mms~!, 0S = 2.54 mms ') and a
small (20 %) doublet (IS = 0.41 mms~!, 0S = 0.14 mms™!)
which can be assigned to LS Fe'! species. By application of
1000 bar, the system can be converted completely to the
LS state as shown by the Mdssbauer spectra. Since at the
temperature of the experiment the system is in the hysteresis
region of the phase diagram, after decompression it remains
in the LS state, i.e. the piezo-switch is irreversible.
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Figure 12. Pressure-induced spin switching in

[Fe(Atrz);](NOs),'nH,O at 325 K detected by Mossbauer spec-
troscopy
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Since the early stages of SCO research, several authors
have discussed interest in the influence of pressure on SCO
systems.[>*l However, pressure effects on these molecular
materials have been found to be relatively complex. For ex-
ample, pressure was often found to induce changes in the
crystal structure.?”? For this reason, we decided to probe
the pressure effects on SCO systems using a spectroscopic
technique (Raman spectroscopy).

The spin states of a series of cyanide-bridged iron(in)
spin-crossover  coordination polymers of formulae
Fe(pyrazine)[M(CN)4]-:2H,O (M = Ni, Pd, or Pt) have been
studied by recording their solid state Raman spectra at
room temperature as a function of pressure (Figure 13).12°%
For the first time, a reproducible piezo-hysteresis loop has
been observed at room temperature for the Ni complex with
characteristic spin transition pressures of Py, 1 = 1350 bar
and P;,| = 650 bar upon compression and decom-
pression, respectively. The fascinating feature here is the use
of a perturbation other than the temperature to obtain a
memory effect (piezo-hysteresis loop). Using the Ising-like
model described above, we simulated piezo-hysteresis curves
and we were able to show that the condition required to
obtain a discontinuous pressure loop can be written as J >
Tip(p = 0) + PpAV(p)/AS(p). Since the second term is
always positive, piezo hysteresis can be expected only for
complexes displaying thermal hysteresis at atmospheric
pressure. Moreover, the piezo-hysteresis vanishes with in-
creasing temperature (Figure 14). For the Pd and Pt com-
plexes, the spin-state change occurs at higher pressures (1.8
and 3.5 kbar, respectively) and without hysteresis. The un-
expectedly high value of Py, in the case of the Pt complex
was puzzling but Raman spectroscopy revealed that in this
complex, a structural phase transition takes place at rela-
tively low pressures (100—900 bar). The pressure-induced
phase could be identified as a low-symmetry HS phase. This
new HS phase transforms to the LS form only at higher
pressures.

Using Raman spectroscopy in conjunction with a dia-
mond anvil cell technique, a spin state change for the com-
plex Fe(pyridine),[Ni(CN),] could be observed at around
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Figure 13. Intensity of the 675 cm ™! LS marker band as a function
of pressure for the complexes Fe(pyrazine) M(CN)4-2H,O (M =
Ni, Pd, or Pt) at room temperature (arrows indicate the increase
and subsequent decrease of the pressure)i?>?]
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Figure 15. The pressure dependence of Raman frequencies in Fe-
(pyridine),[Ni(CN),]; symbols: black squares/open squares rep-
resent modes assigned to the HS/LS phase, respectively; lines are
inserted to guide the eyel'8'

Figure 14. Calculated (P,T) phase diagram using the Ising-like
model (with gys/grs = 100, A = 1380 K, J = 400 K)[>3®]
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Figure 16. Pressure effect on the HS fraction yyg(7,p) in Fe(phen),(NCS), in the ascending (a) and descending (b) branches of the thermal
hysteresis loop!'?!
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10 kbar.['®1 The aim of this work was to study the effect of
the lattice contraction on the vibrational frequencies in the
HS and LS states, generated by externally applied pressure
up to 50 kbar. This question has already been brought up
in several previous European discussions (TOSS network)
and in theoretical investigations.['°®28] In fact, the expan-
sion/contraction of the lattice upon spin crossover must in-
duce a vibrational entropy change due to the anharmonicity
of vibrations. In general, this pressure-induced entropy
change is neglected in the treatment of the free energy of
the system, though no experimental data are available. We
have determined the pressure coefficients (dw/dp) of vi-
brational modes in Fe(pyridine),[Ni(CN),] in both the HS
and LS states down to 150 cm™! (Figure 15). The pressure
dependence of the Raman modes was found to vary be-
tween 0.1 and 0.4 cm !-kbar™! in the investigated fre-
quency range for both HS and LS frequencies. We therefore
concluded that at moderate applied pressures (< 10—15
kbar) the lattice contraction induced entropy change is
small and can be in fact neglected.!'8']

Besides the static effects of pressure on the SCO we have
also studied the effects of a pressure pulse in the tempera-
ture range of the thermal hysteresis loop for the compound
Fe(phen),(NCS),.l'?! During the dynamic pressure pulse, a
decrease in yyg can be observed with an irreversible (revers-
ible) character in the descending (ascending) branch of the
hysteresis loop (Figure 16). In this respect, pressure has a
“mirror effect” compared with the application of an intense
and pulsed magnetic field for which an increase in yyg is
observed with an irreversible (reversible) character in the
ascending (descending) branch of the hysteresis loop. This
observation can be explained by the fact that an applied
magnetic field stabilises the HS state through the Zeeman
effect while external pressure stabilises the LS state due to
its smaller volume. If one compares the theoretical shift of
the transition temperature under quasi-static external press-
ure with that due to a magnetic field, it appears that the
effect of 1 T is roughly the opposite of the shift caused by
2.5 bar. The fact that a pressure as low as 200 bar triggered
a complete crossover between the two spin-states suggests
that piezo effects might be implemented in devices for ad-
dressing SCO materials (e.g. pressure sensors).

2.4. Light Pulse Induced Spin State Change

A photo-induced technique for the study of SCO in Fe!!
complexes was first reported by McGarvey and Lawthers
in 1982 in a paper describing the use of a pulsed laser to
perturb the equilibrium between the singlet (*A) and quin-
tuplet (°T) states in several Fe'' complexes in solution.[*]
Then, in 1984, Descurtins et al. reported that light ir-
radiation of a solid Fe!! spin crossover complex at low tem-
perature induced a transition from the LS to a metastable
HS state.[?% Subsequently, this so-called Light-Induced Ex-
cited Spin-State Trapping (LIESST) effect was intensely
studied by Hauser et al. and its main elements are con-
sidered today to be well understood.*!]" Though the
LIESST effect is potentially interesting for use in optical

4362 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

devices, the low relaxation temperatures of the metastable
HS species strongly limits such applications.*?!

On the other hand, recent reports suggest that it is pos-
sible to realise a photoinduced spin-state change at rela-
tively high temperatures when exciting the solid material
with a short laser pulse in the thermal hysteresis loop re-
gion. This phenomenon was first demonstrated on the com-
plex Fe(PM-BiA),(NCS),.[13] In the hysteresis loop tem-
perature range (around 170 K), an increase of the HS frac-
tion was obtained using single laser pulse (5 ns, ca. 1 mJ).
Similar phenomena have been reported on Prussian blue
analogues exhibiting thermal hysteresis loops associated
with valence tautomerism.!'3?! It should be emphasised
that, contrary to the LIESST effect, in these experiments
the macroscopic metastable phase (HS or LS) is photo-
transformed into the thermodynamically stable phase. It
was suggested that such a phenomenon could occur if the
concentration of locally photo-excited states exceeds a
threshold value.

These preliminary photo-switching experiments represent
interesting perspectives, especially if they prove to be effec-
tive on SCO compounds exhibiting hysteresis around room
temperature. However, further experiments and theoretical
work are necessary to confirm the origins of these obser-
vations.

2.5. The Promising Properties for Devices

Information processing is based on the ability to modify
and retrieve a particular physical property of a material
such as its electrical, magnetic or optical response. In the
case of spin crossover complexes, changes of magnetic and
optical properties are well documented.l'! The magnetic
properties change between a paramagnetic and a diamag-
netic state (Fe'™ and Co™ ions) or between two different
paramagnetic states (Fe'™, Co', Mn'"). The change in op-
tical properties occurs in the visible and near-IR spectro-
scopic regions depending strongly on the particular com-
plex in question. Both charge transfer (MLCT) and ligand
field absorption bands contribute to these spectroscopic
changes.

Though optical reading has some potential applications,
it is more desirable to base these on electronic functions. In
fact, the use of electronic properties offers much wider
scope, particularly in the context of addressing the issue
of miniaturisation through the “bottom up” (i.e. molecular
level) approach. In this respect, we have recently reported
results demonstrating a link between the dielectric constant
and the SCO phenomenon. In fact, the real part of the di-
electric constant (¢') showed a significant variation at the
spin transition temperature for different iron(Ir) spin cross-
over complexes.®! The frequency dependence of & was
found to be negligible up to 1 MHz. As far as the origin of
the dielectric constant change is concerned, one can assume
to a first approximation that it results from the higher pol-
arisability of the HS ions when compared with the LS form.
Indeed, for most of the complexes, we have found a higher
value of ¢ in the HS state. However, in the case of the
complexes Fe[SNO,-sal-N(1,4,7,10)] (sal = salicylaldehyde)
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and [Fe(bpp),](BF,4), [bpp = 2,6-bis(pyrazol-3-yl)pyridine],
&' decreases when going from the LS to the HS state indicat-
ing that the interpretation of these changes might be more
complex especially if one considers the possible existence of
crystallographic phase transitions in these compounds.

As a recent example of bistability in three properties of
the same compound (magnetic, optical and dielectric) the
example of [Fe(DAPP)(abpt)](ClO,4), {DAPP = [bis(3-ami-
nopropyl)(2-pyridylmethyl)amine], abpt = 4-amino-3,5-bi-
s(pyridin-2-yl)-1,2,4-triazole} is shown in Figure 17. The
changes in all three physical channels occur as first-order
phase transitions with 10 K wide hysteresis loops centred
around 176 K. The high-temperature state shows a para-
magnetic Curie temperature dependence of the magnetic
susceptibility, with an effective magnetic moment () of
5.5 B.M. This magnetic moment corresponds to HS Fell
ions with § = 2. Upon cooling, p.r decreases sharply
around the spin transition temperature and the paramag-
netism is almost completely quenched (p. = 0.15 B.M.) at
low temperatures, in agreement with a pure diamagnetic
state of Fe' ions (S = 0). The optical reflectivity measured
at 632 nm also shows hysteresis. The reflectivity is higher in
the HS form indicating that the optical absorption at this
wavelength is lower in this state. The dielectric constant
measured at 10 kHz shows an increase of ca. 8§ % upon
going from the LS to the HS state. The memory effect oper-
ates around 176 K by the storage of a high or low capaci-
tance state. No significant frequency effect has been ob-
served on ¢’ in the range of 10°—107 Hz.
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Figure 17. Thermal hysteresis loop for optical, magnetic and dielec-
tric properties in the same spin crossover complex [Fe(DAPP)-
(abpt)](ClO4),
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3. Engineering Spin Crossover Materials

The prerequisite for the occurrence of a spin crossover is
the proximity of the HS and LS electronic states. The en-
ergy gap between two states can be tuned in a relatively
predictable fashion by variation of the ligand field strength.
Several synthetic strategies used in the synthesis of spin
transition complexes have been summarised in a recent vol-
ume of “Topics in Current Chemistry”.[!1 One of the pos-
sible approaches for engineering spin transition systems, ap-
plied by our group, is the use of ligands containing both
aliphatic and aromatic nitrogen donor atoms. The combi-
nation of nitrogen atoms of a different nature in the same
ligand can be expected to generate an intermediate ligand
field, favouring spin-state interconversion. On the basis of
this strategy, numerous complexes of polydentate ligands
containing different types of nitrogen binding sites have
been designed.”I?1 On the other hand, the involvement of
amino and pyridyl groups in the same ligand may exert a
favourable effect on the generation of intermolecular H-
bonding and/or m-stacking interactions, leading to cooper-
ative effects. Moreover, the variation of the aliphatic to aro-
matic nitrogen atoms ratio in the same ligand is also a con-
venient tool for the fine-tuning of the ligand field strength.
However, the ligand field splitting is not the only factor
which determines the existence and character of a spin tran-
sition. The interplay of the spin pairing energy and the li-
gand field strength is very sensitive to small structural per-
turbations in the metal environment. They may result from
the existence of sterically demanding ligands and/or from
minor crystal packing changes associated with the nature
of the counter ions or even the presence of a solvent of
crystallisation. As has been noted,?7 even more subtle
changes such as the number of chelate rings and/or the re-
placement of five- with six-membered cycles can also affect
the spin state of the resultant iron(i1) complex. Thus, in the
framework of a general synthetic approach the spin tran-
sition behaviour is not generally readily predictable.

3.1. Mononuclear Complexes

In this context, in order to study the influence on the
spin transition process of small perturbations in the ligand
structure, several tetradentate ligands with mixed aliphatic
and aromatic nitrogen atom functions were prepared (Fig-
ure 18) and their mononuclear iron(i1) complexes were in-
vestigated. The new spin transition compound [Fe(DPEA)-
(NCS),] [DPEA = 2-aminoethylbis(2-pyridylmethyl)amine]
was isolated and its structure, magnetic properties and
Mossbauer spectra were investigated.*3! This complex dis-
plays a cis configuration for the two NCS groups and a
mer arrangement of two pyridyl rings of the DPEA ligand
(Figure 19). The DPEA ligand, coordinated to the metal
atom by two pyridine nitrogen atoms in apical positions
and two aliphatic amino groups in adjacent positions in the
[FeNg] octahedron, forms three 5-membered metallocycles.
The X-ray analysis revealed the existence of an important
distortion of the [FeNg] core from O, symmetry, attribu-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4363



MICROREVIEW

A. Bousseksou, G. Molnar, G. Matouzenko

[ B
N7 N AT e™
N NN NH, —N
N
= = NH,
(DPEA) (DPPA) (DAPP)

Figure 18. Representation of the DPEA, DPPA and DAPP ligands

Figure 19. Molecular structure of [Fe(DPEA)(NCS),]

table to steric constraints due to the tetradentate ligand.
The sharp spin conversion observed in the complex at
138 K is close to a first-order transition (Figure 20) and we
anticipated that suitable changes in the structure of the li-
gand, which would release some strain, could modify the
magnetic properties and possibly lead to a spin transition
with hysteresis.
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This idea was realised with the new DPPA ligand
[DPPA = (3-aminopropyl)bis(2-pyridylmethyl)amine] (Fig-
ure 18) which differs from DPEA by the presence of an ad-
ditional methylene unit in the amino aliphatic chain.[*¥
Upon coordination to iron(ir), DPPA can form one 6-mem-
bered and two 5-membered chelate rings. However, during
the preparation of the DPPA—iron(i1) complex
[Fe(DPPA)(NCS),], we isolated not a single crystalline form
but four different species. Certainly, the enlargement of one
of the three metallocycles leads to enhanced molecular
flexibility and results in this greater variety of species. Three
of these species were defined as polymorphic modifications
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(A, B, and C) and the fourth was a solvated complex. Only
a few manifestations of polymorphism are known among
spin transition systems.[*! For polymorph A, variable-tem-
perature magnetic susceptibility measurements (Figure 21)
as well as Mdssbauer spectroscopy have revealed the occur-
rence of a rather gradual spin transition without hysteresis,
centred at about 176 K. The polymorph B is paramagnetic
over the temperature range 4.2—295 K, whereas polymorph
C exhibits a very abrupt S = 2 2 § = 0 transition with
hysteresis. The hysteresis width is 8 K, the transitions being
centred at 7. = 112K for decreasing and 7.1 = 120 K
for increasing temperatures. The solvated complex
[Fe(DPPA)(NCS),]'EtOH displays a rather gradual spin
transition centred near 220 K. An X-ray analysis has shown
that in the three polymorphs, the asymmetric units are al-
most identical and consist of one chiral complex molecule
with the same configuration and conformation. The dis-
torted [FeN¢] octahedron is formed by four nitrogen atoms
belonging to DPPA and two provided by the cis thiocyanate
groups. Contrary to our expectations, the two pyridine rings
of DPPA are in the fac position, whereas the mer configura-
tion has been isolated for [Fe(DPEA)(NCS),]. This circum-
stance, which made a direct comparison of the effect of me-
tallocycle strain on magnetic properties irrelevant, offered
instead a valuable opportunity to focus on the conse-
quences of polymorphism on the magnetic properties of the
same complex. The main differences between the structures
of the three polymorphs are found in their crystal packings.
The stabilisation of the high-spin ground state of poly-
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Figure 21. Thermal variation of yy T for fac-[Fe(DPPA)(NCS),] in
polymorph A (+++), in polymorph B (open triangles), in poly-
morph C (open circles) and for [Fe(DPPA)(NCS),]JEtOH (open
squares)
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morph B can be tentatively explained by the presence of
two centres of steric strain in the crystal lattice, resulting in
the elongation of the Fe—N(aromatic) distance. The ob-
served hysteresis in polymorph C seems to be due to the
existence of an array of intermolecular contacts in the crys-
tal lattice making the spin transition more cooperative than
in polymorph A. The [Fe(DPPA)(INCS),] complex provides
a new and particularly striking example of polymorphism
leading to qualitatively different magnetic properties in a
spin transition system.

This latter example shows that the crystal structure plays
a major role in the shaping of spin transitions. Packing ef-
fects appear as a small perturbation on the interplay be-
tween the ligand field and the interelectronic interactions.
Besides, they determine the propagation pattern of the co-
operative interactions in the solid. Unfortunately, the influ-
ence of packing effects on the spin state of the complex
is neither predictable nor controllable. Another alternative,
connected with the packing effects, arises when several crys-
tallographically independent iron(ir) sites co-exist in the
same unit cell and structural distinctions among iron(Ir)
complexes can result in their different magnetic behav-
iour.*®! This latter situation can be illustrated by the re-
cently reported mononuclear complex [Fe(DPEA)(bim)]-
(Cl104),°0.5H,0 with the DPEA ligand and bim = 2,2-bis-
(imidazole).[3”) Variable-temperature magnetic susceptibility
measurements (77—295 K) have shown the occurrence of a
two-step spin transition (Figure 22). Two steps on the mag-
netic curve are separated by an inflection point at 200 K,
corresponding to about 50 % of the molecules having
undergone a thermal spin transition. The first step is
centred at 171 K and the second at 218 K. M&ssbauer spec-
troscopy, calorimetric measurements and X-ray analyses
have shown that the profile of the magnetic curve is a conse-
quence of the presence of two nonequivalent iron(1r) ions in
the crystal lattice. The crystal structure was resolved in the
HS and LS forms at 293 and 123 K, respectively. The main
differences between both spin-state isomers were found in
the geometry of the [FeNg] core which exhibits the shorter
of the Fe—N distances at lower temperatures. Two inequiva-
lent HS molecules at two crystal lattice sites successively
undergo a thermal spin transition. The attribution of the
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Figure 22. Thermal variation of aimT for
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two steps of the spin transition to the inequivalent lattice
sites was performed through the analysis of the mean Fe—N
distances for functionally different nitrogen donor atoms.
At 10K the light-induced excited spin-state trapping
(LIESST) effect was observed (Figure 23). Two critical tem-
peratures T(LIESST) have been recorded (36 and 21 K) and
attributed to the two nonequivalent iron(ir) lattice sites.

21K 36K
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g -0.02
= -0.04
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Figure 23. a) Temperature dependence of yu7 for
[Fe(DPEA)(bim)](ClO4),+0.5H,0: data recorded in the cooling
mode without irradiation (solid diamonds); data recorded with ir-
radiation at 10 K for 2 h (open circles); data recorded in the warm-
ing mode (0.3 K min™!) after the light irradiation had been applied
for 2 h, then removed (solid squares); b) derivative d(yyT)/0T

Following the study of how strain effects arising from the
size of chelate rings could modify the spin-crossover regime
of iron(i1) complexes, the tetradentate DAPP ligand
{DAPP = [bis(3-aminopropyl)(2-pyridylmethyl)amine]}
(Figure 18) was then synthesised.[*®] When coordinated to
iron(11), DAPP can form one five-membered and two six-
membered chelate rings. However, the isolated analogous
complex [Fe(DAPP)(NCS),] displays only the HS state.
This is certainly in line with the decrease of the ligand field
strength in DAPP due to the substitution of one aliphatic
nitrogen atom for an aromatic one in the DPPA ligand, re-
sulting in an aliphatic/aromatic ratio of 3:1 in the former
compared with 2:2 in the latter. Another bidentate ligand,
4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole ~ (abpt)  was
chosen to complete the octahedral coordination sphere of
iron(i) and to reinforce the total ligand field strength
needed for the occurrence of spin crossover. The isolated
mononuclear complex [Fe(DAPP)(abpt)](ClO,), displays an
abrupt spin transition with a hysteresis loop of 10 K, the
transition being centred at 7, | = 171 K for decreasing and
T.7T = 181 K for increasing temperatures (Figure 24). The
explanation for the pronounced cooperativity in this case
was sought in the intrinsic structural features of the com-
plex. The crystal structure was resolved in the high-spin
(293 and 183 K) and low-spin (123 K) states. The X-ray
analysis revealed that the cooperative spin transition results
from a branched network of intermolecular interactions in
the crystal lattice provided by two modes of m-stacking and
numerous hydrogen bonds. The thermal spin transition is
accompanied by a considerable change in the lattice param-
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Figure 24. Thermal variation of y\ T for [Fe(DAPP)(abpt)](ClOy),
in the heating mode and cooling mode

eters (e.g. 7.5% for the ¢ axis at 123 K) which in turn impose
modifications on the molecular crystal packing and, ac-
cordingly, in the system of intermolecular interactions. In
connection with this, the pronounced hysteresis in this com-
plex, without any crystallographic phase transition, can be
assumed to originate from the dramatic change of the unit
cell parameters and rearrangement of the topology of the
cooperative interactions. The second striking result of this
study is the occurrence of two order-disorder transitions (in
the counter anion and in the DAPP ligand) which ac-
company the spin change. The role of order-disorder
phenomena has been discussed in the spin-crossover litera-
ture for a long timel*! and the ordering was suggested to
be related to the nature of the spin transition. So far, only
the disorder of species that are not coordinated to the iron(1r)
such as counter anions and solvent molecules, has
been observed in spin transition complexes. [Fe(DAPP)-
(abpt)](ClOy), is, to the best of our knowledge, the first
example of a spin-crossover system with an order-disorder
transition involving the ligand directly coordinated to the
iron(1) site. In line with previous studies, the order-disorder
phenomena and spin transition in [Fe(DAPP)(abpt)](C10,),
seem to be internally interrelated. One may suppose that
both tuning of the ligand field strength by the DAPP ligand
and reinforcement of the cooperative interactions due to the
thermal ordering in the perchlorate ions provide an intrinsic
impulse for the initiation of the spin transition in [Fe(DAPP)-
(abp)](ClO4),.

To examine the role of counter ions capable of giving rise
to different crystal packings, we also prepared the com-
pounds [Fe(DAPP)(abpt)]X, with X = BF,, PF¢. Their
magnetic behaviour (Figure 25) shows that the nature of the
counter ion plays an important role in the spin-transition
regime of [Fe(DAPP)(abpt)]X,. The complex with the tetra-
hedral BF,~ anion (as in the case of ClO,™) displays rather
similar magnetic behaviour to [Fe(DAPP)(abpt)](ClO,),,
with the hysteresis loop slightly displaced toward higher
temperatures. In contrast, the complex with the octahedral
PFs~ anion shows a gradual spin transition, shifted
towards lower temperatures, without hysteresis.
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3.2. Coordination Polymers

The polymeric approach to designing SCO systems exhi-
biting strong cooperativity was only introduced quite re-
cently®% and therefore the number of such compounds still
remains limited. The most extensively studied family in-
cludes iron(ir) complexes with 1,2,4-triazole-type ligands.[*!]
Some of the complexes from this family, namely
[Fe(trz);]A,'nH>O (trz = 4-substituted-1,2,4-triazole; A =
a monovalent anion), exhibit abrupt spin transitions with a
thermal hysteresis width up to ca. 40 K.['%) The structural
information for this complex has been deduced only from
EXAFS spectroscopy.[*?l The structure consists of linear
chains in which the iron(1r) atoms are triply bridged by tri-
azole ligands. Unfortunately, structural information on the
intermolecular interactions in the crystal lattice is not avail-
able. The cooperativity in these systems can be assumed to
arise from a very short Fe—Fe intersite spacing and a rigid
Fe—N—N-—Fe linkage favouring the efficient spreading of
the intersite interactions.

Several polymeric spin-crossover complexes have been
synthesised using the self-assembly of rigid bifunctional N-
donating spacer ligands and iron(i) ions.[?%¢43 Recently,
using this approach, we synthesised a new spin-crossover
compound of formula [Fe(pyim),(bpy)](ClO,4),2C,Hs;OH
[pyim = 2-(2-pyridyl)imidazole and bpy = 4,4'-bipyri-
dine].[*¥ It represents the first structurally characterised ex-
ample of an iron(ir) coordination polymer with an infinite
zigzag chain undergoing the spin-crossover phenomenon.
Variable-temperature magnetic susceptibility measurements
revealed the occurrence of a relatively gradual spin tran-
sition centred at 205 K (Figure 26). The crystal structure
was resolved at 293 K (HS form) and at 173 K (LS form).
The complex assumes a 1D zigzag chain structure in which
the iron(11) active sites are linked to each other by a chemi-
cal bridge such as the rigid rod-like 4,4'-bipyridine mol-
ecule. The polymeric chains which extend along the ¢ axis
are stacked in the b direction, forming 2D sheets of bound
molecules (Figure 27). The sheets are linked together by
several intermolecular hydrogen bonds in the « direction.
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Figure 27. Projection of the molecular structure along the a axis
for [Fe(pyim),(bpy)](ClO4),:2C,HsOH showing the m—n stacking
arrangement at 293 K

The ensemble of structural features of the complex, poten-
tially leading to the cooperativity, provides a basis for
strong interactions. However, they are not strong enough in
comparison with the HS—LS energy gap and result in a
relatively gradual spin transition for the complex. This ex-
ample shows that the simple linking of active sites in the
polymeric network is not in itself a sufficient condition to
generate systems with the cooperative character of a spin
transition. The presence of effective intermolecular interac-
tions such as hydrogen bonding and/or m-stacking, favour-
ing the efficient spreading of the intermolecular interac-
tions, as well as the rigidity and conjugated nature of the
chemical bridges, can contribute to the cooperativity.

4. Conclusions and Perspectives

To date, one of the most exciting perspectives in molecu-
lar science concerns the use of molecules or molecular as-
semblies as the active elements in devices for signal pro-
cessing and information storage systems. Spin crossover
and, in general, molecular bistability offer prospects for
sensitivity and selectivity levels that cannot be reached with
conventional solid-state materials. However, many funda-

Eur. J. Inorg. Chem. 2004, 4353—4369 www.eurjic.org

mental questions remain to be answered. In particular, we
need to study the effect of size reduction on the hysteresis
behaviour and analyse the parameters determining the
switching process (the origin of energy barriers, the mecha-
nism of structural relaxation on both the molecular and
macroscopic scales, etc.). From a chemical point of view,
challenges in this field involve the problem of size-reduction
and optimisation of the photo/piezo/magneto-excitation ef-
ficiency.
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