
SHORT COMMUNICATION

DOI: 10.1002/ejic.200800391

Quenching the Hysteresis in Single Crystals of a 1D Chain Iron(II) Spin
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The unusual grinding effects observed in the 1D spin cross-
over polymer [FeL(bipy)]n (1), with L being a tetradentate
N2O2

2– coordinating Schiff base type ligand {(3,3�)-[1,2-
phenylenebis(iminomethylidyne)]bis(2,4-pentanedionato)(2–)-
N,N�,O2,O2�} and bipy = 4,4�-bipyridine, are investigated

Introduction

Spin transition (spin crossover, SCO) complexes are an
interesting class of compounds that can be switched be-
tween two or more states by external perturbations as tem-
perature, pressure or light.[1] Several applications in the field
of information technology can be envisioned for this class
of substances, especially for complexes that exhibit a wide
hysteresis around room temperature (memory effect).[2] The
occurrence of hysteresis effects depends on the “communi-
cation” between the metal centers during the spin transi-
tion, i.e. cooperative effects. Different intermolecular inter-
actions as π-stacking, hydrogen bonds or van der Waals in-
teractions are suitable information transmitters. However,
covalent linkers did attract special attention over the last
years as the spreading of those interactions can be more
easily controlled.[3] This resulted in the synthesis and char-
acterization of several iron(II) spin crossover coordination
polymers.[4]

Results and Discussion

In this context, we previously reported the synthesis and
magnetic properties of a 1D SCO polymer obtained by
combination of an iron(II) complex with an equatorial,
tetradentate Schiff base type ligand and 4,4�-bipyridine as
bridging axial ligand (compound 1).[5] The powder sample
displays a spin transition with an approximately 18 K wide
thermal hysteresis loop (T1/2� = 237 K and T1/2� = 219 K).
Single crystals of the compound were obtained; however,
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using magnetic measurements, X-ray powder diffraction and
optical reflectivity studies. The observed behaviour can be
explained when solvent effects are taken into account.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

the quality of the crystals was inferior, and only the confor-
mation of the molecule in the HS state could be deter-
mined.[5] Several attempts were made to obtain single crys-
tals of higher quality for the determination of the X-ray
structure before and after the spin transition, but they were
not successful. Recently, we were able to determine the con-
formation of the molecule at 130 K. A top-view of the
asymmetric unit is given in Figure 1. For this type of com-
plexes, the spin state of the iron centre can be determined
by observing the O–Fe–O angle which changes from about
90° in the LS state to about 110° in the HS state.[6] Accord-
ing to the outcome from X-ray structure analysis, the single
crystals of 1 appear to remain in the HS state at 130 K with
O–Fe–O angles around 110° for all four iron centres in the
asymmetric unit. This is quite in contrast to the outcome

Figure 1. ORTEP drawing of the top-view of the asymmetric unit
of compound 1 at 130 K. The O–Fe–O angle is clearly visible for
each of the molecules and typical for iron(II) in the HS state (Fe1
110°, Fe2 115°, Fe3 112° and Fe4 112°).
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from susceptibility measurements on the powder sample.
We, therefore, decided to grow a large enough amount of
crystals for detailed investigations including magnetic mea-
surements, X-ray powder diffraction and optical reflectivity
studies to investigate this phenomenon.

Firstly we recorded the magnetic susceptibility of the
crystals in the temperature range from 300 K to 5 K. The
result is given as solid squares in Figure 2A. The room-
temperature moment of 3.32 cm3K–1mol–1 it typical for
iron(II) in the HS state and does not change significantly
as a function of temperature. Only very small devations be-
tween the cooling and the heating curves (Figure 2B) were
observed which could be due to a spin change of a small
part of the molecules. The heating and cooling curves were
repeated; however, no changes were observed. Two parts of
the crystals were then pulverised using mortar and pistil
(sample I) or a vibrating sample mill (sample II). The re-
sulting curves of the magnetic measurements are given in
Figure 2A as open circles (I) and open squares (II). For
comparison purposes the results of the magnetic measure-
ments of the powder sample (open triangles) are included
as well.

Figure 2. Thermal variation of χMT for the different samples of
compound 1. A: magnetic properties of the crystals (solid squares),
pulverised crystals (open circles and open squares) and a separately
prepared powder sample (triangles) of 1. B: Extract of the χMT vs.
T plot of the crystal sample of 1. C: χMT vs. T plot of freshly
prepared crystals of 1(MeOH)0.25 (solid squares) and decomposed
crystals of 1 (open triangles).

The room-temperature moments of both samples of the
pulverised crystals are with 3.23 cm3 K –1mol–1 (sample I)
and 3.19 cm3 K –1mol–1 (sample II) in the range typical for
an iron(II) HS complex. Upon cooling, an incomplete, co-
operative spin transition into the LS state takes place with
a residual HS molar fraction (γHS) of γHS = 0.56 (χT =
1.80 cm3 K –1mol–1) for sample I and γHS = 0.14 (χT =
0.46 cm3 K –1mol–1) for sample II. With increasing grinding
(or alternatively with smaller particle size) an increasing re-
appearance of the hysteresis can be observed. This effect is
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completely opposite to the grinding effects reported so far
for spin transition compounds where hysteresis effects dis-
appear with increasing grinding and higher residual HS
and/or LS molar fractions are observed.[7] Until now this
was explained by the destruction of the domains responsi-
ble for the cooperative interactions during the spin transi-
tion in agreement with the domain model by Sorai and
Seki.[8] In case of compound 1, a first explanation of the
observed behaviour could be that because of a too rigid
packing of the molecules in the crystals the spin transition
is quenched except for a small layer on the surface which is
more flexible. With increasing grinding the ratio of surface
layer/bulk sample increases, and the spin transition re-
appears with a decreasing remaining HS molar fraction un-
til the particles are small enough for a complete spin transi-
tion. As the grinding appears to have no negative effect on
the quality of the thermal hysteresis loop, this implicates
that the domain model is not applicable for compound 1 or
alternatively the domains are very small.

Our next experiment was to find out what happens on
the surface. Optical reflectivity spectra are one possibility
to monitor the spin transition on the surface of the sample,
and the reflectivity spectra of the crystalline and of the
powder samples were therefore investigated in dependence
of the temperature. The observed changes in the optical
spectra when going from room temperature to 100 K are
similar for both samples of compound 1. The absorption
band around 850 nm, which is characteristic for the d-d
transition in the HS state, decreases, and at the same time
the absorption bands in the visible region (d-d and MLCT
transitions of the LS state) increase. To illustrate this phe-
nomenon, Figure 3 shows the temperature dependence of
the reflectivity recorded at one fixed wavelength (e.g.
880 nm). For both samples a thermal spin transition occurs
with an about 20 K wide thermal hysteresis loop, in good
agreement with the magnetic measurements on the powder
sample. Consequently, at the surface of the crystals clearly
a spin transition does take place.

Figure 3. Dependency of the reflectivity signal at 880 nm as a func-
tion of the temperature for 1 in the crystalline and powder samples.

As a next step to a better understanding of the system,
the X-ray powder patterns of the different samples were in-
vestigated in dependence of the temperature. The general
idea was to estimate the particle size of the different sam-
ples as further proof for the above-mentioned assumptions.
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The results are given in the 2θ range of 14–20° in Fig-
ure 4A. The spin transition is accompanied by a change in
the X-ray powder pattern which is most likely due to a
phase transition, as frequently observed for cooperative
spin transition compounds. Surprisingly, for the more crys-
talline samples of compound 1 the same temperature-de-
pendent changes were observed independent of the grinding
grade and with no indications for a remaining HS molar
fraction (Figure 4B). In contrast to this, in the calculated
patterns of the single-crystal X-ray structure analysis only
minor changes are found for the different temperatures
(298 K, 200 K, 130 K). Additionally, the calculated powder
patterns of the single crystals do not agree with those of
the powder or the ground crystal samples of 1 (HS or LS
state), indicating differences in the composition of the sub-
stance and/or a further phase transition.

Figure 4. Temperature dependence of the X-ray powder pattern of
different samples of 1. A: powder sample at 200 K, 225 K, 230 K,
235 K, 240 K and 250 K; B: crystalline sample at 100 K and 280 K;
C: calculated pattern from the single-crystal X-ray structure analy-
sis at 130 K, 200 K and 300 K.

One possible explanation for these contradictory results
is a change in the composition of the crystals in the time
interval of the experiments (approximately two months).
The only kind of decomposition imaginable causing the ob-
servations made so far is the loss of solvent molecules in the
crystals. Indeed, the results from X-ray structure analysis
indicate the presence of one methanol molecule in the
asymmetric unit that is hydrogen-bonded to one of the car-
bonyl substituents of the equatorial ligand. Due to the low
quality of the data this information is not very reliable;
however, it is supported by comparison of the elemental
analysis of freshly prepared crystals and the powder sam-
ple.[9] The magnetic measurements of the crystals were re-
peated on an “decomposed” batch of the sample, and the
results are given in Figure 2c. A complete spin transition
with hysteresis is observed for the “decomposed” crystals,
and the magnetic properties therefore strongly depend on
the presence of lattice solvent. The observations made dur-
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ing the grinding process are (most likely) not due to a
change in the particle size but due to a loss of included
solvent during the grinding process. As for the reflectivity –
since the methanol will first evaporate on the surface, the
temperature dependence of the reflectivity should be the
same for both samples of the compound.

Conclusions
There are several examples for the influence of additional

solvent molecules on the spin transition of SCO complex-
es.[1h] It has often been observed that the loss of protic sol-
vent molecules destabilizes the LS state,[10] while the loss of
aprotic solvent molecules leads to a systematic increase of
the transition temperature and continuous decrease of the
hysteresis loop width.[11] In contrast to this, in compound 1
the loss of the protic solvent molecule methanol stabilizes
the LS state. Similar grinding effects as in 1 were observed
for a dinuclear complex; however, only a gradual spin tran-
sition is obtained in the powder sample.[12] Technologically
attractive SCO complexes should exhibit high transition
temperatures with wide thermal hysteresis loops which are
stable with respect to grinding effects and/or solvent ex-
clusion. All those properties are unified in compound 1,
where the spin transition properties improve when solvent
molecules are lost and/or the crystals are pulverised. This
is of great importance when future applications for SCO
materials are envisioned, and the results raise our hopes
that it will be finally possible to prepare technologically at-
tractive spin transition compounds.

Experimental Section
Compound 1 was prepared as described in the literature.[5] Mag-
netic measurements were performed with a Quantum Design
MPMSR-XL SQUID magnetometer in a temperature range from
5 K to 295 K at 0.02 T and 0.05 T in the settle mode. Data correc-
tions were made as described previously. The intensity data of
1(MeOH)0.25 were collected with a Nonius KappaCCD dif-
fractometer using graphite-monochromated Mo-Kα radiation. Data
were corrected for Lorentz and polarisation effects. The structure
was solved by direct methods (Sir97[13]) and refined by full-matrix
least-squares techniques against Fo

2 (SHELXL-97[14]). The hydro-
gen atoms were included at calculated positions with fixed thermal
parameters. ORTEP-III was used for structure representations.[15]

The qualtity of the data of 1 was inferior; therefore, the atoms were
not refined anisotropically. Only the conformation of the molecule
and the crystallograpic data are published.[16] The data will not be
deposited with the Cambridge Crystallographic Data Centre. The
measurements of the reflectivity signal were performed by using a
custom-built setup equipped with an SM240 spectrometer (Opton
Laser International). X-ray powder patterns were recorded with an
imaging plate detector (HUBER G670, Cu-Kα1, Guinier technique,
SiO2 as external standard) equipped with a helium closed-cycle
cryostat.
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