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Abstract

Heat flow to [Fe(bzimpy)2](ClO4)2·0.25H2O complex (bzimpy=2,6-bis(benzimidazol-2-yl)pyridine) (I)
was measured between 300 and 460 K by differential scanning calorimetry. This exhibits a
well-developed peak characteristic of the first-order phase transitions at temperature 403 K. The
enthalpy and entropy of transition from low-spin to high-spin state has been determined to be
∆H=17 kJ mol–1 and ∆S=43.0 J mol–1 K–1. Heat flow to [Fe(bzimpy–1H)2]⋅H2O complex (bzimpy–1H=
deprotonated bzimpy) (II) was measured between 300 and 580 K. The spin crossover in this system is
accompanied with liberation of crystal water on the first heating. To monitor the structural changes dur-
ing the spin crossover, powder diffraction data have been collected as a function of temperature.
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Introduction

Spin transition complexes have a potential application as thermal or optical switching
devices and eventually memory units [1–3]. An important requirement is that the spin
transition occurs near or above room temperature and possesses a broad hysteresis
providing the temperature memory of the material.

Some molecular systems containing metal ion with the 3dn (n=4 to 7) electronic
configuration can form complexes in at least two different spin states. Iron(II) is a
typical example: in an octahedral field it can be either high spin (HS, S=2) or low spin
(LS, S=0), depending on the strength of the ligand field. Ligands generating strong
crystal field favor the LS state, whereas weak-field ligands stabilize the HS state. Lig-
ands of an intermediate-field strength can give rise to compounds, which are LS (say
1A1g) in the ground state and HS (e.g. 5T2g) in the excited state. The enthalpy change
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includes a spin contribution ∆Sspin=Rln(gHS/gLS), as well as a vibrational contribution
∆Svib (which is substantial). As a result of positive ∆H and positive ∆S, the Gibbs en-
ergy change adopts a negative value above a transition temperature Tc=∆H/∆S when
the spin transition becomes a spontaneous process.

Iron(II) complexes with the ligand 2,6-bis(benzimidazol-2-yl)pyridine (bzimpy)
show the spin crossover (S=0 to S=2 transition) above room temperature.
[Fe(bzimpy)2](BPh4)2·4H2O complex transforms at Tc=330 but on overheating to 400 K it
loses its crystal water and remains high-spin [4]. [Fe(bzimpy)2](ClO4)2·0.25H2O exhibits
a very sharp spin transition at Tc=403 K accompanied with a hysteresis width of ∆T=12 K
[5]. The deprotonated species [Fe(bzimpy–1H)2]⋅H2O loses its crystal water on the first
heating along with the spin transition centered at Tc=470 K [6].

The fact that the magnetic susceptibility is a thermodynamic quantity measured
at the thermal equilibrium is often overlooked and relatively few sources of informa-
tion in this respect are at disposal [7–12]. According to [8] the magnetic information
is complete only when the magnetic susceptibility data are completed by the heat ca-
pacity measurements.

Following the pioneering work [13] we focused our attention in the present pa-
per on thermodynamic aspects of the spin crossover. The situation is a bit more com-
plex due to the fact that the Gibbs energy contains not only the enthalpic and entropic
contributions but also a cooperativity term (γ) that applies in the solid state [14, 15]

G=xHS(∆H–T∆S)+γxHS(1–xHS)–TSmix (1)

where xHS is the mole fraction of the HS phase; other symbols adopt their usual meaning.

Experimental

Preparations

Two samples were investigated experimentally in the present paper:
[Fe(bzimpy)2](ClO4)2·0.25H2O (bzimpy=2,6-bis(benzimidazol-2-yl)pyridine) (I) and
[Fe(bzimpy–1H)2]·2H2O (bzimpy–1H=deprotonated bzimpy) (II). The ligands and their
complexes are shown in Fig. 1.
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Fig. 1 Tridentate ligands and their complexes



The ligands and complexes were synthesized by previously described methods
[4–6, 16, 17]. The crystal structures of I [16] and II [6] at room temperature have al-
ready been reported. C, H and N elemental analysis has been done for each sample
and IR spectra at room temperature were scanned for analytical purpose.

Caution

On heating sample I can explode at temperature above 200°C owing to the presence
of perchlorate. Heating until 200°C is safe.

Heat capacity measurements

The heat flow has been recorded using DSC calorimeter (Perkin Elmer, DSC-2 and
DSC-7) with different scan rate s=5, 10 or 20°C min–1. Three records have been
scanned: (i) signal of the free aluminum pan; (ii) signal of the sample encapsulated in
the pan; (iii) signal of the reference material – sapphire.

Powder diffraction study

X-ray powder patterns were scanned by the transmission diffractometer (STADIP,
STOE) with CoKα radiation (λ=1.78892 Å) in the range 6°<2θ<45°. The samples
were heated until 443 K (I) and 523 K (II), respectively and then cooled to room tem-
perature. Diagrams were collected in steps of 20 K.

Data processing

We will not differentiate among Cp, CV, CH and CM for the solid-state samples through the
paper.

The recorded heat flows were processed by the well known procedure to obtain
the mass heat capacity of the sample [18]: (i) all isothermal edges were linearly trans-
formed to the same origin; (ii) the sample holder signal subtracted from the sapphire
and sample heat flows; (iii) the net sapphire heat flow and tabulated sapphire heat ca-
pacity used to calibrate the net sample heat flow into the heat capacity of the sample.
The procedure assumes a constant waiting period before and after the heating and/or
cooling and a constant temperature drift.

The Debye part due to molecular vibrations has been subtracted assuming that the
functions Cp=aT 3 and Cp/T=bT 2 hold true. Thus a few data points below the onset tem-
perature were used to determine the constants aLS (bLS) and a few data points above the
transition to fit the constants aHS (bHS). Then the heat capacity was corrected for the under-
lying Debye part, which is different below and above the peak maximum Tmax, hence

′Cp =Cp–aLST 3, [for T<Tmax] (2a)

′′Cp =Cp–aHST 3, [for T>Tmax] (2b)

and
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Finally, the enthalpy and the entropy of the transition were evaluated numeri-
cally in two steps
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The difference between the HS and the LS function is the excess enthalpy and
the excess entropy, respectively. This is thought to be a step between extrapolated LS
and HS curves just at Tc.

Results and discussion

According to magnetic susceptibility data (Fig. 2) the effective magnetic moment in-
creases on heating to the value corresponding to four unpaired electrons (the
spin-only value is µeff=4.9 µB). This evidences that the spin crossover (S=0 to S=2
spin transition) occurs. Some residual paramagnetism below the spin transition is due
to the presence of a paramagnetic impurity – an Fe(III) admixture, which is difficult
to eliminate completely during preparation, sample manipulation and it may be
formed also owing to sample aging.

The first sample (sample A of I, fine powder material) was cycled on DSC-2.
According to Fig. 3, there is an endothermic peak accompanied with a broad satellite
in the heating direction. On cooling, only the first peak has its exothermic counter-
part. We conclude, that the satellite at Tp2=424 K corresponds to some crystal water
that was liberated at the end of heating. (The presence of some crystal water was con-
firmed by the single-crystal X-ray analysis. A more direct evidence for the powder
sample is seen in the IR spectra: a broad band at 3300–3600 cm–1, corresponding to
the O–H stretching vibration, disappears at the first heating.) The principal endother-
mic peak corresponds to the first-order phase transition that accompanies the spin
crossover. This well developed peak is recovered on a subsequent cycling (in both,
heating and cooling directions). Notice that the temperature of the peak-maximum is
different in the heating direction, Tp1

↑ =406 K, and the cooling direction, Tp1
↓ =398 K;

such a difference remains on the second heating/cooling cycle. This feature matches
the findings of the magnetic measurements, which show that a thermal hysteresis of
the width of about ∆T=12 K exists in I.
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Fig. 2 Temperature dependence of the effective magnetic moment for Fe(II) com-
plexes: a – [Fe(bzimpy)2](BPh4)2·4H2O; b – [Fe(bzimpy)2](ClO4)2·0.25H2O;
c – [Fe(bzimpy–1H)2]·H2O

Fig. 3 Experimental heat capacity for sample A of I (a) and function (Cp/T) vs. T (b).
Dashed – first heating; solid – first cooling. Conditions: DSC-2, s=5 K min–1
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Fig. 4 Processing the heat capacity (sample A of I): a – fitting the LS and HS Debye
part (lines); b – subtraction of the underlying Debye part prior to the integration
yielding ∆H. Conditions: DSC-2, s=5 K min–1

Fig. 5 a – measured temperature dependence of the heat capacity for I;
b – an under-integral enthalpic function (( / )′C Tp vs. T);
c – an under-integral entropic function (Cp vs. T ′) . Dotted – powder sample A on
the first cooling; solid – microcrystalline sample B on the first cooling;
dashed – microcrystalline sample B on the second cooling. Conditions:
s=5 K min–1; A – DSC-2, B=DSC-7



The experimental data have been processed using Eqs (2)–(4). According to
Fig. 4 the excess enthalpy (and analogously the excess entropy) represent only a mi-
nor correction in the present case. The numerical integration of the corrected Cp and
Cp/T functions for the first cooling gave the enthalpy of the spin transition,
∆H=15.4 kJ mol–1, and the entropy of the spin transition, ∆S = 40.0 J mol–1 K–1.

From detailed magnetochemical investigations we know that samples of I may
behave differently, depending on the method of preparation (microcrystalline mate-
rial vs. fine powdered sample) and history of aging (presence of Fe(III) impurities).
Therefore, the second sample (sample B of I, microcrystalline material) was cycled
on DSC-7 and compared with the data obtained previously. According to Fig. 5 there
is some shift of the peak-maximum temperature and the integration gave the results:
∆H=17.4 kJ mol–1 and ∆S=43.1 J mol–1 K–1 for the first cooling, and ∆H=14.0 kJ mol–1

and ∆S=34.6 J mol–1 K–1 for the second cooling. In both cases ∆H/∆S=404 K that
matches the peak maximum of Tp1=405 K.

The obtained values of ∆H=14–17 kJ mol–1 lie at the higher limit of experimen-
tal acquisition [19] whereas ∆S=35–43 J mol–1 K–1 span the centre of the published in-
terval. The last value shows a considerable contribution of the molecular vibrations
(the pure spin-multiplicity change yields ∆Sspin=Rln5=13.4 J mol–1 K–1).

Sample II was cycled three times between 300 and 580 K. In the first heating di-
rections endothermic peaks were registered with the maxima at Tp1=425 K and
Tp2=520 K (Fig. 6). No decomposition of the complex was registered at the highest
limit of the thermal treatment by an independent TG study. Only a single endothermic
peak at Tp1=425 K is recovered at the second and third heating. Taking into account
the temperature dependence of the IR spectra, we can conclude that the second satel-
lite corresponds to the liberation of the crystal water whereas the first peak is a
first-order phase transition that accompanies the spin crossover.
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Fig. 6 Temperature dependence of the heat flow for sample II (scan rate
s=10 K min–1). Full line – the first heating, other lines – heating and/or cooling.
The records were corrected for the baseline
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Fig. 8 Temperature dependence of the X-ray powder diffraction patterns for II.
a – heating direction from bottom to top; b – cooling direction from top to bot-
tom. (The reader is recommended to watch the figure at a very sharp angle for a
better impression)

Fig. 7 Temperature dependence of the X-ray powder diffraction patterns for I.
a – heating direction from bottom to top; b – cooling direction from top to bot-
tom. (The reader is recommended to watch the figure at a very sharp angle for a
better impression)
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Fig. 10 Theoretical pattern for sample II based on the room-temperature X-ray struc-
ture [6] as compared to experimental data at different temperatures. Vertical
lines – positions of the theoretical diffractions for a tetragonal crystal system.
Simple Lorenzian form of the peaks with a broadening of 0.2 deg was assumed

Fig. 9 Theoretical pattern for sample I based on the room-temperature X-ray structure
[16] as compared to experimental data at different temperatures. Vertical lines –
positions of the theoretical diffractions for a triclinic crystal system. Simple
Lorenzian form of the peaks with a broadening of 0.2 deg was assumed



The aspect, which is more difficult to understand, is the absence of the exothermic
peak in the cooling direction when the sample is transformed back from the high-spin to
the low-spin state. Perhaps the process is very gradual (owing to breaking the coopera-
tiveness) so it is not resolved under the conditions of the DSC experiment.

The temperature evolution of the X-ray powder diffraction patterns is shown in
Fig. 7 for I and Fig. 8 for II.

The changes in the relative intensities and the position of the X-ray patterns in
the range 8°<2θ<13° and 18°<2θ<27° were found to be reversible for sample I. The
liberation of a fractional content of water at the first heating is irrelevant to the spin
crossover that stays well reproducible for I. The structural changes between 403 and
423 K fit well the spin transition identified by magnetic susceptibility measurements
(Fig. 2) and DSC (Figs 3–5). Theoretical X-ray diffraction pattern (based on the
room-temperature single crystal structure [16]) resembles the main features of the ex-
perimental diffractogram at room temperature (Fig. 9) and markedly differs from
features at 443 K. The system probably remains triclinic.

The liberation of the crystal water from II at the first heating manifests itself in a
change of the X-ray diffraction patterns. The change is irreversible – it remains con-
stant on back cooling to the room temperature (Fig. 10). Although the structural
changes are evident, the system probably remains tetragonal. (The feature at 2θ=19°
is clearly an artifact of the applied hardware.)

Conclusions

[Fe(bzimpy)2](ClO4)2⋅0.25H2O and [Fe(bzimpy–1H)2]⋅H2O exhibit thermally induced
spin transition evidenced by the magnetic susceptibility measurements. DSC data
show that an endothermic peak corresponding to the first-order phase transition ac-
companies the spin crossover. While the entropy of the spin transition of about
∆S~40 J mol–1 K–1 spans quite typical value, the enthalpy ∆H~15 kJ mol–1, on the con-
trary, lies at the higher limit of available experimental data. Such an enthalpic disfa-
vor of the spin crossover is the raison d’être of the very useful property: the shift of
the transition temperature above the room temperature.
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