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Abstract: [Fe(hyptrz)3](4-chloro-3-ni-
trophenylsulfonate)2 ¥ 2H2O (1; hyptrz�
4-(3�-hydroxypropyl)-1,2,4-triazole) has
been synthesized and its physical prop-
erties have been investigated by several
physical techniques including magnetic
susceptibility measurements, calorime-
try, and Mˆssbauer, optical, and EXAFS
spectroscopy. Compound 1 exhibits a
spin transition below room temperature,
together with a very wide thermal hys-

teresis of about 50 K. This represents the
widest hysteresis loop ever observed for
an FeII-1,2,4-triazole spin transition ma-
terial. The cooperativity is discussed on
the basis of temperature-dependent EX-
AFS studies and of the structural fea-

tures of a CuII analogue. The EXAFS
structural model of (1) in both spin
states is compared to that obtained for a
related material whose spin transition
occurs above room temperature. EX-
AFS spectroscopy suggests that 1,2,4-
triazole chain compounds retain a linear
character whatever the spin state of the
iron(��).

Keywords: chain structures ¥
EXAFS spectroscopy ¥ iron ¥
spin crossover ¥ 1,2,4-triazole

Introduction

Iron(��) spin transition (ST) materials are probably among the
most fascinating molecular objects in transition metal chem-
istry, their spin state being able to be triggered by temper-
ature, pressure, and light.[1±3] The origin of the phenomenon is
molecular, but the shape of the temperature dependence of

the high-spin (HS, S� 2) molar fraction (�HS vs T), called the
ST curve, is dependent on intermolecular interactions.[1] The
more pronounced these interactions are, the steeper the ST
curve. The thermally induced transitions between low-spin
(LS, S� 0) and HS states may also occur with a hysteresis
effect, which confers a memory effect on the system.[4] The
fast developments in advanced electronic technology require
stable compounds showing bistability behavior on the molec-
ular scale.[4, 5] The use of such materials as molecularly based
memory devices and displays is currently being assessed by
industrial organizations.[2, 4] This type of application requires
abrupt spin transitions at room temperature, with broad
thermal hysteresis as well as an associated thermochromic
effect.[4, 5] Although cooperative spin transitions have been
observed in several monomeric compounds, it is believed that
cooperative effects may be favored in cases in which these
sites are covalently linked by conjugated ligands.[2] For the
resulting polymeric compounds, the molecular distortions
involved in the ST might be efficiently distributed throughout
the whole crystal lattice through these ligands. The interac-
tions may also be improved by hydrogen-bonding interactions
and/or by � ±� stacking orderings.[6±8] Thermal hysteresis has
been observed for one-dimensional polymeric FeII-1,2,4-
triazole ST compounds, along with pronounced thermochro-
mic effects.[9±16] Most of these compounds have the general
formula [Fe(4-R-1,2,4-triazole)3](anion)2 ¥ nH2O, where n
stands for the number of non-coordinated water molecules.
So far, no single crystal suitable for X-ray diffraction has been
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obtained. It has, however, been possible to obtain structural
information from EXAFS (X-ray absorption fine structure) at
the iron K edge[17±23] and WAXS (wide angle X-ray scatter-
ing)[24] spectra. The structure of these materials consists of
chains in which the neighboring iron atoms are linked by
triple N 1,N 2-1,2,4-triazole bridges.[17] This has been confirmed
in the crystal structures of related CuII compounds.[19, 25]

Interestingly, these materials also contain non-coordinating
water molecules and anions located between the chains.

We recently initiated a research project aiming to control
the ST properties of these materials in order to be able to
propose suitable candidates for practical applications. The
goal was that both cooperative effects and transition temper-
ature should be controllable in a rational way, in order to
obtain wide hysteresis loops around the room temperature
region. We decided to favor the formation of hydrogen bonds
in the lattice through the introduction of a hydroxyl group on
the substituent of the triazole ligand (position 4) and by the
introduction of several substituents capable of hydrogen-
bonding interactions on the anion, keeping to the idea of
increasing intermolecular interactions between polymeric
chains. No chain compound of sufficiently large hysteresis
has so far been obtainable, however, the hysteresis width
typically being around 10 K.[13±16] However, the title com-

pound of the formula [Fe-
(hyptrz)3](4-chloro-3-nitrophen-
ylsulfonate)2 ¥ 2 H2O (1; hy-
ptrz� 4-(3�-hydroxypropyl)-
1,2,4-triazole) displays behav-
ior unprecedented in this fam-
ily of chain compounds, with a
very wide thermal hysteresis
loop below room temperature.

This paper reports on a detailed investigation of this
fascinating material. The single-crystal X-ray structure of
the related CuII compound, [Cu(hyptrz)3](4-chloro-3-nitro-
phenylsulfonate)2 ¥H2O, is also reported.

Results of Physical Studies

Magnetic measurements : The temperature dependence of the
molar magnetic susceptibility is displayed in Figure 1 in the
form of a �MT versus T plot, �M being the molar magnetic
susceptibility corrected for diamagnetic contributions and T
the temperature. At room temperature, �MT is equal to
3.35 cm3 mol�1 K, which indicates FeII ions being present in the
HS state. As T is lowered, �MT initially remains constant down
to 170 K and then decreases rapidly in the 120 ± 90 K temper-
ature range, reaching a value of 1.03 cm3 mol�1 K at 90 K.
Below this T, �MT shows a plateau with a value of
0.89 cm3 mol�1 K at 40 K, and finally falls to 0.36 cm3 mol�1 K
at 4.2 K. As T is increased, �MT increases gradually up to
150 K and then much more rapidly above this temperature, to
match the starting �MT values. The transition temperatures
(the temperatures at which 50 % of LS and HS molecules are
present) are T1/2 �� 120 K and T1/2 �� 168 K. Thus, an ex-
tremely large thermal hysteresis loop of 48 K is observed,

Figure 1. Temperature dependence of �MT for 1, in both the cooling and
the warming modes.

centered at 144 K. This hysteresis is retained over successive
thermal cycles. The HS�LS transition is not complete at low
temperature. The fall in �MT below 40 K is due to the zero-
field splitting of the HS FeII ions, and the preferred Boltzmann
population of the lowest levels with decreasing temperatures.
The magnetic properties of compound 1 were also inves-
tigated under pressures of up to �2 kbar; the result is
presented in Figure 2. On comparing the ambient pressure
curve of Figure 1 with that of Figure 2, one notices that the

Figure 2. Temperature dependence of �MT for 1, in both the cooling and
the warming modes, at 1 bar (�) and at 1.24 kbar (�).

large hysteresis width has disappeared. This behavior is most
probably due to the interaction between the silicon oil used as
a pressure-transmitting medium and compound 1. On appli-
cation of pressure, a parallel shift towards higher temper-
atures was observed. At 1.24 kbar, a wider hysteresis width is
recovered below room temperature, with T1/2 �� 250 K and
T1/2 �� 290 K, and at 2.3 kbar the compound is in the LS state
at room temperature. Thus a shift of 100 K per kbar is
observed. On release of pressure, the initial curve is recov-
ered, showing that there is no chemical degradation and no
relaxation to another state.

Compound 2 was obtained by heating 1, under nitrogen, up
to the temperature corresponding to complete dehydration as
determined from thermogravimetric measurements (423 K).
The temperature dependence of �MT shows a very gradual
decrease upon cooling (�MT 293� 3.26 cm3 mol�1 K, which in-
dicates HS FeII ions) down to 50 K, at which a rapid drop is
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observed. This behavior probably indicates an antiferromag-
netic interaction between HS FeII ions within the chain.

Optical detection of the spin state : Compound 1, which
presents a thermochromic effect (from white to pink) upon
cooling, was studied optically. The presence of a very wide
hysteresis loop, retained over successive thermal cycles, was
confirmed by this technique. The optical response of 2 was
also investigated down to 90 K; no change of signal was
observed.

Mˆssbauer spectroscopy : Mˆssbauer spectra of 1 were
recorded from room temperature down to 55 K. Selected
spectra are displayed in Figure 3, and detailed values of the
Mˆssbauer parameters deduced from least-squares fitting
procedures are listed in Table 1. At room temperature, the
spectrum shows a symmetrical doublet, indicating FeII ions in

the HS state. Upon cooling, an additional doublet character-
istic of the LS state of the FeII ion appears at �180 K. Its
relative intensity increases very rapidly as T decreases
between 150 and 120 K (see Figure 3). At 120 K, the LS
doublet is resolved and shows a noticeable splitting. This
splitting indicates that the local environment of the LS FeII

ions is not cubic. At 55 K, the spectrum reveals the presence
of �16 % of HS FeII ions, confirming the incomplete character
of the spin transition. Upon heating, the spectra remain
essentially similar up to 150 K, at which point a dramatic
increase in the intensity of the HS doublet is observed. It is
interesting to compare the spectra recorded at the same
temperature (150 K) upon cooling and heating, which clearly
reflect a memory effect. The ST curve deduced from 57Fe
Mˆssbauer spectroscopy closely resembles that in the mag-
netic curve (see Figure 4).

Calorimetric measurements : The DSC curve for increasing
temperature from 140 to 220 K is represented in Figure 5. This
curve shows an endothermic peak around 172 K. This peak is
obviously related to the LS�HS transition for 1 detected in

Figure 3. Selected 57Fe Mˆssbauer spectra for 1 as a function of temper-
ature. Cooling mode (left), heating mode (right).

Figure 4. Temperature dependence of the HS molar fraction for 1 as
deduced from 57Fe Mˆssbauer spectroscopy. The points (�) and (�) refer
to the cooling and heating modes respectively. The line is used as a guide for
the eyes.

Figure 5. DSC for 1 in the 140 ± 240 K temperature range.

Table 1. 57Fe Mˆssbauer parameters [mm s�1] for 1.[a]

T [K] �(LS) �EQ(LS) �/2(LS) �(HS) �EQ(HS) �/2(HS) AHS [%]

300 0.943(2) 2.667(4) 0.27(1) 100
250 � 0.977(2) 2.907(4) 0.27(1) 100
200 � 1.000(2) 3.039(4) 0.24(1) 100
150 � 0.413(2) 0.281(2) 0.25(1) 1.025(1) 3.189(4) 0.27(1) 90.0
120 � 0.413(2) 0.291(2) 0.26(1) 1.037(2) 3.270(4) 0.28(1) 32.7

81 � 0.419(2) 0.298(2) 0.26(1) 1.055(2) 3.330(4) 0.31(1) 18.5
56 � 0.422(2) 0.298(2) 0.27(1) 1.059(2) 3.348(4) 0.30(1) 15.6
55 � 0.421(2) 0.299(2) 0.27(1) 1.066(2) 3.336(4) 0.31(1) 16.2
70 � 0.420(2) 0.298(2) 0.28(1) 1.055(2) 3.340(4) 0.32(1) 16.8

100 � 0.416(2) 0.296(2) 0.26(1) 1.051(2) 3.330(4) 0.30(1) 19.0
120 � 0.413(2) 0.292(2) 0.31(1) 1.047(2) 3.302(4) 0.27(1) 21.9
150 � 0.409(2) 0.287(2) 0.26(1) 1.033(2) 3.257(4) 0.30(1) 25.6
169 � 0.404(2) 0.282(2) 0.25(1) 1.020(2) 3.180(4) 0.28(1) 43.0
180 � 0.444(2) 0.278(2) 0.23(1) 1.010(2) 3.101(4) 0.27(1) 95.8

[a] �� isomer shift relative to � iron, �EQ � quadrupole splitting, �/2� half-
width of the lines, AHS � area fraction of the HS doublets. Statistical standard
deviations are given in parentheses. The arrows indicate the temperature mode:
� for cooling and � for heating.
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Mˆssbauer, magnetic, and optical studies. It is indicative of a
first order phase transition. The thermodynamic parameters
have been evaluated as �H� 7.3 kJ mol�1 and �S�
42.4 J mol�1 K�1. The experimentally measured entropy varia-
tion can be accounted for by an electronic contribution,
Rln5� 13.4 J mol�1 K�1, and a vibrational contribution.[1] DSC
curves were also recorded for 2, but no signal was observed
upon cooling.

EXAFS : X-ray absorption spectra of 1 were recorded
between 280 K and 40 K, including within its bistability
domain, both in the LS and HS states. For comparison,
X-ray absorption spectra of [Fe(Htrz)2trz](BF4) (3 ; Htrz�
4H-1,2,4-triazole; trz� triazolato), between 300 and 400 K,
including in its bistability domain (360 K, LS and HS states)
were also recorded. Some corresponding k�(k) EXAFS
spectra are presented in Figure 6 a, and the Fourier transform

Figure 6. a) EXAFS spectra of 1 in both the HS and LS states at 150 K and
of 3 at 150 K and 360 K. b) Modulus of the FT of the experimental EXAFS
spectra for 1 at 150 K in the LS state (––) and HS state (- - - -). c) Modulus
of the FT of the experimental EXAFS spectra for 3 at 360 K in the LS state
(––) and HS state (- - - -).

(FT) moduli of 1 (Figure 6 b) and 3 (Figure 6 c) in both spin
states are superimposed in order to present the local structure
changes during the spin transition qualitatively. These spectra
are composed of five main peaks. The first peak is assigned to
the octahedral coordination sphere FeN6, and the intermedi-
ate peaks to the carbon and nitrogen atoms of the triazole
rings overlapping with the Fe ± Fe signal around 3.5 ä, the
former not being clearly separated.[17] The last one, around
7 ä, indicated by an arrow, corresponds to the multiple
scattering path Fe ± Fe ± Fe.[17, 18] In this work, we focus on a
qualitative discussion of the FeN6 peak and of the multiple
scattering Fe ± Fe ± Fe signals. Full discussion of the EXAFS
structure needs full multiple scattering ab initio calculations
and was beyond the scope of this study, as this topic has been
addressed for similar compounds.[17±19, 21, 23]

In Figure 6 b and c, a shift to higher distances is observed for
the dotted spectrum relative to the HS state with increasing
temperature. This shift corresponds to the expected elonga-
tion of Fe�N bond lengths for the FeII ion on going from LS�
HS. We also observe a slight decrease in the modulus of the
FT signal on going from LS�HS states for 1. The distance
variation is similar to that observed in previously studied
compounds of this family, such as for 3 (Figure 6 c).[17, 18] In
contrast, the amplitude variation through the ST is different
for 1 and 3. In the first compound, the decrease in amplitude is
very small, whereas strong decreases in both the FeN6 and the
Fe ± Fe ± Fe peaks are observed for 3. It is worth mentioning
that the very small but noticeable 7 ä peak observed in the
spectrum of 3 in the HS state was not observed in our previous
papers.[17, 18] We could not rule out that this peak had indeed
been present but masked by the noise level.[17] In this work, we
present new measurements in which the experimental statis-
tics were improved in order to check carefully for the
presence or the absence of this signal above the noise level.
These qualitative observations are quantified for the FeN6

signal by least squares fitting of the filtered EXAFS spectra.
The results are shown in Table 2 and in Figure 7.

The Fe�N distances of 1.99 and 2.19 ä are typical for FeII

ions in the LS and HS states, respectively. The Fe�N bond
lengthens by 0.20(1) ä during the ST and coincides with the
values found for other FeII linear chain compounds with 4-R-
1,2,4-triazole compounds as ligands. It is found, for instance,
as �0.18 ä for 3[17] or as 0.23 ä for [Fe(NH2trz)3](NO3)2

(NH2trz� 4-amino-1,2,4-triazole).[20] The HS molar fraction
deduced from EXAFS fitting of compounds 1 and 3 around
their ST are plotted in Figure 7 a and b, respectively. These
results qualitatively confirm the HS molar fractions obtained
by Mˆssbauer spectroscopy for 1 (Table 1) and for 3.[10]

However, it seems that EXAFS underestimates the HS
fraction in the LS region for compound 1. As measured by
Mˆssbauer spectroscopy at 150 K, �HS is equal to 0.9 and 0.25
in the cooling and in the heating modes, respectively, and the
corresponding EXAFS values are �1.0 and �0.3. It is clear
that EXAFS is not the most accurate way to measure the HS/
LS ratio, but it does, however, enable one to characterize the
vibrational movements around the FeII central ions directly by
the cooperative dependence of the Debye ± Waller factor, and
for a polycrystalline sample it represents the only way to
characterize the structural alignment of these FeII ions by
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Figure 7. Temperature dependence of the HS molar fraction, deduced
from EXAFS spectroscopy: a) for compound 1, and b) for compound 3.
The dotted lines are guides for the eyes.

examination of the 7 ä multiple scattering FT peak. A
quantitative study of the temperature dependence of the
Debye ± Waller factors is presented in Figure 8 a and b for
compounds 1 and 3, respectively. These results confirm those

Figure 8. Debye ± Waller factor vs temperature: a) for compound 1, and
b) for compound (3). The dotted line is a guide for the eyes.

already published elsewhere.[23] For 1, there is no measurable
variation of the Fe�N Debye ± Waller factor through the
transition. This is a new and unexpected result in comparison
to the case of 3, in which we confirm the already observed
important Debye ± Waller variation. One may notice that in
the LS state the amplitude of the FeN6 peak of 1 is low
compared to the corresponding signal in compound 3. This is
confirmed quantitatively by the Debye ± Waller factor values
in Table 2: for compound 1 in the LS state �FeN6

� 0.058 ä, and
for compound 3 �FeN6

� 0.061 ä. The amplitude of the 7 ä
multiple scattering peak qualitatively follows the same
behavior: as already mentioned for 1, this peak remains in
both spin states when the temperature is sufficiently low. At
room temperature it has been shown that the 7 ä peak
disappears, while it is still intense for 3.

X-ray crystal structure of [Cu(hyptrz)3](4-chloro-3-nitro-
phenylsulfonate)2 ¥H2O : An X-ray crystallographic structure
determination of [CuII(hyptrz)3](4-chloro-3-nitrophenylsulfo-
nate)2 ¥H2O (4) was carried out at 293 K (Figure 9).[26] Each
copper atom is coordinated to six hyptrz ligands, half of them
originating from the other triazole moieties by centrosymme-
try. Each ligand (x) is in this way linked to Cu(1) through the
nitrogen atoms N(x1) and to Cu(2) through N(x2), and are
thus bidentate. These bonds are repeated three times in the a
direction of the unit cell, thus forming a chain in which each

Table 2. Fitting of the first Fe coordination sphere of the EXAFS data for 1
at different temperatures. The R value was determined in the LS state at
40 K and in the HS state at 320 K. These values were fixed in order to
improve the accuracy for the fitting of N and �.

T [K] Spin state N[a] � [ä][b] R [ä][c] �E0 [eV][b] � [%]

40 � LS 5.7(3) 0.0059(6) 1.99(2) � 3.0(1.0) 2.0
HS 0.3 0.059 2.19 � 3.0

70 � LS 5.5(3) 0.0058(6) 1.99 � 2.8(1.0) 1.4
HS 0.5 0.0058 2.19 � 2.8

90 � LS 5.4(5) 0.0059(9) 1.99 � 1.6(1.0) 1.8
HS 0.6 0.0059 2.19 � 1.6

100 � LS 5.2(4) 0.006(1) 1.99 � 2.1(1.0) 3.5
HS 0.8 0.006 2.19 � 2.1

110 � LS 5.1(5) 0.0059(9) 1.99 � 3.4(1.1) 1.7
HS 0.9 0.0059 2.19 � 3.4

130 � LS 4.7(5) 0.0059(11) 1.99 � 1.9(1.2) 2.5
HS 1.3 0.0059 2.19 � 1.9

150 � LS 4.3(5) 0.0058(10) 1.99 � 2.3(1.4) 3.9
HS 1.7 0.0058 2.19 � 2.3

168 � LS 0.6(5) 0.0058(9) 1.99 � 0.7(1.2) 9.0
HS 5.4 0.0058 2.19 � 1.6

175 � LS 0.0(5) 0.0061(7) 1.99 � 3.1(1.0) 8.9
HS 6.0 0.0061 2.19 � 3.1

280 � LS 0.0(5) 0.0068(7) 1.99 � 1.4(1.0) 9.4
HS 6.0 0.0068 2.19(2) � 1.4

150 � LS 0.0(5) 0.0061(7) 1.99 � 0.26(49) 9.7
HS 6.0 0.0061 2.19 � 0.26

130 � LS 0.85(49) 0.0056(11) 1.99 � 0.5(1.3) 9.0
HS 5.15 0.0056 2.19 � 0.5

120 � LS 2.2(4) 0.0063(12) 1.99 � 4.3(1.7) 9.9
HS 3.8 0.0063 2.19 � 4.3

[a] NLS � NHS � 6. [b] Same value in both states. [c] Values of R fixed to
those fitted at 40 K (LS) and 280 K (HS).
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Figure 9. View of the crystal structure of 4 : on the (ab) plane (top, a), and
the (bc) plane (bottom, b).

polymeric unit has half a cell parameter length in this
direction: that is, 3.962 ä. The medium planes of the triazole
groups of a given unit are superimposed by successive
rotations of 117, 109, and 134� around the a direction. Two
of the hydroxypropyl substituents adopt a bent conformation
as indicated by the torsional angles N(14)-C(16)-C(17)-C(18)
51.8(4)� and N(34)-C(36)-C(37)-C(38) 57.4(5)�, whereas the
third substituent has an elongated conformation with N(24)-
C(26)-C(27)-C(28) �173.6(3)�.

The two copper atoms have octahedral surroundings but
the coordination octahedra are quite different. We consider
here three different types of Cu�N bonds in terms of their
length: short (2.0� 0.1 ä), medium (2.2� 0.1 ä), and long
(2.4� 0.1 ä). The Cu(1) octahedron has four short bond
lengths Cu(1)�N(11) and Cu(1)�N(21) and two long bond
lengths Cu(1)�N(31) and is thus elongated along the vertices
N(31) and N(31)1. The Cu(2) octahedron has four medium
bond lengths Cu(2)�N(12) and Cu(2)�N(22) and two short
bond lengths Cu(2)�N(32) and is thus compressed along the

vertices N(32) and N(32)2. The angle between the N(31)-
N(31)1 and N(32)-N(32)2 axes of these two octahedra is equal
to 70.7�.

The cations and the anions form successive layers stacking
along the b direction of the unit cell (Figure 9 b). The
neighboring columns are thus closer along the [001] row
(12.69 ä) than along the [011] row (19.42 ä) and interchain
contacts only exist along the first direction. Most important is
the hydrogen bond between the H2O(4) water molecule and
the hydroxyl groups O(39) (2.769(5) ä) and O(29)
(2.670(5) ä). We can also note anion ± cation interactions
between terminal hydroxyl groups and sulfonate anions: for
instance, O(19)�O(811) (2.737(4) ä) and O(39)�O(813)
(2.666(5) ä).

Discussion and Conclusion

Compound 1 represents a novel ST material showing a very
wide and fully reproducible hysteresis loop (48 K), centered
around 145 K. This compound shows the widest hysteresis
loop ever reported for an FeII-1,2,4-triazole chain compound.
This hysteresis is an intrinsic property of the system and is not
accompanied by any solvent removal. The transition is,
however, not complete, �16 % of the FeII ions remain in the
HS state at low temperature. This behavior could be
attributable to the presence of HS FeII external ions of the
chains, whatever the temperature, as a consequence of their
coordination to water molecules.[31] The presence of defects in
the material, introduced–for instance–by chains of different
lengths, could also be put forward to explain this behavior.

The hysteresis loop may have several origins such as, for
instance, a local structural change around the FeII ion or a
crystallographic phase transition, which could be favored by a
twist of the chains, on going from LS to HS. These aspects
motivated us to perform structural studies on this type of
materials. In the absence of suitable single crystals for X-ray
diffraction, the very first EXAFS results on FeII-1,2,4-triazole
chain compounds were reported in 1994,[20] focusing only on
the structural changes of the first coordination sphere FeN6

due to the spin transition. EXAFS characterization of the
structure beyond the immediate neighbors was published a
year later.[17] The main result in this paper was the detection of
an EXAFS signal at an exceptionally long distance (around
7 ä), which was positively analyzed as the signature of the
double Fe�Fe distance, only visible if the FeII chain is
aligned.[21, 23, 32] For all compounds of this series, this signal
was always observed in the LS state but was doubtful in the
HS state. For compounds with ST above room temperature,
such as [Fe(Htrz)2trz](BF4) (3), the Fe ± Fe ± Fe alignment
EXAFS signature was difficult to derive because of the high
noise level, if present in the HS state. This is why a
misalignment in the HS state was put forward to account for
this behavior. An alternate zigzag structure of the chain was
also proposed,[17] and strongly supported later by WAXS
studies.[24] This change in the chain conformation was
presumed to be responsible for the huge hysteresis observed,
by assuming a structural reorganization upon the spin
transition. Up to now, however, the structural character of
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the chains in the HS state (linear or bent) is still a matter of
debate, as a linear twisted configuration could also account for
the huge hysteresis observed. Here we discuss the Fe ± Fe ± Fe
alignment by focusing on a compound existing in the HS state
down to 140 K (1) and compare our EXAFS results to those
obtained for compound 3.[17] Our current results show that the
Fe ± Fe ± Fe alignment in compound 1 is preserved across the
spin transition. In the case of compound 3, powder diffraction
spectra recently recorded in the LS and HS states by use of
synchrotron radiation facilities proved to be similar, indicat-
ing no crystallographic phase transition.[33]

The temperature dependence of the Debye ± Waller factor
deduced by EXAFS spectroscopy of a ST compound was
studied for the mononuclear compound [Fe(bpp)2](BF4)2

(bpp� 2,6-bis(pyrazol-3-yl)pyridine)[34] undergoing a discon-
tinuous transition around 180 K.[35] The observed jump of the
Debye ± Waller factor at the ST temperature was, however,
neither commented on nor physically explained by the
authors. For compound 1, we observe no significant variation
in the FeN6 Debye ± Waller coefficient, whereas for com-
pound 3, ��2 � 3.6 10�3 ä2. EXAFS Debye ± Waller coeffi-
cients are related to a combination of structural disorder (site
distortion) and thermal vibrations. Both phenomena contrib-
ute to the width of the radial distribution function. In
compound 3, we observe an important increase in this
parameter across the ST, consistent with the transition
between an FeII d6 LS non-degenerate octahedral 1A1g

electronic state to an FeII d6 HS degenerate 5T2g state. Large
Jahn ± Teller distortions are usually observed for Eg degen-
erated states, such as in d9 complexes. These d6 HS systems,
however, can also undergo small distortions. Both structure
and vibrational states can be affected, but the geometrical
distortion of the FeII HS octahedral site was found to be
smaller than the EXAFS resolution (�r� 0.1 ä). For this
reason, the observed EXAFS Debye ± Waller factor increase
through the ST can be assigned either to static or to dynamic
distortion without any possibility of discriminating between
the two distortions.

In contrast, the Debye ± Waller factor of compound 1 seems
to be unaffected by the spin transition. This unexpected
behavior should be related to the vibrational entropy changes
of these two compounds: �Svib � 66 Jmol�1 K�1 for compound
3[10] and �Svib � 29 J mol�1 K�1 for compound 1. Calorimetric
measurements and EXAFS Debye ± Waller coefficients lead
to the same conclusion: at the same temperature, the LS
compound 1 is less rigid than compound 3. This rigidity
develops smoothly versus T for compound 1, without any
apparent jump in the ST, whereas compound 3 undergoes a
pronounced increase in its rigidity during the transition.
Finally, it appears that the exceptional hysteresis width
observed for compound 1 is related neither to a pronounced
local change in the thermal vibrations, nor to a change in the
alignment of the FeII ions. We believe that this hysteresis is the
result of strong cooperative effects due to a link between the
FeII chains. In an attempt to check this hypothesis, we were
able to grow single crystals of the relative CuII compound,
[Cu(hyptrz)3](4-chloro-3-nitrophenylsulfonate)2 ¥H2O (4) and
to solve its crystal structure. This material shows a powder
diffraction pattern very similar to that of 1 and is assumed to

be isostructural, as observed in other studies of related
molecularly based 1,2,4-triazole materials.[36] The molecular
organization of this compound, however, differs from that
observed for [Cu(hyetrz)3](ClO4)2 ¥ 3 H2O (hyetrz� 4-2�-hy-
droxyethyl-1,2,4-triazole),[19] in which the linear chains were
found to be ™isolated∫ from each other. Here, there exist
direct links between the linear chains through hydrogen
bonds. In addition, the anion and the water molecules are
involved in an extensive hydrogen-bonding network, and
stacking interactions are also found. This molecular organ-
ization could well be the source of the huge cooperative
effects developed by compound 1.

In terms of potential practical applications, this material
could be proposed as a memory effect pressure sensor. This
hysteresis loop with a wide range of bistability, however, is
situated too far below room temperature to be directly usable
at ambient temperature and pressure. The application of
external pressure should get round this difficulty, as it is now
established that pressure can stabilize the LS state and shift
the hysteresis loops of such FeII 1,2,4-triazole chain com-
pounds without significant modification.[15, 16] It has, for
instance, been observed that the ST curves of [Fe-
(hyptrz)3](4-chlorophenylsulfonate)2 ¥H2O could be shifted
from 174 to 325 K by pressure, without significantly altering
the shape and the width of the hysteresis loop.[16] Astonish-
ingly, the magnetic properties of 1 could not be recovered in
our pressure cell at 1 bar. This observation could be due to the
fact that iron(��)-1,2,4-triazole chain compounds are known to
be porous and can therefore easily incorporate solvent of
different shape and volume.[15] This points to a dramatic
influence of the silicon oil used as the pressure-transmitting
medium on the magnetic properties of such sensitive molec-
ular compounds, a result that has also been observed in other
possible porous ST molecular materials.[37] It is also worth-
while mentioning that, if 1 is prepared in DMF, a violet LS
compound is obtained.

The non-coordinated water molecules assumed to be
located between the chains play a key role for compound 1.
Removal of these solvent molecules by complete dehydration
gives rise to a new compound (2), which does not show a ST
any more. This behavior has already been observed for
another polymeric ST compound: [Fe(4,4�-bis-1,2,4-triazo-
le)2(NCS)2] ¥H2O, which presents a very abrupt ST around
134 K with a thermal hysteresis of 25 K, whereas its dehy-
drated form is HS over the whole temperature range.[38] In this
material, non-coordinated water molecules stand between
two-dimensional layers, linked by hydrogen-bonding interac-
tions to the peripheral nitrogen atoms of the triazole ligands.
This behavior is actually not typical for polymeric ST
compounds, as the linear chain [Fe(hyetrz)3](ClO4)2 ¥ nH2O
(n� 0, 2) retains a discontinuous ST whatever the solvent
molecule content.[14]

Experimental Section

Syntheses : The hyptrz ligand was prepared as previously described.[16] The
[M(H2O)6](4-chloro-3-nitrophenylsulfonate)2 (M�FeII, CuII) salts were
obtained by treatment of aqueous solutions of 4-chloro-3-nitrophenylsul-
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fonic acid and FeCl2 ¥ 4H2O or CuCl2 ¥ 2 H2O according to the procedure
given in ref. [15]. Compound 1 was synthesized under nitrogen atmosphere
as follows: [Fe(H2O)6](4-chloro-3-nitrophenylsulfonate)2 (0.75 g,
1.2 mmol) in methanol (35 mL), together with a few mg of ascorbic acid
was heated at 65 �C and added to hyptrz (0.45 g, 3.5 mmol) in methanol
(5 mL). The mixture was stirred overnight at room temperature, during
which a white precipitate was formed. It was filtered, washed with
methanol, and dried in air. IR (KBr): �	a(SO3

�)� 1287 cm�1; elemental
analysis calcd (%)for C24H33N11O16S2Cl2Fe (1): C 34.26, H 3.94, N 16.28, S
6.77, Cl 7.49, Fe 5.90; found C 34.33, H 3.81, N 16.29, S 6.25, Fe 6.11. The
number of water molecules of the compound was confirmed by thermog-
ravimetric analysis. [Fe(Htrz)2trz](BF4)2 (3) was synthesized as described in
ref. [10] working in an EtOH/H2O medium.

Compound 4 was synthesized as follows: hyptrz (0.13 g, 1.02 mmol) in
water (5 mL) was added to a green methanolic solution (5 mL) containing
[Cu(H2O)6](4-chloro-3-nitrophenylsulfonate)2 (0.21g, 0.32 mmol). Crystals
slowly formed inside the resulting blue solution at room temperature. IR
(KBr): �	a(SO3

�)� 1287 cm�1.

Physical measurements : Infrared spectra were recorded on a Perkin ±
Elmer Paragon 1000 FT-IR spectrophotometer. The ST was detected
optically by the reflectivity of the material at 520 nm, by use of a setup
described elsewhere.[39] Thermogravimetric measurements were carried out
with a SETARAM apparatus in the 293 ± 400 K temperature range under
ambient atmosphere. The differential scanning calorimetry experiments
were performed under He(g) atmosphere with a Perkin ± Elmer DSC-7
instrument working down to 100 K. The rates of heating and cooling were
fixed at 2 Kmin�1. Details of the experimental procedure are described
elsewhere.[40] The magnetic susceptibility measurements were performed
with a DSM-8 susceptometer, a MPMS-5S SQUID magnetometer, and a
PAR 151 Foner-type magnetometer, working in the 4.2 ± 300 K temper-
ature range. The hydrostatic high-pressure cell with silicon oil as the
pressure-transmitting medium has been described elsewhere,[41] with the
hydrostaticity having been established in our earlier studies.[15, 16] The
pressure was measured with the aid of the known pressure dependence of a
superconducting transition of an internal tin manometer. Magnetic data
were corrected for magnetization of the sample holder and for diamagnetic
contributions, which were estimated from the Pascal constants. X-ray
powder patterns were recorded at room temperature on a PHILIPS
PW 1710 counter diffractometer with CuK� radiation. 57Fe Mˆssbauer
measurements were performed on a constant acceleration-type spectrom-
eter with a room-temperature 57Co source (Rh matrix) in transmission
geometry and a helium cryostat. All isomer shifts refer to natural Fe at
room temperature. The spectra were fitted to Lorentzians with the program
MOSFUN,[42] by assuming equal Debye ± Waller factors of the HS and LS
states at a given temperature. The EXAFS spectra were recorded at
LURE, the French synchrotron radiation facility, on the DCI storage ring
(1.85 GeV, 300 mA), on the D42 spectrometer, with a Si111 channel-cut
monochromator. The detectors were low-pressure (�0.2 atm) air-filled
ionization chambers. Each spectrum is the sum of three recordings in the
7080 ± 8080 eV range (energy steps� 2 eV), including the iron K edge
(�7115 eV). The spectra were recorded at several temperatures by use of a
liquid helium cryostat for 1 and an oven for 3, equipped with a TBT
temperature controller. The samples were prepared as homogeneous
pellets embedded between two films of Kapton, a polymer transparent to
X-rays. The mass (�50 mg) was calculated in order to obtain an absorption
jump at the edge �
x� 1.0, with a total absorption above the edge less than

x� 3. EXAFS data analysis was performed with the programs ™EXAFS
pour le Mac∫ and EXAFS98.[43] This standard EXAFS analysis[44] includes
linear pre-edge background removal, a smoothing spline atomic absorption
energy-dependent procedure, Lengeler ± Eisenberger EXAFS spectra
normalization,[45] and reduction from the absorption data 
(E) to the
EXAFS spectrum �(k) with

k�
����������������������������
2m�

	�h
2 	E� E0

�

(1)

where E0 is the energy threshold, taken at the absorption maximum
(7120� 1 eV). Radial distribution functions F(R) were calculated by
Fourier transforms of k 3w(k)�(k) in the 2 ± 14 ä�1 range; w(k) is a
Kaiser ± Bessel apodization window with a smoothness coefficient �� 3.
After Fourier filtering, the first single-shell Fe-6N was fitted, in the

3 ± 14ä�1 range (resolution �/2�k� 0.14 ä) to the standard EXAFS
formula, without multiple scattering:

k�(k)�� S2
0

�
i�1�5

�
Ni
Ri

2

� (F
,k) �e�2�2k 2e�
2Ri
�	k
 sin(2kRi� 2�1(k)��(k))

�
(2)

where S2
0 is the inelastic reduction factor,N is the number of nitrogen atoms

at the distance R from the iron center, � is the mean free path of the
photoelectron, � is the Debye ± Waller coefficient, characteristic of the
width of the Fe�N distance distribution, �1(k) is the central atom phase
shift, and � (F
,k) � and �(k) the amplitude and phase of the nitrogen back-
scattering factor. Spherical-wave theoretical amplitudes and phase shifts
calculated by the code FEFF were used.[46] Since theoretical phase shifts
were used, it was necessary to fit the energy thresholdE0 by adding an extra
fitting parameter, �E0, and to introduce two Fe�N distances characteristic
of the LS and HS states for 1. This is why the EXAFS spectra are
represented by a sum of two terms, reflecting the mixing of both LS and HS
states, even at 4.2 K. The goodness of fit was given by:

�(%)�
� �k�exp	k
 � k�th	k

2

�k�exp	k

2
(3)

and the fitting uncertainties were estimated in the standard manner, with
the statistical ��2.[44c] The experimental error bars were estimated by a
classical statistical method.[47]
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