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Summary. The structures of linear chain Fe(II) spin-crossover compounds of «,3- and o,w-bis
(tetrazol-1-yl)alkane type ligands are described in relation to their magnetic properties. The first threefold
interlocked 3-D catenane Fe(Il) spin-transition system, [u-tris(1,4-bis(tetrazol-1-yl)butane-N1,N1")
iron(IT)] bis(perchlorate), will be discussed. An analysis is made among the structures and the coop-
erativity of the spin-crossover behaviour of polynuclear Fe(I) spin-transition materials.

Keywords. Spin-crossover; High-spin; Low-spin; Fe(Il); Tetrazole; Polynuclear compounds; Chain;
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Introduction

Spin-crossover materials are increasingly investigated due to their perceived
technological importance, which is based on their possible application as molecular-
based memory devices and displays [1-3]. Especially, Fe(Il) spin-crossover
compounds exhibit favourable response functions towards a change in temperature
or pressure, and also upon light irradiation [1-15]: the thereby occurring inter-
conversion from low-spin (LS; S=0) and high-spin (HS; S =2) represents the
magnetic response, and moreover, it is frequently associated with a pronounced
thermochromic effect. This is, for instance, the case for the extensively studied
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Fig. 1. 1,2-bis(tetrazol-1-yl)propane (bzp), 1,2-bis(tetrazol-1-yl)ethane (btze) and 1,4-bis(tetrazol-
1-yl)butane (btzb)

[Fe(1-propyl-tetrazole)s]|(BF,), [12—17], which shows very abrupt spin transitions,
a feature which may very well be described by the model of elastic interactions [18],
and even thermal hysteresis, which is due to a first order crystallographic phase
transition [19]. Generally, the occurrence of thermal hysteresis in mononuclear
Fe(II) spin-crossover compounds may also be brought about by strong intermole-
cular interactions resulting from the presence of an important hydrogen bonding
network [20, 21] or extended 7—m interactions [22, 23]. Unfortunately, these features
invoked to be responsible for thermal hysteresis are extremely difficult to control,
hence alternative strategies involving polynuclear Fe(Il) compounds have been
applied during the last decade. This quest for polynuclear Fe(Il) spin-crossover
compounds has been motivated by the fact that an efficient propagation of the
molecular distortions originating from the Fe(II) spin transition through the crystal
lattice is enhanced by the direct covalent intramolecular bonds.

Our approach is based on the use of «,(- and «,w-bis(tetrazol-1-yl)alkane type
ligands. This paper deals with the comparison of the structural features in relation
to the Fe(Il) spin-crossover properties of various linear chain Fe(II) spin-crossover
compounds obtained with the ligands 1,2-bis(tetrazol-1-yl)propane (abbreviated as
btzp) and 1,2-bis(tetrazol-1-yl)ethane (abbreviated as btze) (Fig. 1). These struc-
tures will also be compared with the crystallographic data of a related Cu(II) linear
chain of brze.

It will also be shown that increasing the length of the alkyl spacer in such a way
as to yield 1,4-bis(tetrazol-1-yl)butane (abbreviated as btzb) (Fig. 1), proves to be
a valuable tool in determining the dimensionality of the Fe(Il) spin-crossover
material. The Fe(Il) spin-crossover properties of this polynuclear compound will
be discussed and compared to these reported for other polynuclear Fe(Il) spin-
transition materials. Special emphasis is given to the factors leading to the
cooperativity of the Fe(Il) spin-crossover behaviour in these various systems.

Results

Spin-Crossover Behaviour and Structure of [Fe(btzp)3](ClO4),

[Fe(btzp);](Cl04), represents the first structurally characterized Fe(II) linear-chain
compound exhibiting thermal spin-crossover [24]. It shows gradual spin-crossover
behaviour with a transition temperature T’ ,, i.e. where equivalent amounts of spin
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Fig. 2. xyT and yys versus T plots both in the cooling and warming mode for [Fe(btzp);](ClO,), in
the 4.2-300 K temperature range [24]

switching Fe(Il) ions in low-spin and high-spin forms are present, of 148 K, as
evidenced by variable temperature magnetic susceptibility measurements and >’Fe
Mossbauer spectroscopy. The magnetic behaviour of [Fe(btzp)3](ClO,), is shown
in Fig. 2 in the form of the T versus T plot, x,, being the molar magnetic
susceptibility per iron(Il) ion and T the temperature. At higher temperatures, the
spin-crossover is fairly complete yielding 100% of high-spin Fe(II) ions, whereas at
60 K a mixture of low-spin and high-spin Fe(Il) ions, with the molar fractions 0.80
and 0.20, respectively, could be detected. The presence of Fe(Ill) could be ruled
out based on the °'Fe Mossbauer spectroscopy data [24]. The solid line shown in
Fig. 2 shows the fraction of high-spin Fe(II) species yys as function of the tem-
perature, as derived from the regular solution model. The transition does not show
any hysteresis, since the x,,7 versus T curves recorded at decreasing and increasing
temperatures are identical.

Most interestingly, [Fe(btzp);]1(ClO,4), undergoes light-induced excited spin-
state trapping (LIESST effect). To the best of our knowledge, this is the first and
only one-dimensional Fe(Il) spin-crossover compound behaving this way.

The structure has been solved at 200K and 100K by single-crystal X-ray
crystallography. A view of the cationic iron(I) linear chain is depicted in Fig. 3.
The space group at 100 K and 200K is P3c1. The asymmetric unit consists of an
iron(IT) ion and one half of the btzp ligand. The C3 of the 1,2-propane linkage is
crystallographically disordered and yielded two partially occupied positions. This
originates from the use of the racemic mixture of the ligand in the synthesis of the
Fe(Il) compound. A disordered perchlorate anion completes this asymmetric unit.
The Fe(Il) ion lies on the threefold axis and has an inversion center. It is in an
octahedral environment formed by six crystallographically related N4 coordinating
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Fig. 3. View of the structure of [Fe(btzp);](ClO,4), perpendicular to the c-axis at 100K (adapted
from [24])

1-tetrazole moieties. The almost perfect O, symmetry for the FeNg core is there-
fore present in the high-spin and low-spin state. The latter feature could also be
confirmed by the >TEe Mossbauer spectra, showing a singlet, the characteristic
signature for one of the rare cases of cubic local symmetry for an Fe(Il) ion
in the low-spin state. The Fe—N4 distance of 2.164(4) A at 200K corresponds to the
value expected for an Fe(Il) ion in the high-spin state [5]. At 100K, the Fe-N4
distance is equal to 2.038(4) A, which is a typical value for an Fe(Il) ion in the LS
state [5]. The Fe—N4 distance decreases by 6% upon the spin conversion, which
corresponds to the values found for other spin-crossover compounds [5]. The Fe(II)
octahedron is very slightly distorted in the high-spin state with two sets of bond
angles N—Fe—N of 91.1(2)° and 88.9(2)°. However, as expected, it is quasi regular
in the low-spin state with bond angles N—Fe—N of 90.8(2)° and 89.2(2)°. The Fe(II)
ions are linked by a bridge composed of three bis(tetrazole) ligands, leading to a
regular linear chain running along the c-axis with Fe—Fe separations of 7.422(1) A
at 200K and 7.273(1) A at 100K. The btzp ligand has a bent syn conformation,
which is illustrated by the torsion angle N1-C1-C2“-N1“ (a=y, x, 0.5 —z7) of
—34(1)° at 200K and of —35(1)° at 100K. A projection of the structure at
200 K perpendicular to the b-axis is shown in Fig. 4. The space-filling of the Fe(II)
chains shows a hexagonal motif. In turn, the linear chains are packed in such a way
as to form hexagonal cavities in the ab plane. The non-coordinated perchlorate
anions reside in the voids of this molecular architecture. There are no intermole-
cular contacts between the linear chains. The apparent contacts between C3 atoms
originating from different chains may be attributed to the statistical disorder of
these C3 atoms.

The largest change in cell dimensions due to the spin transition amounts to
2.1% over the temperature range 100—-200 K, and was found for the c-axis, i.e., the
chain axis. The changes in the a- and b-axes are considerably smaller (0.6%). The
actual cell volume decreases by 3.3% in the temperature range from 200 to 100 K.
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Fig. 4. View of the crystal structure of [Fe(btzp);](ClO4), down the c-axis at 100K (adapted
from [24])

The volume change per Fe(Il) ion is 25.4 A3 , which falls in the range normally
observed [5].

Spin-Crossover Behaviour and Structure of [Fe(btze);](BF4)>

Continuing this research, we investigated in which way the variation of a 1,2-
propane linkage towards a 1,2-ethane linkage between the tetrazole moieties
influences the structural features. Recently, we reported [Fe(1,2-bis(tetrazol-1-yl)
ethane);|(BF,),, a comparable Fe(II) spin transition linear chain with a somewhat
more abrupt spin transition centered at 140 K [25]. The variable temperature mag-
netic susceptibility measurements (Fig. 5), as well as the >’Fe Mossbauer spectros-
copy study gave evidence for an Fe(Il) spin-crossover behaviour that is complete at
higher temperatures, however, with a residual Fe(Il) high-spin fraction of about
9.3% at lower temperatures. Superimposed on this spin-crossover behaviour of the
Fe(Il) ions, the >’Fe Mossbauer spectra recorded over the whole temperature range
also revealed the presence of a small fraction (7%) of high-spin Fe(III) ions.

The structure of [Fe(1,2-bis(tetrazol-1-yl)ethane);](BF,), has been determined
in the trigonal space group P3cl at 296, 200, 150 and 100K, and corresponds to
these described for [tris(1,2-bis(tetrazol-1-yl)propane)iron(Il)] bisperchlorate [24].
Also in this case, paramount disorder has been encountered in the crystal structure,
however, of a different nature than for the former Fe(Il) linear chain compound.
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Fig. 5. Temperature dependent magnetic susceptibility of [Fe(brze)s](BF,), [25]

Fig. 6. Asymmetric unit of the structure of [Fe(btze);]1(BF,), (T=296 K) showing two alternatively
occupied sets of atoms linked by full/open bonds, as used in the final structure refinement [25]

This may best be viewed from Fig. 6 showing the asymmetric unit of the structure
of [Fe(btze);](BF,),. The asymmetric unit consists of an iron(Il) ion, one half of
the btze ligand and a tetrafluoroborate anion. The btze ligand adopts two orienta-
tions, characterized by two sets of atoms that are related by pseudo-symmetry and
distinguished by unprimed and primed atoms. The refined site occupation factors
for split positions were almost 0.5, i.e. 0.498(3). Also in this case, the geometry
formed by the six N-donating btze ligands about the Fe(Il) ion is almost perfectly
octahedral. The Fe—N bond lengths are markedly temperature dependent: At room
temperature the Fe—N bond length of 2.182(1) A corresponds to a typical Fe(II) ion
in high-spin state [S]. After a small contraction to 2.160(1) A at 200K, there is a
significant decrease to 2.095(2) A at 150K and to 2.004(1) A at 100K. This is
accompanied by a concomitant change in the colour of the crystal from colorless
(296 and 200 K) to an intense pink (150K and 100 K). The short Fe—N distance
at 100K 1is consistent with the transition to the low-spin state [5]. Three btze
ligands link the Fe(Il) centers to form cationic chains running parallel to the
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Fig. 7. Projection showing the unit cell of [Fe(btze);](BF,),. Alternative orientation of the chains
defined by primed atoms (see Fig. 6) is omitted for clarity [25]

crystallographic c-axis, as depicted in Fig. 7. Naturally, the Fe(Il) spin-crossover
behaviour is alsq reflected in the Fe...Fe separations, which are 7.477, 7.461,
7.376 and 7.293 A at 296, 200, 150 and 100 K, severally. In the ab plane the linear
chains are arranged in a hexagonal close-packed fashion, creating channel-like
spaces between them and occupied by the tetrahedral BF,~ anions (Fig. 8).

Structure of [Cu(btze)3](ClO,),

The crystal structure determination of [Cu(1,2-bis(tetrazol-1-yl)ethane);](C10,4),
carried out at 298 K also revealed a linear chain structure [26], which, however,
shows important differences with respect to the one for the Fe(Il) tetrafluoroborate
derivative [25]. Interestingly, the Cu(II) compound crystallises in the orthorhombic
space group Pbcn, whereas both Fe(Il) linear chain compounds crystallise in the
trigonal space group P3c1 [24, 25]. Therefore, the Cu(Il) chain lacks the threefold
symmetry about the chain axis, which implies that the perfect octahedral symmetry
about the metal(II) center is not conserved anymore. Indeed, the Cu(Il) ions are in a
Jahn-Teller distorted octahedral environment (Cu(1)-N(11)=2.034(2) A, Cu(1)-
N(21)=2.041(2) A and Cu(1)-N(31)=2.391(2) A). The N-Cu—N angles are close
to 90°, varying from 88.07(7) to 91.93(7)°. Furthermore, in contrast to [Fe
(btze);](BF,4), there is only one crystallographic orientation for each brze ligand.
The Cu(Il) ions are linked by three N4, N4’ coordinating bis(tetrazole) ligands
leading to a regular linear chain running along the c-axis, as displayed in Fig. 9.
The btze ligands have a bent syn conformation which is shown by the torsion
angles N(14)-C(16)-C(16)*-N(14)*> of —51.1(2)° and N(24)—C(26)-C(36)*—
N(34)? of —37.1(3)° (symmetry operation 2: 1 —x, y, 3/2 — 7). It can noticed that
the long Cu—N distance is compensated by a smaller torsion angle, in order to
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Fig. 8. Projection of the structure of [Fe(btze);](BF,), down the c-axis [25]

c

Fig. 9. Projection of the structure of [Cu(btze)s](ClO,), along the c-axis [26]

allow the three ligands to fit in the linkage between the Cu ions. The N(24)-C(26)—
C(36)>-N(34)? torsion angle of —37.1(3)° (symmetry operation 2: 1 —x,y,3/2 —z)
is comparable to those observed for [Fe(1,2-bis(tetrazol-1-yl)propane);](ClO,4), of
—34(1)° at 200K and —35(1)° at 100K [24]. These features lead to a Cu...Cu
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separation of 7.420(3) A, ie. only slightly shorter than the Fe. . .Fe separations in
the Fe(Il) linear chain spin-crossover compounds in the high-spin form [24, 25].
The crystal packing of all three linear chain compounds discussed above is essen-
tially identical, notwithstanding the fact that there are neither significant intermo-
lecular contacts between the linear chains, nor hydrogen bonding interactions
present in the structures.

Spin-Crossover Behaviour and Structures of [M(btzb)3](ClO,4),
(M(Il) = Fe, Cu)

Continuing our strategy of applying the linkage of tetrazole moieties by alkyl
groups in order to obtain polynuclear iron(Il) spin-crossover materials, the length
of the alkyl spacer was varied. This yielded a class of threefold interlocked 3-D
catenanes of formula [M(1,4-bis(tetrazol-1-yl)butane);](ClO4), (M(I)=Fe, Ni,
Cu) [27]. The highly thermochromic polynuclear compound [Fe(1,4-bis(tetrazol-
1-yDbutane);](ClO,4), has been obtained in the form of colourless crystals. This
feature arises from the fact that the spin-allowed d—d transition of lowest energy of
the compound in the high-spin state, > T, — > E,, occurs in the near infrared region.
Upon cooling, the colour changes to an intense pink. This is due to the 1Alg — 1Tlg
d—d transition of the compound in the low-spin state. The results of the variable
temperature optical measurements are displayed in Fig. 10. Upon cooling, a very
abrupt high-spin — low-spin transition taking place at 155K is observed. Subse-
quent heating shows the low-spin — high-spin transition at 180K, yielding a
thermal hysteresis of 25 K. Further heating-and-cooling cycles within the tempera-
ture range 77-298 K indicate that this hysteresis is retained. It is worth noting that
these measurements provide an accurate determination of the transition tempera-
tures, but do not give any information on the population of the active spin-cross-
over sites, i.e. the percentage of iron(Il) ions involved in the spin transition. The
magnetic susceptibility measurements revealed that only ca. 16% of the Fe(Il) ions
are involved in the spin transition, characterized by T | = 150 Kand T, ;T = 170 K.
This hysteresis of 20K has been reproduced along several thermal cycles. The
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Fig. 10. Optical detection of the spin transition for [Fe(bzzb);](ClO0y), [27]
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Fig. 11. Tentative 3-D model (150K) for [Fe(btzb);](ClO4), [27]

slight discrepancy between the transition temperatures determined by optical and
magnetic methods is most likely related to different sample — thermal response/
temperature detector geometries in both applied techniques. The optical measure-
ments focus on the colour, i.e. the surface of the sample, whereas the magnetic data
reflect the physical behaviour of the bulk material [28, 29].

Furthermore, irradiation with green light at 30 K lead to the population of the
metastable high-spin state for the thermally active iron(I) ions. Therefore,
[Fe(btzb);](ClOy), represents the first 3-D Fe(Il) spin-crossover material display-
ing the LIESST effect.

Unfortunately, only a tentative model of the 3-D structure of [Fe(btzb)3](ClO4),
at 150K could be determined (Fig. 11). Each of the ligands is located on an
inversion centre. This causes all central C—C linkages to be in the anti conforma-
tion. Of the six independent N—C—C—C torsions in the ligands, four are also in the
anti conformation, but two fit the electron density best when brought into a gauche
conformation. A detailed reanalysis of the crystallographic data has been carried
out recently [30]. This revealed a model showing three symmetry related, inter-
penetrating, 3-D Fe—btzb networks. Iron atoms within one network are separated
by the unit cell translations. The iron atoms of two non-connected networks
approach each other as close as 8.3 and 9.1 A according to this model. The crystal
structure of the Cu(Il) analogue confirmed this threefold interpenetrating 3-D
catenane structure [31]. The driving force for the formation of these unprecedented
supramolecular 3-D catenane materials lies in the conformation adopted by the
alkyl spacer used to link the tetrazole moieties. Upon increasing of the spacer
length the anti conformation, as has been found for the free btzb and for the Fe(II)
catenane of btzb [27], is favoured over the bent syn conformation as found in the
linear chains of ligands with smaller spacers [24—26].
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Discussion

[Fe(btzb);](C10,), is the first Fe(Il) spin-crossover material with a supramolecular
catenane structure consisting of three interlocked 3-D networks. Although, espe-
cially during the past few years several new polynuclear Fe(Il) spin-crossover
compounds have been reported (vide infra), the structure of the present compound
is highly novel [27, 30]. Its structure is built up from three interlocked crystal-
lographically dependent 3-D [Fe(brzb);]** networks [30]. From the disorder met
in this structure, it is evident that the crystal lattice does not involve the most
efficient packing. In fact, it appears that in [Fe(btzb);](ClO,4), four of the six
crystallographically independent brzb ligands are in an anti conformation, whereas
the remaining two are in a syn conformation. Interestingly, the crystal structure
determination did not reveal any well-defined type of intra- or intermolecular
interaction, which could be responsible for the stabilization of this unusual supra-
molecular structure.

A comparison may be made with the first supramolecular 2-D catenane exhi-
biting thermal spin-crossover behaviour [32]. The structure of [Fe(tvp),(NCS),] -
CH;0H (tvp = 1,2-di-(4-pyridyl)-ethylene) has been elucidated at room tempera-
ture and consists of two interpenetrating two-dimensional [Fe(tvp),(NCS),]
sheets. The octahedrally coordinated Fe(Il) ion contains two thiocyanate anions
in trans positions, whereas the four surrounding bidentate N-coordinating tvp
ligands link the Fe(Il) ions into 2-D layers. The Fe...Fe separation through the
tvp ligand is 13. 66 A. The Fe...Fe separations involving metal ions originating
from interpenetrating layers are 22.59 and 15.36 A. The difference in ligand dimen-
sions between tvp and bizb, leads to a somewhat larger Fe. . .Fe separation over the
direct btzb linkage, i.e. ca. 15 A. However, the interweaving of three 3-D lattices
gives rise to extremely short Fe. . .Fe separations of 8.3 and 9. 1A between sym-
metry related non-connected lattices.

The same group pursued this research and reported on the threefold interlocked
2-D catenane system [Fe(bpb),(NCS),]-0.5CH;0H (bpb = 1,4-bis(4-pyridyl)-
butadiyne) [33]. The structure consists of 2-D [FelL,(NCS),] sheets comparable
to the ones found in the former material, however, because of the increased rigidity
and larger size of the present bpb ligand, now three mutually perpendicular nets are
intercatenated. The crystal structure involves two symmetry independent networks
leading to Fe...Fe separations over the direct bpb linkage of 16. 628 A and
16.393 A, respectively.

The only other Fe(Il) spin-crossover compound having a 3-D lattice with which
comparisons may be made is [Fe(btr);](ClOy), (btr=4,4-bis-1,2,4-triazole) [34].
This compound may be regarded as a 3-D analogue of the 2-D spin-crossover
materials [Fe(btr),(NCX),] (btr =4,4'-bis-1,2 4-triazole; X =S [35], or Se [36]).
The latter systems were first reported 15 years ago, and solely by incorporating
the non-coordinating anion perchlorate for the N-coordinating thiocyanate anion,
the 3-D Fe(Il) spin-transition compound has been obtained. The structure of
[Fe(btr)3](ClOy4), [34] was solved at 150, 190 and 260 K and comprises a 3-D
network in which the crystallographically independent Fel and Fe2 ions are con-
nected by single u-N1,N1'-4,4'-bis-1,2,4-triazole bridges. Since the rather rigid btr
ligand is smaller than the bzzb ligand, the metal-metal separations over the bridging
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bir ligands are considerably shorter than for [Fe(bzh);]1(ClOy),, ie. Fel.. Fe2
(both in the HS form)=38.67A at 260K, Fel (HS)...Fe2 (LS)=8.55A at
190K, and Fel.. .Fe2 (both in the LS form) =8.42 A at 150 K. Interestingly, these
values are of the same order as the Fe...Fe spacings of 8.3 and 9.1 A between
different nets, i.e. through space, in the bfzb material.

It is believed that the direct connectivity of the Fe(II) sites in polynuclear Fe(II)
spin-transition compounds may have a favourable effect on the strength of the
elastic interactions between the active Fe(Il) spin-crossover centers, thereby
increasing the cooperativity of the spin transition, leading to very abrupt spin-
crossover behaviour. Indeed, this appears to be the case for the series of linear
chain compounds of formula [Fe(4-R-trz)s;](anion),-xH,O (4-R-trz=4-substi-
tuted-1,2,4-triazole) [1-3, 7, 9-11, 28, 37-40], where the direct linkage of the
Fe(Il) spin-crossover centers by triple N1,N2-1,2,4-triazole bridges is assumed to
account for the cooperative nature of the spin transition. When the ligand spacer
linking the Fe(II) ions becomes more flexible, as is the case for [Fe(1,2-bis(tetra-
zol-1-yl)propane);](ClO,4), [24] and [Fe(1,2-bis(tetrazol-1-yl)ethane);](ClO,4),
[25], the spin-crossover behaviour becomes more gradual. This is the signature
for the negligible magnitude of the elastic interactions, which is most probably
due to the 1,2-propane or 1,2-ethylene unit acting as some kind of shock absorber
of the elastic interactions. This may be further illustrated by a comparison of the
structures of [Cu(hyetrz);](ClOy), - 3H,O  (hyetrz = 4-(2'-hydroxy-ethyl)-1,2,4-
triazole) [41] and [Cu(btze);](ClO4), [26]. The structure of [Cu(hyetrz)s]
(ClOy), - 3H,0 shows Cu(Il) ions linked by triple N1,N2 1,2.4-triazole bridges
yielding an unsymmetrical chain with two different alternating copper—copper dis-
tances, i.e. Cul—-Cu2=3.853(2) A and Cu2-Cu3 =3.829(2) A, respectively. It is
important to notice that even though the Cu(Il) ions are in Jahn-Teller distorted
octahedra, the chain shows only a relatively small deviation from linearity [41]. For
[Cu(btze)3](ClOy),, in spite of the Jahn-Teller distorted geometry about the Cu(II)
ions, the chain does not show any deviation from linearity [26]. Obviously, the
flexibility of the ethylene linkage allows the preservation of the perfect linear chain
structure, since the Jahn-Teller deformation of the Cu(Il) coordination sphere has
been successfully compensated by important variations in the N-C—C-N torsion
angles of the btze ligands.

The same type of reasoning concerning the shock-absorbing properties of the
direct bridging ligand may be applied to [Fe(tvp),(NCS),]-CH;0H [32] and
[Fe(bpb),(NCS),] - 0.5CH3;0H [33], which show only a very gradually proceeding
and incomplete spin transition. Although the 1,2-di-(4-pyridyl)-ethylene and 1,4-
bis(4-pyridyl)-butadiyne ligands themselves may a priori not be considered as
flexible, it seems that the negligible magnitude of the elastic interactions is brought
about by the flexibility of the 2-D network itself. This is illustrated by the absence
of significant intra- and intermolecular interactions, which leads to the formation of
large channels between the interlocked lattices.

On the other hand, both 3-D Fe(Il) spin-crossover compounds show abrupt
spin-crossover behaviour. The crystal structure of [Fe(btr);](Cl0,4), revealed the
presence of two slightly different Fe(Il) spin-crossover sites, each displaying its
own magnetic behaviour [34]. This leads to a two-step spin conversion with 50% of
the Fe(Il) ions (site Fel) undergoing a very abrupt spin transition with a small
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hysteresis of 3 K centered at 184 K, whereas the other 50% of Fe(Il) ions (site Fe2)
display rather gradual spin-crossover behaviour with T, =222 K.

The structural model for [Fe(btzb);](ClO4), showed three interlocked 3-D
[Fe(bizb)s]* * lattices [27, 30]. At 150K, the Fe(Il) _ions of two non-connected
networks approach each other as close as 8.3 and 9.1 A. These distances involving
no direct bridging ligands are comparable to the Fel...Fe2 separation within
[Fe(btr)3](ClOy),, albeit over a direct btr linkage [34]. Interestingly, the spin-cross-
over behaviour of [Fe(btzb)3](ClO,), is far more abrupt with transition tempera-
tures Ty, =170K and T,,;| =150K, i.e. involving a rather large thermal
hysteresis of about 20 K for a small fraction of ca. 16% of the Fe(II) ions involved
in this transition; the remaining Fe(Il) ions stay in the HS state [27]. It is worth
noting that this is the largest thermal hysteresis observed up to now for iron(Il)
tetrazole derivatives. Apparently, the rigidity originating from the interweaving
within this threefold 3-D interlocked lattice, is responsible for the efficient propa-
gation of the elastic interactions leading to this type of cooperative spin-crossover
behaviour. However, the same factors may also be invoked for explaining the small
fraction of Fe(Il) ions undergoing the spin transition. Most probably, the structural
changes accompanying the Fe(II) spin transition modify the structure in such a way
that the further spin-crossover of the high-spin Fe(II) ions upon cooling is severely
hampered.

Conclusion

The comparison of these various polynuclear Fe(Il) spin-crossover compounds has
revealed that the predominant factor related to the cooperativity of the spin-cross-
over behaviour is neither the Fe.. .Fe separation, nor the dimensionality of the
Fe(Il) spin transition material, but rather the stiffness and rigidity with which the
Fe(Il) centers are maintained within the crystal lattice. Up to now, it has been
observed that this rigidity may either arise from the stiffness of the direct bridges
between the active spin-crossover centers as found in the linear chain materials
[Fe(4-R-trz)s](anion), - xH,O [1-3, 7, 9-11, 28, 37-40], or from the efficient crys-
tal packing of the lattice itself, as demonstrated for the 3-D spin-crossover material
[Fe(btzb)3](Cl0,), [27, 30].

For the Fe(Il) linear chain spin-transition materials, it is generally agreed upon
that the cooperative Fe(Il) spin-crossover behaviour of the Fe(Il) 4R-1,2,4-triazole
linear chains is related to the tight linking of the active Fe(Il) centers by triple
NI1,N2 1,2,4-triazole bridges. On the other hand, the crucial factor responsible for
the cooperative Fe(II) spin-crossover behaviour for the 3-D supramolecular cate-
nane [Fe(btzb)3](Cl04), [27] is the closed 3-D packing of the whole coordination
polymer, and is certainly not caused by the rather flexible bridging btzb ligand
itself.

It appears that the difference in dimensionality of the Fe(Il) spin transition
materials may be relevant to important variations in the response of the crystal
lattice towards the Fe(Il) spin-crossover. It becomes evident from the structural
data of [Fe(btzp);](ClO4), [24] and [Fe(btze);](BF,), [25] that the main structural
changes occurring during the spin transition are directed along the chain axis.
Concomitant with this, the change in unit-cell dimensions predominantly takes
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place along the c-axis; therefore, the volume change upon spin-crossover is ex-
tremely anisotropic. The magnitude of the thermal contraction upon the Fe(II) spin
transition could not be determined for the Fe(II) spin-crossover linear chain com-
pounds of 4-R-1,2,4-triazole, since no structural data are available. Fe(Il) spin
transition materials of higher dimensionality may have more favourable thermal
expansion characteristics upon Fe(Il) spin-crossover. In these compounds, the
change in unit-cell volume will occur more or less uniformly in all directions.
Therefore, the elastic interactions are also expected to be more isotropic. Prelimi-
nary results have already confirmed this for another threefold interlocked 3-D
supramolecular Fe(Il) catenane of btzb [42].

Clearly, the family of «a,(3- and «,w-bis(tetrazol-1-yl)alkane type ligands have
been very valuable building blocks in the Fe(Il) spin-crossover research. This
approach already lead to the first structurally characterized 1-D iron(II) spin-cross-
over compound. This same [Fe(btzp);](ClOy4), was also the first linear chain Fe(II)
spin-crossover material to show the LIESST effect [24]. Furthermore, [Fe(btzb)s]
(ClOy4), represents the first supramolecular catenane Fe(Il) spin-crossover com-
pound with three interlocked 3-D networks. This thermochromic material can be
switched by both temperature and light [27].

Further research on this type of polytetrazole systems is currently being carried
out. Variation in the synthetic route provides a solid basis for tuning the spin-
crossover behaviour by modifying the nature of the spacer between the tetrazole
entities. In this way, a systematic tuning of the Fe. . .Fe separation is achieved, and
more importantly, the dimensionality of the Fe(Il) spin-crossover system can be
changed.
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