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The structure of [Fe"(H;L)](ClO,),-3H,0, where H;L is a tripodal hexadentate ligand derived from
the 1:3 condensation of tris(2-aminoethyl)amine and 4-formylimidazole, has been determined by X-ray
crystallography at 113 and 293 K. A spin transition was inferred from the Fe—N bond distances. The
temperature dependence of the magnetic susceptibility revealed that the complex undergoes a gradual
spin transition in the temperature range of 150270 K. A mixed-valence complex, [Fe'(H;L)][Fe"™(L)]-
(BF,),'1.5H,O, was prepared by the controlled deprotonation of the protonated species,
[Fe"(H;L)](BF,), 1.5H,0, under aerobic conditions, and the X-ray structure was determined at 293 K.
Two species, [Fe'(H;L)]*" and [Fe"™(L)], are linked by imidazole—imidazolate (NH---N) hydrogen bonds
to form a puckered sheet structure. Magnetic susceptibility measurements and Mdossbauer spectra pro-
vided an evidence for spin-crossover at both the Fe" and Fe' sites. There are three accessible electronic
states: (LS Fe"-LS Fe™), (HS Fe"-LS Fe™), and (HS Fe"-HS Fe™) that occur in passing from lower to
higher temperatures.
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1. Introduction

Increasing attention has been paid to the synthesis of compounds showing bistable
behaviour, because they can be used as molecular switches in electronic devices [1].

" The paper was presented at the 13™ Winter School on Coordination Chemistry, Karpacz, Poland,
9—-13 December, 2002.
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The phenomenon of spin crossover represents one of the most spectacular examples
of molecular bistability [2]. Cooperative spin crossover, where an interaction between
spin crossover sites occurs within a crystal lattice, is the dominant factor governing
bistability [3]. A polymeric strategy has been widely used to obtain a spin crossover
material that has a large cooperative effect, where the spin crossover sites are linked
together by chemical bridges to form a linear chain structure [1, 4]. Mononuclear
spin-crossover Fe'' compounds exhibiting strong intermolecular interactions, such as
hydrogen bonding [5, 6] and n—n stacking [3, 7, 8] interactions are rather scarce, and
the requirements for sharp spin transition are difficult to control. Our strategy con-
trolling a spin crossover behaviour is based on the formation of an extended two-
dimensional (2D) sheet structure, which arises from intermolecular hydrogen bonds.
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Fig. 1. The tripodal H;L ligand (a); the structure of [Co™(H;L)]** (b); the structure of [Co™(L)]° (¢)
and the hexanuclear structure as repeating unit of the 2D sheet constructed from intermolecular
imidazole—imidazolate hydrogen bonds between [Co™(H;L)]** and [Co™(L)]° (d)

We have focused on the homochiral 2D extended network structure of [Co"'(HsL)]-
[Co™(L)]X5 [9], arising from the intermolecular imidazole—imidazolate hydrogen bonds
between [Co"(H;L)]*" and [Co™(L)]°, where HsL denotes a tripodal hexadentate ligand
derived from the 1:3 condensation of tris(2-aminoethyl)amine and 4-formylimidazole
(Fig. 1). This formally hemi-deprotonated species, [Co" (H, sL)]X; s (i.e., [Co"(HsL)]-
[Co"™(L)]X;5), was prepared by the controlled deprotonation of the protonated species,
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[Co™(H5L)]Xs. A similar synthetic procedure for the iron(I) species gave a mixed-
valence Fe'-Fe'" spin crossover compound with the formula [Fe"(H;L)][Fe"(L)]-
(BF4),1.5H,O (3). This paper reports on the preparation, structure, and magnetic
properties of 3 and related complexes.

2. Experimental

2.1. Preparation of [Fe' (H;L)|(C10,),'3H,0 (1),
[Fe''(H;L)|(BF,),'1.5H,0 (2), and [Fe"(H;L)|[Fe"(L)](BF,),1.5H,0 (3)

The H;L ligand was prepared by the reaction of tris(2-aminoethyl)amine and
4-formylimidazole in a 1:3 molar ratio in methanol. The solution containing the H;L
ligand was then mixed with a methanol solution of FeCly4H,O in a 1:1 molar ratio.
The mixture was heated under reflux for 30 min, and after cooling, NaClO, (3 equiv)
was added to yield a yellow-orange precipitate. The precipitate was filtered and re-
crystallized from methanol containing a small volume of ascorbic acid. Found:
C, 31 6], H, 430, N, 20.59%. Calc. for C18H30C]2F61N10011: [FCII(H3L)](C]O4)23H20
(1): C, 31.37; H, 4.39; N, 20.32. [Fe'(H;L)](BF4),'1.5H,0 (2) was isolated by the
addition of excess NaBF, to a methanol solution of [Fe"(H;L)]Cl,. Found: C, 34.24;
H, 462, N, 21.52%. Calc. for C18H2782F8F61N1001_51 C, 3395, H, 427, N, 21.99.

To a warm methanol solution of 2, an aqueous solution of NaOH (1:1 molar ratio)
was added under aerobic conditions. The colour of the solution gradually changed
from yellow to dark green, and a mixed-valence complex with the chemical formula
[Fe"(HsL)][Fe"(L)](BF,)» 1.5H,0 (3) was produced. Found: C, 40.25; H, 4.61;
N, 26.12%. Calc. for C3(,H4ngFgFCQN2001_5Z C, 4040, H, 452, N, 26.18%.

2.2. Physical measurements

The samples’ magnetic susceptibilities were measured using a Quantum Design
MPMS5 and MPMS2 SQUID susceptometer in the temperature range of 2-350 K
under an applied magnetic field of 1 T. Md&ssbauer spectra were recorded using
a Wissel 1200 spectrometer and a proportional counter. A *’Co(Rh) radioactive source
moving in a constant acceleration mode was used. The isomer shifts were calculated
relative to a metallic iron foil.

2.3. X-ray crystal structure analysis of [Fe' (H;L)](C10,),-3H,0 (1) and
[Fe''(H;L)][Fe'"(L)](BF,)»1.5H,0 (3)

X-ray measurements were taken using a Rigaku RAXIS-IV imaging plate area detector
employing graphite monochromated Mo K, radiation (4 = 0.71073 A). The structure was
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solved using direct methods, and was refined using full-matrix least-squares procedures
employing the CrystalStructure crystallographic software package [10]. Crystal data at
113 K for 1: Formula [FeH(HgL)](ClO4)2-3H20 = CgH;30CLFeN o0y, Fw = 689.25, orange,
prism, trigonal, space group R32(h) (No. 155), @ = b = 11.851(1), ¢ =34.2177(2) A,
V=4161.7(5) A’, Z = 6, Doy = 1.650 g-ecm™, 1= 0.810 mm ', No. of reflections
measured = 1228, unique reflections = 1228, R = 0.163 [1152 [ > 20(])],
R, = 0.212.(2). Crystal data at 293 K for 1: Formula [Fe'(H;L)](ClO,),3H,0
= CgH30CLFeN40y;, Fw = 689.25, orange, prism, trigonal, space group R32(h)
(No. 155), a = b = 12.0774(9), ¢ =35.8111(2) A, V = 4523.7(5) A’, Z = 6, F(000)
=2136, Deye = 1.518 g cm™, 41 =0.810 mm ', No. of reflections measured = 1322,
Unique reflections = 1322, R = 0.163 [1152 I > 2a(])], Ry, = 0.168. The systematic
extinction of the X-ray diffraction data at both temperatures suggested either the
space group R32 or R3m. The structure was well determined when R32 was assumed,
while we could not determine the structure when R3m was assumed. Thus, the space
group R32 was selected.

Crystal data for 3 at 293 K: Formula [Fe"(HsL)][Fe"(L)](BF4)1.5H,0
= C36HysBoFsFe;,Ny Oy s, Fw = 1070.2, dark green, block, trigonal, space group P3
(No. 143), a = b = 11.9074(2), ¢ = 28.5477(4) A, V = 3505.38(8) A’, Z = 6, D.uc
=1.521 g-cm’3, No. of reflections measured = 19023, unique reflections = 5188 (R,
=0.033), R=0.080 [7005 > 20())], and R, = 0.117.

3. Results and discussion

3.1. Preparation, structure and magnetic properties
of [Fe'(H;L)](C10,),:3H,0 (1)

The tripodal H;L ligand was prepared by the reaction of tris(2-aminoethyl)amine
and 4-formylimidazole in a 1:3 molar ratio in methanol. This ligand solution was used
without isolation for the synthesis of the iron(Il) complexes. The [Fe'(HsL)]-
(ClO4),"3H,0 (1) complex was obtained as yellow-orange crystals by mixing the li-
gand solution, FeCly-4H,0, and NaClO, in a 1:1:3 molar ratio. The crude product was
purified by recrystallization from methanol containing a small amount of ascorbic
acid as a reducing agent.

The structure of 1 was determined by X-ray crystallography at 113 and 293 K.
Figure 2 shows an ORTEP drawing for the cation of complex 1. The iron atom is in
an approximately octahedral environment composed of three facially co-ordinated
imine nitrogen atoms and three imidazole nitrogen atoms. At 293 K, the average
Fe-N(imine) and Fe-N(imidazole) bond distances are 2.18(2) and 2.20(2) A, respec-
tively. These values are typical of a high-spin (HS) iron(Il) ion [3, 11, 12]. At 113 K,
the Fe-N bond distances shorten by about 0.2 A versus those at 293 K: the average
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Fe-N(imine) and Fe-N(imidazole) bond distances are 2.02(2) and 1.98(1) A, respec-
tively, suggestive of a low-spin (LS) Fe" species.

Fig. 2. An ORTEP drawing of the cation of [Fe"(H;L)](ClO4),-3H,0 (1) showing
the 50% probability ellipsoid. The hydrogen atoms have been omitted for clarity
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Fig. 3. A plot of yT versus T for [Fe'l(H;1.)](ClO,4),-3H,0 (1)

The magnetic properties of 1 are shown in Fig. 3 in the form of a y7 versus T
curve, in which gy is the molar magnetic susceptibility and 7 is the absolute tem-
perature. Complex 1 shows a spin transition in the temperature range of 150-270 K.
Above 270 K, the complex is in the HS state, while below 150 K, it is in the LS state.
These results are consistent with the X-ray structure study.
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3.2. Preparation, structure and properties of
[Fe"'(H;L)] [Fe™(L)] (BF.), 1.5H,0 (3)

The reaction of [Fe"(H;L)](BE,),-1.5H,0 (2) with NaOH (1:1 ratio) under aerobic
conditions yielded a dark green, mixed-valence complex, [Fe"(HsL)][Fe"™(L)]-
(BE,),1.5H,0 (3). Deprotonation and oxidation of [Fe"(Hs;L)]*" took place during the
course of the reaction to generate the fully-deprotonated species [Fe(L)], which
functions as a component of the mixed valence complex, 3. Thus, this reaction is an
example of a proton-coupled electron transfer reaction [13].

Fig. 4. The X-ray crystal structure of [Fe"(H;L)][Fe"™(L)](BE4),'1.5H,0 (3) showing the homochiral
2D sheet structure formed by hydrogen bonds between [Fe"(H;L)]** and [Fe™(L)]°. The counter ions
and the water molecules have been omitted for clarity; a) a top view showing the sheet structure
in which the same enantiomers are linked by intermolecular imidazole—imidazolate hydrogen bonds;
b) a side view showing that there are three types of layers: the first layer consists of HS Fe"1
and HS Fe"4 complexes; the second layer consists of LS Fe™2 and LS Fe'™5 complexes;
and the third layer consists of HS Fe™3 and HS Fe"6 complexes. The HS Fe"l and LS Fe™'s, LS Fe"™2
and HS Fe"6, and HS Fe™3 and HS Fe"4 complexes are connected by hydrogen bonds

The crystal structure was determined from single-crystal X-ray analysis at 293 K.
The structure consists of three protonated [Fe'(H;L)]*" ions, three deprotonated

[Fe"(L)] species, six BEF, counter anions, and four and a half water molecules of

crystallization. The structures of the component complexes, [Fe"(HsL)*" and
[Fe"(L)], are similar to that of 1. Adjacent [Fe"(H;L)]*" and [Fe"(L)] molecules are
arrayed in an alternate fashion on a plane perpendicular to the molecular C; axis in an
up-and-down arrangement to form an extended 2D puckered sheet structure with
a hexanuclear unit (Fig. 4a). The two species are linked by imidazole—imidazolate
hydrogen bonds. The intermolecular N---N hydrogen bond distances are in the range
of 2.752(7) — 2.784(8) A. The Fe—N distances of 3¥eveal that all the iron ions of the
[Fe'(HsL)]*" species (Fel, Fe4, and Fe6) are HS Fe', and those of the [Fe"(L)] spe-
cies (Fe2, Fe3, and Fe5) indicate that the iron ions at the Fe2 and Fe5 sites are LS
Fe'", while the iron ion at the Fe3 site is HS Fe'. A side view of crystal structure of 3
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(Fig. 4b) reveals that there are three types of layers: the first layer consists of HS Fe''l
and the HS Fe4 complexes, the second layer consists of LS Fe"'2 and LS Fe''5 com-
plexes, and the third layer consists of HS Fe™3 and HS Fe'6 complexes.
Intermolecular hydrogen bonding connects the HS Fe''l and LS Fe''5, HS Fe'6 and
LS Fe'"'2, and HS Fe'4 and HS Fe'™'3 complexes. Each complex becomes chiral with
either a A (clockwise) or A (anticlockwise) configuration due to the screw co-
ordination arrangement of the achiral tripodal ligand around the Fe" or Fe'" ion. The
absolute configurations around the six iron atoms, Fel-Fe6, are the same and 3 crys-
tallizes in the acentric space group, P3. These facts indicate that spontaneous
resolution takes place during the course of crystallization.
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Fig. 5. A plot of yyTRersus T for [Fe"(H;L)][Fe"™(L)](BF,), 1.5H,0 (3)

The magnetic properties of 3 are represented in Fig. 5 in the form of a y7Fersus
T curve. In the temperature region of 2-150 K, yuT = 0.4 cm’K-mol ™, and thus, in
the range expected for LS states at both the Fe" (S = 0) and Fe™" (S = 1/2) sites. The
mT value changes rather abruptly in the region of 170-200 K, indicating a spin tran-
sition at the Fe' site. The value of yu7 = 3.6 cm®K-mol ' at 200 K, and is close to the
calculated value for HS Fe" (S = 2) and LS Fe' states (7 = 3.38 cm’-K-mol ™).
Above 200 K, the value of y 7 increases gradually due to the spin transition from LS
to HS Fe''. The value of yuT = 4.46 cm’-K-mol ' at 293 K is close to the calculated
value (yuT = 4.71 ecm’K-mol ") for HS Fe" and a 2:1 mixture of LS and HS Fe'", as
determined by X-ray crystallography.

Mossbauer spectra were measured in the temperature range of 78-309 K. At 78 K,
the Mossbauer spectrum consisted of two quadrupole-split doublets (LS Fe': &
=0.19, AE, = 1.84, and LS Fe": 5= 0.42, AE, = 0.32 (mm-s ")), demonstrating that
both the Fe" and the Fe'' sites were in the LS state. In the temperature range of
140-170 K, three doublets coexisted, because of the existence of LS and HS Fe' sites
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and LS Fe'" sites. The doublet arising from the LS Fe' disappeared over 200 K. At
298 K, the absorption due to HS Fe' was observed in addition to the absorptions of
the HS Fe" and LS Fe'". Thus, the Mossbauer spectral results agree with the magnetic
susceptibility results.

4. Conclusions

We have prepared [Fe'(HsL)][Fe"(L)](BF4),'1.5H,0 (3) with a supramolecular
structure by a controlled deprotonation of [Fe"(H;L)](BF,),:1.5H,0 (2) under aerobic
conditions. In the supramolecular assembly of 3, three independent properties are
united: mixed-valence iron species, spin-crossover at the Fe' and Fe'" sites, and the
homochirality of the Fe" and Fe" building components. The magnetic properties of
[Fe"(H;L)](C10,),:3H,0 (1) are quite different from those of the Fe' species in 3,
demonstrating that the supramolecular association of the components into a mixed-
valence material modifies their magnetic properties due to their co-operativity.
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