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The phenomenon of spin crossover continues to intrigue
chemists, as much for its theoretical aspects as for possible
applications such as optical data storage devices. The most
common and convenient system to be studied is the low spin iron-
(I (S = 0) to high spin iron(ll) § = 2) transition, which is
accompanied by a dramatic change in magnetic properties,
Mossbauer spectra, and color. In solution or in diluted solid state
samples, the spin transition curve may be described by a simple
chemical equilibrium, in which the unfavorable enthalpy change Figure 1. Schematic view of the structure of [K&)s]**.
associated with the low spin to high spin transition is compensated ) ) .
as the temperature rises by the greater entropy of the high spinchart 1. L|gands Used in This Work.
state. In the solid state, however, the different iron centers are
coupled by the intermolecular forces holding the crystal together,
and cooperative effects may be observed. For positive cooperat-
ivity, the spin transition curve no longer shows Boltzmann
behavior, but shows a very sharp transition in which the iron ON NO
centers switch from essentially all low spin to all high spin over
a very small temperature range.

Binuclear iron complexes are particularly interesting since the
iron centers are coupled by intramolecular interactions. There are ReH
relatively few studies on such systems, all of which, to our
knowledge, concern the solid state. In a series of studies onintramolecular interactions between the two iron centers. Figure
bipyrimidine bridged complexés# Real and co-workers have 1 shows a schematic representation of the structure fZJzE"
shown that the behavior depends strongly on the other ligandsand shows how the centers are linked through the strands of the
present. In some cases, only one of the two iron ions underwentligands.
a spin transitiorf;* whereas in others? both ions showed spin Although we believe that this is the first example of binuclear
crossovers, albeit at different temperatures. Very recently a thermal spin crossover to be studied in solution, allosteric effects
tetranuclear iron grid was shown to undergo spin crossover bothassociated with a high spin to low spin transition observed for
in the solid state and in solution. iron(Il) are of course well-known in hemoglobin, where the spin

In all these cases, study of the solid state samples implies thechange is induced by binding of molecular oxygen rather than
simultaneous presence of intra- and intermolecular forces. To temperature change, and binding of oxygen at an A site enhances
study the effect of intramolecular interactions in the spin crossover the affinity for oxygen &a B site!
process of binuclear compounds, it is necessary to isolate the The ligandsla® 1b,® and2°® were obtained following literature
binuclear species, for example, by working in solution. Recently procedures, and the complexes [E&§]>*.° [Fe(lb)s]?*,** and
we observed that the iron(ll) triple helicate JE®s]*" showed [Fex(2)s]*" © were prepared as their perchlorate salts, see Chart
spin crossover behavior in solutforwhich appeared to be 1. (WARNING! Perchlorate salts of complexes with organic
significantly different from that of its mononuclear analogue [Fe- ligands are potentially explosive and should be treated with great
(18)s)?*, and this seemed an ideal system in which to study the care! Only small amounts of complex were used in the course

of these experiments).

*To whom correspondence should be addressed. E-mail:  1he spin crossover was followed by observation of the intense
alan.williams@chiam.unige.ch. MLCT transition of low spin iron(Il) around 540 nm, which is
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Table 1. Calculated Spin Crossover Thermodynamic Parameters

16 - 0‘97,:""11,
complex Ti2 (K) AH (kJ molt) AS(J moltK1) i %o ““t.
o A

[Fela)2"  302.3(1) 33.6(2) 111(1) Tea tha,,

[Fe(lb)s>*  323.4(1) 30.8(2) 96(1) gt2- ®a

Fe(2)s)*t 341(4) 32(4) 94(14) g % . fa,

402(3) 50(7) 124(18) Fos - o “‘.
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Propylene carbonate gave good results; control experiments with 04 - oq, “.‘“
a slight excess of free ligand showed that decomplexation did °°°u,.,,‘° Fraag,
not occur in this solvent (unlike in DMF and DMS®&)Solutions eeeee
of the complexes (approximately 0M) were placed in a 0
240 280 320 360 400 440

variable temperature bath, and the absorbance was measured with
an immersible optrode. The experiments were performed under _ )
Figure 2. The absorbance change (540 nm) with temperature for [Fe-

N2 alt_hough, due to the high potentials of these compléxes, (1257 (®) and [Fe(2)s]*" (a) in propylene carbonate. The fitted curves
oxidation would not be expected. Measurements were made Upon, .. 2iso shown.

heating and cooling and showed no hysteresis.

The absorbance data were fitted, after correction for the slight
change in density of propylene carbonate as a function of
temperaturé? to the desired equilibrium model (see below) using
a nonlinear least-squares algorithm with the critical spin transition
temperatureT,,, the crossover enthalpy changeH, and the
absorbances of the fully high spin and the fully low spin species
as parameters. The calculated thermodynamic parameters are
presented in Table 1. Figure 3. The coordination sphere of the upper, low spin iron(ll) is

The mononuclear complexes [Bes]2 and [Fe(b)s]2* show d|§torted in Fhe Ellll low spin form (left), but this is releasgd in the mixed
a simple equilibrium between low spin and high spin forms, with spin form (right); the changes are exaggerated for clarity.
parameters comparable to those reported for similar complexes
in solutiort* and in the solid stat®. The parameters calculated by Piguet and co-worke¥sfor mixed triple helical structures of
here for [Fela)s]** can be considered as an improvement over the type [LnFek]5" in which the iron has an almost identical
those previously reported from this laboratogiven the wider  coordination sphere and where the parameters lie in the range
temperature range covered in the present investigation. AH° = 28.3-30.5 kJ mof?, AS = 82—92 J motiK~1, with

The data for the binuclear complex H®)s]*" showed a  transition temperatures in the range 3®b3 K.
gradual transition over a much greater temperature range (Figure The second spin transition step is clearly disfavored, with a
2). A model with a single equilibrium constant did not fit the  sjgnificant increase in the transition temperature. How may this
data, showing systematic deviations between observed andincrease arise? The crystal structure of,[Eg]** in the all low
calculated values, and giving a physically nonsensical negative spin form shows that the iron coordination site is distorted from
absorption for the high spin form (Figure S1). A two step model ideal octahedral geometry, where, in particular, the -ron
(Equation 1) with two different equilibrium constants was penzimidazole bonds (average 1.96 A) are shorter thaestbe
therefore used: iron—pyridine bonds (average 2.00 A). One result of the transition

at the first iron atom isﬂan increase of its-A¢ bond distances

a K s K2 a+ by approximately 0.2 A.Examination of the crystal structure
[(Fe)x (sl = [(Fad(Fad(2a = [(Fadz(2)s ™ (1) suggests that this enlargement at the high-spin iron site will lead
to a more regular coordination geometry at the low spin site; the

The absorbance of the intermediate mixed spin species wasligand strands will separate and the low-spin iron will act as a
assumed to be the average of the all high spin and all low spin pivot, so that thexo coordinating atoms (the pyridine nitrogens)
values. The three spin forms are simultaneously present in solutionwill be brought closer to the low-spin iron atom. This is shown
over a wide temperature range, and consequently the parametersh an exaggerated way in Figure 3. Given that the ligand field
for the two steps are strongly correlated; this is the origin of the strength is extremely sensitive to-M. bond distanceéthe low
rather large standard deviations of the parameters. Nonethelessspin site in [FaFas(2)s]*" would be stabilized, leading to the
it is certain that the system shows negative cooperativity, in that observed increase iy, for the second spin transition.
the transition at the first site stabilizes the low Spin form at the Further support for this hypothesis was obtained with experi_
second site, and a higher transition temperature for the spin changgnents on solutions of the complexes [MEg[** (M = Ni, Zn),
of the second site results. which were obtained by mixing ligan@ with solutions of

The first spin transition of the dinuclear complex has a slightly M(Cl0,), and Fe(CIQ), (9:1). The observed transition temper-
larger T1> compared to the analogous mononuclear compleX, atures for these complexes were 393(3) K and 365(3) K,
stemming from a marginally lowekS, which may be tentatively  respectively (Figure S2).Nickel and zinc ions are intermediate
ascribed to a smaller increase in vibrational disorder in the more in size between high and low spin iron(#;thus, one would
rigid helicate'® The closeAH values underscore the similarity  predict transition temperatures higher than that found for the first
in coordination sphere and geometry around the iron centers oftransition of [Fe(2)s]*" but lower than the second, as observed.
the mono- and dinuclear specfé8 Similar values were calculated
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(16) Edder, C.; Piguet, C.; Bernardinelli, G.; Mareda, J.; Bochet, C. GizIBu

(12) For similar observations see:"tRmann, S.; Moreau, C. M.; Williams, J.-C. G.; Hopfgartner, Gnorg. Chem.200Q 39, 5059-5073.

A. F.; Bernardinelli, G.Polyhedron1992 635-646. (17) Accurate estimations &fS andAH were prevented by the presence of
(13) Simeral, L.; Amey, R. LJ. Phys. Chem197Q 74, 1443. [Fex(2)3]*" at a concentration of about 10% of that of [MBR[*" (as
(14) Reeder, K. A,; Dose E. V.; Wilson L. horg. Chem.1978 17, 1071 shown by*H NMR for [ZnFe)3]*").

(15) Kahn, O.Molecular Magnetism VCH Publishers Inc.: Weinheim, (18) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson D. G.;
Germany, 1993. Taylor, R.J. Chem. Soc., Dalton Tran$989 S1-S84.



4820 Inorganic Chemistry, Vol. 40, No. 19, 2001 Communications

In summary, the study of the two-step spin crossover of-[Fe Supporting Information Available: Figure S1, showing the at-
(2)3]** in solution shows negative cooperativity via a ligand-medi- tempted fitting of the data for [R€2)s]** with a single equilibrium model,
ated interaction between the two iron sites. Further work in this and Figure S2, showing the spin transition curves for [N2fgt" and
laboratory regarding the influence of the bridge between the two [ZnFe@)s]*".
chelate units on the cooperativity of the transition is underway. 1C015521H



