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ARTICLE INFO ABSTRACT
Article history: About 10 years ago Jager and co-workers demonstrated the possibility of preparing an iron(Il) spin
Received 27 July 2008 crossover complex of a Schiff-base like N0, coordinating ligand in combination with imidazole or pyri-
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- : dine as axial ligands. Starting at this point, we have now prepared over 50 octahedral iron(Il) complexes of
Available online 14 October 2008

this ligand type. Thirty of these new compounds are spin crossover complexes that can be subdivided into
monomer (9), polymer (12) and dimer (9) systems. This review gives an overview of this complex class.

ﬁ‘:)ynwords" Special consideration was given to the influence of covalent linkers on cooperative interactions during
N, O ligands the spin transition, as the preparation of highly cooperative spin crossover complexes with wide thermal

Magnetic properties hysteresis loops around room temperature is still one of the major goals of a preparative chemist working
Spin crossover in this area of research. In order to more closely evaluate the influence of the covalent linkers on the spin
transition properties the complexes were not only investigated in the solid state but also in solution. For
this purpose the proton NMR spectra of the complexes were analyzed in dependence on temperature and

we will introduce the reader to the benefits of this method.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction paramagnetic high-spin (HS) and the diamagnetic low-spin (LS)
state by external perturbations such as temperature, pressure or
Spin transition complexes (spin crossover, SCO) are an inter- light [1]. Several applications in the field of information technol-

esting class of compounds that can be switched between the ogy can be envisioned for this class of substance, especially for
complexes that exhibit a wide hysteresis around room temperature

(memory effect) [2]. Although spin crossover could be observed for

any octahedral complex with d" (n=4-7) electron configuration,
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Scheme 1. Overview of the equatorial ligands, with their abbreviations, used in this work.

and the paramagnetic high-spin state. Of those complexes investi-
gated, about 90% exhibit a Ng coordination sphere [1], while other
examples with a N4O; [3], N4Sy [4], N4C; [5] or N3C,0, [6] coor-
dination sphere are rare. In contrast to this observation, there are
several examples for iron(Ill) spin crossover complexes with N4O,
coordination sphere [1].

The influence of chemical parameters such as the ligand,
counter-ions or solvent molecules on the spin transition, especially
the transition temperature, Ty, is now well understood. This is not
the case for cooperative effects between the molecules during the
spin crossover phenomenon. The possibility to predict which effect
is induced by a change of the ligand structure or other parame-
ters is limited. The occurrence of hysteresis effects depends on the
“communication” between the metal centers during the spin tran-
sition, the cooperative effects. Different intermolecular interactions
such as m-stacking, hydrogen bonds or van der Waals interactions
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are suitable information transmitters. However, the application
of covalent linkers as suggested by Kahn et al. [2a,7] did attract
special attention over the last years as the spread of those interac-
tions can be more easily controlled. This resulted in the synthesis
and characterization of several iron(II) spin crossover coordination
polymers [8] as well as dinuclear species [9]. The latter can be
considered to be the simplest systems of spin-coupled polymers
and the investigation of those systems provides fundamental infor-
mation about intramolecular magnetic interactions and a possible
synergy between those interactions and the SCO properties.

2. The ligand system
Over the last years in the Jdger research group, a ligand sys-

tem was developed that can be subdivided into the three basic
structures [10]. Type I is formally most related to the porphyrins
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Scheme 2. Overview of the axial ligands, with their abbreviations, used in this work.
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with a tetradentate macrocycle and a N42~ donor atom set. Indeed,
the properties of these iron complexes are very similar to the por-
phyrins, but some special features can also be observed [11]. Type
1 are tetradentate open chain ligands with an N,0,2~ coordination
sphere. Iron(Il) complexes of this ligand type with N-heterocycles
as axial ligands are suitable for the synthesis of spin crossover com-
plexes, whose properties are reviewed in this article. The general
structure of the ligands (L1) and their derivatives (L2) used for the
synthesis of dinuclear complexes is given in Scheme 1. An overview
of the axial ligands used, is given in Scheme 2. Type Il are tridentate
ligands that promote the formation of oligonuclear structures [12]
similar to those found in biological systems. Investigations on cop-
per, cobalt and nickel complexes of the monomer ligands showed
that the variation of the substituents R'/2 can be used to control
the properties of the metal center such as (i) the electronic state of
the central atom [13], (ii) the redox potentials [14], (iii) the affinity
of vacant axial coordination sites towards additional ligands [15]
and (iv) the binding and activation of small molecules as dioxy-
gen, carbon dioxide or nitric oxide [16]. This situation is particularly
true for the chemistry of the iron complexes where marginal lig-
and variations can dramatically change the properties of the system
[10,11,17].

3. The mononuclear building blocks
3.1. General trends

The general route for the synthesis of octahedral iron com-
plexes is the conversion of the free equatorial ligands with
iron(Il)acetate and an excess of the axial ligand in a suitable sol-
vent, mostly methanol (route 1). Alternatively, an iron complex of
the tetradentate equatorial ligand with methanol as axial ligands,
[FeL1(MeOH),] can be prepared in a first step and this is then con-
verted with the desired axial ligand in a second step (route 2). Both
synthetic routes often give the same results, but not necessarily.
A 1:2 ratio of equatorial:axial ligand results in the formation of
pentacoordinate species. However, in some cases pentacoordinate
complexes are obtained irrespective of the excess of axial ligand.
In these cases, a variation of the solvent was necessary in order to
obtain the six-coordinate species. The results of the different syn-
thetic approaches and their magnetic properties are summarized
in Table 1.

Table 2

Redox potentials Fe'/ of the iron(Il) complexes (values Escg from Ref. [18] con-
verted to Ey with Ey = Escg +0.24 V) in pyridine or DMF and spin ground state of the
corresponding nitrosyliron complexes [19].

Complex Fela Felb Felc Feld
EH(Py) [V] 0.42 0.38 0.46 >0.6
EH(DMF) [V] 0.25 0.24 0.27 0.41
S (nitrosyliron complex) 1/2 1/243/2 112 3/2 3/2

Two general trends can be deduced from this compilation: the
more electron withdrawing substituents at the equatorial ligand
stabilize the high-spin ground state of the complexes. The same
can be said about the more basic axial ligands. In the case of the
equatorial ligands, the ligand field strength increases in the order
d<c<a~b. This correlates well with the redox potentials Fel'/ll of
the iron(II) complexes (values Escg from Ref. [18] converted to Ey
with Ey = Escg +0.24 V) in pyridine or DMF. The redox potentials are
strongly influenced by the (-)-I character of the substituents; the
stronger electron withdrawing substituents stabilize lower oxida-
tion states. In contrast to this, the ligand field strength correlates
with the (-)-M character of the substituents resulting in a reverse
order. The results obtained are in good agreement with the spin
ground state of a series of nitrosyliron complexes of the same ligand
type [19] (Table 2).

The influence of the substituents a and b on the ligand field
strengthis very similar and the overall ligand field strength depends
on the axial ligands used and, as most of the investigations are
carried out in the solid state, on intermolecular interactions.

InFig. 1 the Ty, (yus =0.5) values of the different SCO complexes
are plotted against the pKj, values of the axial ligands used. If avail-
able, the data obtained from investigations in solution (see NMR
spectroscopy) were included as well. When interpreting the results,
one has to keep in mind that in the solid state Ty, is strongly influ-
enced by intermolecular interactions, especially when abrupt spin
transitions with hysteresis are obtained. This results in discrepan-
cies between the Ty, values obtained from SQUID measurements
and those obtained in solution. Additionally the pK, values reflect
only the o-donor ability of the ligands ignoring the -acceptability
that is also important for the overall ligand field strength. The
different values obtained for the complexes with pyridine and 4-
phenylpyridine demonstrate this clearly. Nevertheless, a clear trend
can be observed. Higher pK, values that correspond to a better

Table 1

Overview of octahedral mononuclear iron(Il) complexes and their magnetic properties discussed in this work.
[Fela(Lax)2] [Fe1b(Lax)2] [Felc(Lax)2] [Feld(Lax)2]

py [Fela(py)]* [Fe1b(py)2 * [Felc(py)2]* [Fe1d(py)21(py)*
Ty =220K, gradual Ty =190K, hysteresis 2K HS HS

phpy [Fela(phpy): J* [Fe1b(phpy)2 [(phpy)* - -
T2 =234K, hysteresis 4K T12 ~290K, gradual

CNpy [Fe1a(CNpy)2J(CNpy)o2s© [Fe1b(4-CNpy)2|° [Felc(CNpy): |° -

Ty, =265K, 114K, step-wise

T2 ~ 340K, gradual HS

[Fe1lc(DMAP), | [Fe1d(DMAP), |

HS Ty = 179K, hysteresis 9K HS HS

[Fe1b(1-meim), ](1-meim)®-d

[Felc(1-meim); ] [Fe1d(1-meim),]

HS T, =178 K, hysteresis 2K HS HS

DMAP [Fe1a(DMAP); | [Fe1b(DMAP), ¢
1-meim [Fela(1-meim); ]
[Felb(1-meim); ¢
Ty =179K, abrupt
[Fe1b(1-meim), |(DMF)?-¢
T1, ~ 80K, incomplete
2-meim [Fela(2-meim); ] -

HS

2 Route 1 used for the synthesis.

b Route 2 used for synthesis.

¢ Both routes lead to the same result.
d 1-meim as solvent.

¢ DMF as solvent.
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Fig. 1. Plot of Ty, of the mononuclear complexes against the pK; values of the axial
ligands used.

o-donor ability of the ligand, stabilize the HS state resulting in a
decrease of Ty .

Results from X-ray structure analysis are available for 13 of
the 20 complexes. Selected bond lengths and angles are summa-
rized in Table 3. Intramolecular changes during the spin transition:
the average bond lengths within the first coordination sphere in
the high-spin state are 2.08 A (Fe-Neq), 2.02 A (Fe-Oeq) and 2.25 A
(Fe-Nax). Upon spin transition a shortening of the bond lengths of
about 10%, as discussed for other iron(II) spin crossover complexes
in literature [1], is observed. This shortening is more pronounced

2435

for the axial than for the equatorial ligands. The average distances
in the low-spin state are 1.91 A (Fe-Neq), 1.95 A (Fe-Oeq) and 2.01 A
(Fe-Nax). A second sensible tool for determining the spin state
of these types of iron complexes is the O-Fe-O angle, the so-
called bite of the ligand. It changes from an average of 108° in the
high-spin state to 90° in the low-spin state. In Fig. 2 a top view
of the molecule structure of [Felb(py),], as a typical example in
the high-spin and the low-spin form, is given together with the
results from the magnetic measurements to illustrate the changes
[21].

The bond lengths of the pure HS complexes are systematically
longer than those of the SCO complexes in the HS state, but only
for the equatorial ligand. The average values are 2.11 A (Fe-Neg),
2.05 A (Fe-0Ocq) and 2.24 A (Fe-N,x) for the pure HS complexes and
2.07 A (Fe-Neq), 2.00A (Fe-Oeq) and 2.25 A (Fe-Nyy) for the spin
crossover compounds. The average O-Fe-0 angle also varies from
112° for the pure HS compounds to 107° for the SCO systems. One
possible explanation is that the X-ray structures of the HS form
were determined at too low temperatures with a small fraction
of the molecules in the crystal already in the LS state and there-
fore shorter average bond lengths are observed. Then, however, the
distance to the axial ligand would also show this effect, which is
not the case. The second possibility is that due to packing effects
(intramolecular interactions, steric hindrance) for some of the pure
HS compounds, longer distances are observed. As the ligand field

Table 3
Selected bond lengths [A] and angles [°] within the first coordination sphere of octahedral mononuclear iron(Il) complexes with the spin state S.
Complex T[K] S Fe—Neq Fe—0eq Fe—Nax 0O1-Fe-02 Nax—Fe-Nax /11, L2¢ Ref.
[Fela(py).] 2 2.062(4) 2.017(4) 2.256(5) 106.3(1) [20]
2.053(4) 1.990(3) 2.195(4)
0 1.923(3) 1.962(2) 2.025(3) 92.4(1)
1.918(2) 1.955(2) 2.023(3)
[Felb(py).] 200 2 2.061(2) 1.992(1) 2.226(2) 106.99(5) 175.6(1) 16.7 [21]
2.074(1) 2.009(1) 2.269(2)
150 0 1.894(1) 1.930(1) 2.007(2) 89.98(5) 176.1(1) 15.4
1.906(1) 1.948(1) 2.025(2)
[Felc(py)2] 2 2.109(2) 2.046(1) 2.239(2) 112.04(6) 434
2.102(2) 2.048(1) 2.262(2)
[Fe1d(py)21(py) 2 2.100(4) 2.083(4) 2.262(5) 108.0(2) 53.9 [22]
2.141(6) 2.050(4) 2.246(4)
[Fela(phpy)2] 300 2 2.078(2) 2.000(2) 2.229(3) 107.25(8) 174.47(9) 61.3 [23]
2.081(3) 2.009(2) 2.289(3)
130 0 1.921(4) 1.952(3) 1.989(4) 89.5(1) 174.7(1) 73.6
1.922(3) 1.967(3) 2.009(3)
[Fe1b(phpy)2 ](phpy) 125 0 1.902(2) 1.950(2) 2.013(3) 89.11(8) 174.84(9) 81.1 [23]
1.910(2) 1.952(2) 2.015(3)
[Fela(DMAP), ] 293 2 2.082(4) 2.017(3) 2.220(4) 111.2(1) 169.1(2) 16.2 [24]
2.097(4) 2.018(3) 2.304(4)
[Fe1b(DMAP), ] 293 2 2.085(4) 2.008(3) 2.231(4) 109.1(2) 171.4(2) 74.6 [21]
2.090(4) 2.025(3) 2.272(5)
[Fe1a(CNpy)21(CNpy)o.25 100 0,0 1.895(2) 1.942(2) 1.979(2) 90.23(6) 174.7(1) 80.1 [25]
1.899(2) 1.947(2) 1.985(2)
1.899(2) 1.933(2) 2.008(2) 89.89(6) 176.1(1) 7.7
1.909(2) 1.938(2) 2.009(2)
240 2,0 1.911(2) 1.944(1) 1.999(2) 91.70(5) 174.4(1) 80.3
1.911(2) 1.951(1) 2.007(2)
2.034(2) 1.967(2) 2.228(2) 102.74(6) 175.9(1) 6.6; 77.3
2.040(2) 1.973(2) 2.231(2)
293 2,2 2.061(2) 1.978(1) 2.289(2) 105.39(6) 176.1(1) 77.6
2.068(2) 1.982(1) 2.285(2)
2.029(2) 1.970(1) 2.177(2) 103.61(6) 173.8(1) 7.7
2.037(2) 1.992(1) 2.238(2)
[Fela(1-meim),] 200 2 2.113(2) 2.050(2) 2.204(2) 115.36(7) 172.4(1) 7.1 [26]
2.125(2) 2.080(2) 2.211(2)
[Fe1b(1-meim);](1-meim) 250 2 2.083(2) 2.077(2) 1.999(2) 2.009(2) 2.250(3) 2.279(3) 106.84(7) 179.24(8) 59.6 [27]
135 0 1.892(3) 1.899(3) 1.934(2) 1.940(2) 2.012(3) 2.016(3) 88.36(9) 178.97(11) 56.5
[Fe1b(1-meim), |(DMF) 125 2 2.089(2) 2.008(2) 2.259(2) 107.59(6) 177.3(1) 57.1 [26]
2.108(2) 2.034(2) 2.302(2)
[FeL1a(2-meim); ] 200 2 2.113(2) 2.040(2) 2.235(2) 113.99(6) 164.93(7) 86.9 [26]
2.113(2) 2.059(2) 2.239(2)
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Fig. 2. Thermal dependence of xmT (left) and schematic drawing of the top view of both HS and LS forms of [Fe1b(py), ] (right). The asymmetric unit at T= 150K is the upper
one. Fe-N¢q bonds are superimposed. The change in the O-Fe-0 angle (HS: 1077, LS: 90°) is clearly visible [21].

strength strongly depends on those distances this might be the rea-
son why the compounds crystallize as HS complexes. Investigation
in solution is necessary to see if this is indeed the case.

The conformation of the axial ligands is independent of the
equatorial and axial ligands used and does not change significantly
during the spin transition in all cases. For most of the complexes
weak intramolecular hydrogen bonds between the C-H hydrogen
of the aromatic pyridine or imidazole ring of the axial ligand and
the coordinated N or O of the equatorial ligand are observed. Those
interactions are most likely the main factor that determines the
orientation of the axial ligands.

3.2. Influence of different molecules on the crystal packing

The combination of the equatorial ligand L1b and 1-meim as
axial ligand is a good example to demonstrate the different products
obtained for different synthetic approaches. A direct conversion of
the equatorial ligand with iron acetate in methanol in the pres-
ence of the axial ligand always led to the pentacoordinate species
irrespectively of the ratio used [26]. If the solvent is changed
and the conversion is performed in pure 1-meim or in DMF, a
six-coordinate compound is obtained with one additional solvent
molecule per iron center in the crystal [26,27]. Finally, if the strat-
egy is changed and the iron complex [Fe1b(MeOH), ] is used as the
starting material in a methanol/1-meim mixture, a six-coordinate
powder sample with no additional solvent molecules is obtained
[26]. The inclusion of DMF significantly lowers the transition tem-
perature from 179K to approximately 80K. The reason for this
significant influence is the existence of weak (or non-classical)
hydrogen bonds between the DMF oxygen and one of the aro-
matic hydrogen atoms of the axial 1-meim. These interactions lead

to an increase of the Fe-L,x distance and hence lower the tran-
sition temperature. In the powder sample [Felb(1-meim),] and
the crystalline charge [Fe1b(1-meim),](1-meim), nearly the same
transition temperatures are observed but with different degrees
of cooperative interactions. They lead to a small hysteresis for the
crystalline charge and an abrupt transition in the powder sample—a
behavior that can easily be explained with the domain model if
smaller domains are assumed for the powder sample.

A second example demonstrating the influence of the inclu-
sion of additional ligand molecules is the complex [Fela(CNpy),]
(CNpy)o.25, Where a step-wise spin transition with a wide plateau in
the region of 125-225 K is observed (Fig. 3) [25]. In contrast to other
step-wise spin crossover compounds, the plateau at yys =0.25 can-
not be directly correlated to the number of inequivalent iron sites
in the asymmetric unit. The reason for the significantly lower
transition temperature of one fourth of the iron centers is an
additional distorted 4-CNpyridine molecule in the crystal pack-
ing that has a noticeable short Fe-N distance to a quarter of the
complex molecules. This observation is supported by Mdssbauer
spectroscopy. Here, the line width of the LS doublet at 80 K is wider
than expected and the doublet is asymmetric—two indications for
two or more unequivalent iron sites. In the region of the plateau, the
line widths are smaller—one of the two iron sites is still in the LS
state and the other one is in the HS state (Fig. 4). Around 240K
(yus =0.5) an inflection point is observed in the magnetic mea-
surements where the characteristic of the spin transition changes
from gradual to abrupt with small hysteresis. This behavior can
be explained by the cooperative interactions among the pheny-
lene rings of neighboring molecules (1-stacking). The coexistence
of two different effects that influence the transition temperature
(distorted additional 4-cyanopyridine) as well as the cooperative

1.0 ’_#-f’dﬂf‘/‘
08 Ei
— o — solution an
061 _._ solidstate g
4
THs 0.4 - -
0.2 1
0.0

T B ) T T T T T
0O 50 100 150 200 250 300 350
T[K]

Fig. 3. . Thermal dependence of xmT (right) and ORTEP drawing of the asymmetric unit of [Fela(CNpy)2](CNpy)o.s at 240K (left). Hydrogen atoms and solvent molecules
were omitted for clarity. Thermal ellipsoids are shown at the 50% probability level [25].
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Fig. 4. Plot of the Mossbauer spectra of [Fe1a(CNpy)2 J(CNpy)o.2s at 80, 120, 220 and 270 K with the high-spin molar fraction indicated (left) and packing of the molecules in

the crystal around the CNpy molecule at 100K [25].

interactions during the spin transition (m-stacking) are responsible
for the complex structure of the transition curve. In solution a grad-
ual spin transition with Ty, close to the first step in the transition
curve of the solid sample is observed (Fig. 3) [25].

3.3. Understanding cooperative interactions

For the mononuclear complexes summarized in Table 1, differ-
ent degrees of cooperative interactions are observed. The properties
of the spin transition curve range from gradual (e.g. [Fela(py);])
to abrupt with hysteresis (e.g. [Fe1b(DMAP),]). The only possi-
ble reason for the cooperative interactions is short van der Waals
contacts between the neighboring molecules for all examples.
The extent of the cooperative interactions must therefore corre-
late with the number of short contacts and the dimension of the
built network. The available structures were therefore analyzed
with respect to this and the results are summarized in Table 4.
Following the suggestion of Purcell et al. [28] the parameter C
(=I"[2RTy, = cooperativity factor; with I" the intermolecular inter-
action parameter) was determined for all complexes to allow a

better comparison of the extent of the cooperative interactions.
To give an estimation of the molecule size the diameters a and b
defined according to Ref. [23] are given as well.

At first glance, no clear correlation is visible from the compila-
tion in Table 4. Complexes with gradual spin transition ([Fela(py);])
show a similar number of short contacts as complexes with small
hysteresis ([Fe1b(py);]). The complex with the widest hysteresis
([Fe1b(DMAP), |, 9K) does not have the highest number of short
intermolecular contacts, but, in the literature the extent of cooper-
ative interactions is always correlated with the number of contacts
[8j]. The reason for these discrepancies is the varying effectiveness
of the contacts for the transmission of elastic interactions. For com-
plexes of the equatorial ligand L1a, the intermolecular interactions
are often mediated through the rather flexible ethoxy group of the
substituents. The pair [Fela(py), ] and [Fe1b(py), ] illustrates rather
nicely that those interactions can have little-to-no relevance. Rigid
and sterically demanding axial ligands such as 4-phenylpyridine
are necessary to obtain relevant enough contacts. Similar conclu-
sions are obtained if the size of the molecule is considered. The
substituents of L1a increase the size of the molecule compared to

Table 4

Overview of the intermolecular interactions between the mononuclear octahedral iron(Il) complexes with the cooperativity parameter C indicated and the diameters a and
b.

Complex Tip2 [K] C Number of short contacts (HS/LS)? Dimension ab (HS/LS) [A] be (HS/LS) [A]
[Fela(py)a] 220 0 3/5 2D layer 11.9/11.6 16.2/16.0
[Fela(phpy);] 234 1.03 6/8 3D network 20.5/20.1 16.1/16.3
[Felb(py):] 190 1.08 3/4 2D layer 11.9/11.5 12.9/12.8
[Fe1b(phpy)2 [(phpy) 290 0 -/3 1D chain -/20.1 -/12.8
[Fe1b(DMAP), ] 179 1.28 6/- 3D network 16.1/- 12.9/-
[Fe1b(1-meim); ](1-meim) 178 1.11 3/4 2D layer 12.6/12.1 12.8/12.8

2 Contacts shorter than the sum of the van der Waals radii —0.1 A are considered.
b Longest distance between the axial ligands.
¢ Longest distance within the equatorial ligand.
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the substituents of L1b. It can easily be imagined that for larger
molecules (or more simple larger spheres) more contacts are neces-
sary to effectively transmit the geometric changes occurring during
the spin transition through the crystal. If those two points are
considered, the effectiveness of the contacts if flexible groups are
considered and the number of contacts in relation to the molecule
size, all the predictions made in literature for other systems [8i] also
work for our complexes and the strength of the cooperative interac-
tions correlate well with the number of the intermolecular contacts.

3.4. Photomagnetic properties

The photomagnetic properties of 5 of the 9 SCO com-
plexes with complete spin transition were investigated, namely
[Fela(phpy)2] [23], [Fe1a(CNpy)2[(CNpy)o.25 [25], [Fe1b(py)2] [21],
[Fe1b(phpy). [(phpy)[23] and [Fe1b(DMAP), ] [21]. For those inves-
tigations, the first step is always to record the temperature
dependence of the reflectivity spectra of the compounds. Due to
the dark color of the complexes, the signal is always close to sat-
uration. Nevertheless it was possible to follow the thermal spin
transition in all cases. A decrease of the absorption band around
800—850 nm, which is a characteristic of the d-d transition of the
HS state, can be observed. For four of the five complexes (all except
[Fe1b(phpy), ](phpy)) the reflectivity signal of this transition band
increases again at temperatures below 50 K. This is an indication
of a photoinduced switching into the HS state at low tempera-
tures (LIESST-effect, with LIESST =light-induced excited spin state
trapping) and consequently the photomagnetic properties of the
three most promising complexes were investigated using a SQUID
magnetometer. Due to the dark color only low levels of photo-
excitation could be obtained using the bulk material. The highest
level obtained is 60% for [Fe1b(DMAP),] [21]. In Fig. 5 the results
from the photomagnetic investigations for this complex are sum-
marized.

The T(LIESST) temperature of the complexes, above which the
light-induced magnetic HS information is erased in a SQUID cav-
ity [29], is comparatively low. According to the inverse energy gap
law introduced by Hauser [30] or the T(LIESST) versus Ty, rela-
tion of Létard and co-workers [29,31] the T(LIESST) temperature
depends inversely on Ty, and additionally on the rigidity of the
inner coordination sphere around the iron center. The weak stabi-
lization of the photoinduced HS state for these types of complexes
can be attributed to the flexibility of the tetradentate ligand around
the unsaturated nitrogen atoms connecting the aromatic phenyl
rings. The T(LIESST) values of the complexes under investigation is
more in the region expected for complexes with monodentate or
bidentate ligands.

4. From monomer to polymer systems

The reason for the step to go from monomer to polymer sys-
tems has been given in the introduction and the results for the
mononuclear complexes demonstrate again the importance of the
intermolecular interactions for cooperative spin transitions and the
difficulties encountered controlling those interactions. The ligand
system used is very well suited for the synthesis of 1D polymer
chain compounds. One simply has to replace the monodentate axial
ligand used so far by a bidentate bridging ligand, and a polymer
chain is obtained. Pure products are only obtained if the iron(II)
complex of the equatorial ligand with monodentate axial ligands
(mostly methanol, but not necessarily) is used as starting material.
A one-pot reaction of iron(Il) acetate with the desired equatorial
and axial ligands as frequently used for the monomer species often
leads to the formation of product mixtures. However, the synthetic
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Fig. 5. Top: The dependency of the diffuse absorption spectra of [Fe1b(DMAP),]
as a function of both temperature and light irradiation with (a) the thermal spin
crossover and (b) the light-induced regions. Bottom: Temperature dependence
of xmT for [Fe1b(DMAP),]. (®) Data recorded in the cooling and warming mode
without irradiation; (A) data recorded with irradiation at 10K; (4) T(LIESST) mea-
surement, data recorded in the warming mode with the laser turned off after
irradiation for 1 h at 752.5-799.3 nm ((¢) at 647.1-676.4 nm). The solid line through
the T(LIESST) measurement shows the fit generated from the deduced experimental
thermodynamic parameters. The insert figure reports the region where the mini-
mum of the derivate d xmT/dT curve gave the T(LIESST) temperature. Reprinted with
permission from Ref. [21]. Copyright 2007 The American Chemical Society.

strategy has one great benefit, namely the suitability to use this
synthetic approach for diffusion-controlled crystallization setups.
Thus we were able to obtain X-ray structures for 6 of the 19 synthe-
sized polymer complexes. In Table 5 the properties of the different
polymer chain compounds synthesized so far are summarized and
in Table 6 selected bond lengths and angles of the structurally char-
acterized complexes are given.

The bond lengths and angles within the first coordination sphere
of the iron center are in the same region as observed for the
mononuclear complexes. The average values are 2.08 A (Fe—Negq),
2.01A (Fe-Oeq) and 2.26 A (Fe-Nax) in the HS state and 1.92A
(Fe-Neq), 1.95 A (Fe-Oeq) and 2.02 A (Fe-Nay) in the LS state. Again,
the bite of the equatorial ligand is a suitable tool to determine the
spin state of the iron center from X-ray structure analysis. It changes
from 110° in the HS state to 92° in the LS state.

4.1. Increasing cooperative interactions

The first polymer SCO complex synthesized of this ligand type
was the compound [Felb(bipy)] [32]. An excerpt of the 1D chain
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Table 5
Overview of octahedral iron(II) coordination polymers discussed in this work and their magnetic properties.
[Fela(Lax)] [Felb(Lax)] [Felc(Lax)]
bipy [Fela(bipy)] [Fe1b(bipy)] =
HS Ty, =228K, hysteresis 18 K
[Fe1b(bipy)](MeOH)o25
HS
[Fe1b(bipy)](DMF)
HS
bpea [Fela(bpea)] [Felb(bpea)] -
T2 =190K, gradual, incomplete T12 =123 K, 95K, hysteresis 11 K, 9K, step-wise
[Fe1lb(bpea)](MeOH)g 5
T12 =106 K, 98 K, hysteresis 22K, 7K, step-wise
bpee [Fela(bpee)] [Fe1b(bpee)] -
HS HS
bppa [Fela(bppa)] [Felb(bppa)](MeOH) [Felc(bppa)]
Ty, ~ 200K, gradual, incomplete Ty, =166 K, 90K, step-wise HS
[Fe1b(bppa)](EtOH)
Ty, =117 K, incomplete
dpa [Fela(dpa)] [Felb(dpa)] -
Ti, =175K, hysteresis 4K, incomplete HS
dps [Fela(dps)] [Fe1b(dps)](MeOH) -
Ty =197 K, gradual, incomplete HS
[Fela(dps)] [Fe1b(dps)]|(EtOH)
Ty, =172K, abrupt T2 =85K, gradual, incomplete
Table 6
Selected bond lengths [A] and angles [°] within the first coordination sphere of octahedral polymer iron(Il) complexes with the spin state S.
T [K] S Fe-Neq Fe—0Oeq Fe—Nax 0O1-Fe-0, Nax—Fe-Nax Ref.
[Fe1b(bipy)] (MeOH)o25 250 2 2.06 1.99 224 113 174 [32]
[Fe1b(bipy)] (DMF) 200 2 2.090(3), 2.087(4) 2.016(3), 2.010(3) 2.301(3), 2.274(3) 108.13(12) 176.99(13) [24]
[Felb(bpea)] (MeOH)o 5 200 2 2.086(2), 2.086(2) 2.004(2), 2.019(2) 2.252(2),2.284(2) 109.54(6) 176.92(7) [33]
[Fela(bpee)] (MeOH) 200 2 2.101(5), 2.092(5) 2.044(4), 2.017(4) 2.262(4),2.280(4) 112.71(17) 169.76(17) [24]
[Fe1b(bppa)] (MeOH) 225 2 2.081(2), 2.097(2) 2.010(2), 2.013(2) 2.266(2), 2.238(2) 109.71 (6) 17338 (7) [33]
125 2 2.066(3), 2.074(3) 2.004(2), 2.009(2) 2.223(3),2.237(3) 107.65 (10) 172.60 (12)
0 1.910(3), 1.920(3) 1.946(3), 1.947(2) 1.997(3), 2.034(3) 92.06 (10) 174.57 (12)
[Fe1b(dpa)] (EtOH) 200 2 2.102(2), 2.095(2) 2.033(2), 2.028(2) 2.250(3), 2.252(3) 110.37(8) 169.45(9) [24]
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Fig. 6. . X-ray structure (top) and magnetic properties (bottom) of the three 1D chain compounds [Fe1b(bipy)] [32a], [Fe1b(bpea)](MeOH),5 and [Fe1b(bppa)](MeOH) (from
left to right, respectively).



2440 B. Weber / Coordination Chemistry Reviews 253 (2009) 2432-2449

structure and the observed magnetic properties of the powder
sample are given in Fig. 6, left hand side. A linear chain of linked
iron centers is observed and the magnetic measurements reveal
an abrupt spin transition with 18 K wide thermal hysteresis loop
[32a]. Comparison of the results with those of the mononuclear
analog, [Fe1lb(py);], given in Fig. 2 and Table 1, the hysteresis
width increases significantly (from 2 to 18 K) when going from the
monomer to the polymer system and the synthetic strategy appears
to work.

For the propagation of the volume changes during the spin tran-
sitions, the focus is set on rigid linkers. Indeed, the introduction
of ethyl or propyl groups in the covalent bipyridine bridge (Fig. 6,
middle and right hand side) decreases the cooperative interactions
and for the very flexible bppa ligand, only abrupt spin transitions
are observed. Despite these very promising results, the number
of coordination polymers showing spin transition with thermal
hysteresis loop is still limited [8i]. Indeed, the widest thermal hys-
teresis loops are associated with m-stacking interactions between
monomer complexes [34]. In the case of 4,4’-bipyridine linked
iron(II) chain compounds, other examples with structural motives
that are very similar to compound [Felb(bipy)] are reported in
literature. One example is the complex [Fe(aqin),(bipy)](ClO4);
2EtOH (aqin = 8-amino-quinoline) [8a]. Its molecule structure and
magnetic properties are given in Fig. 7. Despite the very similar
structural motive; the bond lengths around the bipy ligand and the
Fe. . .Fe distances within the polymer chain are essentially the same
(Fe- - -Fe: both 11.5 A [32a,8a]); for this complex only a gradual spin
transition is observed. This leads to the question about the influ-
ence of the covalent bipy bridge on the cooperative interactions. An
answer can be obtained if the packing of the molecules in the crys-
tal, given in Fig. 8 for both complexes, is compared. For compound
|[Fe1b(bipy)] several short contacts between neighboring molecules
can be observed, resulting in a 3D network of linked molecules
while for [Fe(aqin),(bipy)](ClO4), 2EtOH no direct contacts are
observed and all the bridging interactions (hydrogen bonds) are
mediated over the counter-ion ClO4~. Similar to the observations
made for the mononuclear complexes, the packing of the molecules
in the crystal is the main factor determining the magnetic proper-
ties. The composition of the single crystals and the powder sample
of [Fe1b(bipy)] is not exactly the same and therefore the magnetic
properties differ, as discussed in the following section. However, as
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Fig. 7. X-ray structure (left) and magnetic properties (right) of the complex
[Fe(aqin),(bipy)](ClO4), 2EtOH, Ref. [8a]. Reproduced by permission of the Royal
Society of Chemistry on behalf of the Centre National de la Recherche Scientifique.

the powder sample can be prepared from the single crystals one
may rest assured that the linear chain structure is the same in both
samples. The differences in the magnetic properties are one further
argument that interaction between the single chains is the main
factor determining the SCO properties.

4.2. Effects of solvent molecules on the SCO behavior

Several attempts were made to determine the HS and LS struc-
ture of the polymer [Fe5b(bipy)] but they were not successful.
However, in this case this was not due to a crumbling of the crys-
tals during the phase transition as is sometimes observed for the
mononuclear complexes, but due to the fact that the crystals remain
in the HS state down to 20K as illustrated in Fig. 9 [32]. Upon
grinding, the SCO behavior of the powder sample reappears. Those
grinding properties were highly unusual and completely contra-
dictory to the observations made so far, where successive grinding
leads to the disappearance of the hysteresis loop [35]. In order to
understand this phenomenon, the different samples of [Fe5b(bipy)]
were investigated in detail using magnetic measurements, optical
reflectivity measurements and X-ray powder diffraction [32b]. The
final result of the investigations was that the composition of the
single crystals and the powder sample is slightly different and in
the crystalline sample one quarter of a methanol molecule (solvent)
per iron center is included in the crystal packing. This small differ-
ence drastically changes the magnetic properties of the complex,
although the methanol is only very weakly bonded and easily lost
in the grinding process or upon the heating of the sample [32b].

The strong dependence of the magnetic properties on solvent
inclusion or exclusion is found for most of the other coordina-
tion polymers as well, as summarized in Table 4. In the case of
[Fela(dps)], two different modifications with the same composi-
tion were obtained, depending on the solvent used for the synthesis
of the complex (methanol or ethanol). Unfortunately, results from
X-ray structure analysis are not yet available and the reason for the
different magnetic properties is still unclear.

4.3. Two-step versus single step spin transitions

For the polymer SCO complexes under investigation frequently
two-step or incomplete spin transitions are obtained as illus-
trated in Fig. 6 or summarized in Table 4. Different reasons
for steps in the transition curve are discussed in literature. The
first possibility—two or more non-equivalent iron centers [36] as
observed for the mononuclear complex [Fela(CNpy),](CNpy)o.25
[25], can be ruled out for the polymer systems as only one iron
center per asymmetric unit is found for the structurally character-
ized examples. The second possibility is the formation of [HS-LS]
spin-pair states as discussed for two-step spin transitions of dinu-
clear complexes [9,37]. Here weak antiferromagnetic interactions
mediated over the bridging ligand are thought to be the reason for
the occurrence of those mixed spin-pairs states [38]. This is not
very likely for the systems presented here, as the bridging ligands
are too extended to be seriously considered for the propagation
of magnetic exchange interactions. Additionally, magnetic mea-
surements on pure HS complexes of this ligand type demonstrated
that there is no indication for magnetic exchange interactions [24].
Finally, there are two examples for mononuclear complexes with
a unique crystallographic iron(Il) site where some kind of antifer-
romagnetic interactions between the HS and the LS sublattices are
made responsible for steps in the transition curve [3b,39]. For the
complex [Felb(bppa)](MeOH) it was possible to determine the X-
ray structure of the pure HS state and the mixed HS/LS state [33].
The complex crystallizes in the space group C2/c and at 225K the
asymmetric unit consists of one iron center that is clearly in the
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Fig. 8. Top view of the packing of the molecules in the crystal. Top: [Fe(aqgin),(bipy)](ClO4), 2EtOH, Ref. [8a]. Reproduced by permission of the Royal Society of Chemistry on
behalf of the Centre National de la Recherche Scientifique. Bottom: [Fe1b(bipy)] [32].
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Fig. 9. Thermal variation of xmT for the different samples of [Fe1b(bipy)]. (A) Magnetic properties of the crystals [Fe1b(bipy)](MeOH)o 25 (solid squares), pulverised crystals
(open circles and open squares) and a separately prepared powder sample [Fe1b(bipy)] (triangles). (B) ymT versus T plot of freshly prepared crystals of [Fe1b(bipy)](MeOH )25
(solid squares) and decomposed crystals [Fe1b(bipy)] (open triangels). The loss of included solvent during the grinding process or by long-time storage leads to a reappearance

of the thermal hysteresis loop observed for the powder sample. [32b].
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HS state. Upon cooling to 125K, the symmetry of the system is
reduced to P2q/c; half of the systematic extinctions observed at
225 K have vanished. Consequently, the asymmetric unit now con-
sists of two iron centers of which one can be assigned to iron(II)
in the HS state and the other one to iron(Il) in the LS state. A one-
dimensional chain of alternating HS and LS iron centers is formed
[33]. The only example where a similar structural phase transition is
observed is the mononuclear complex [Fe(5-NO,-sal-N(1,4,7,10))].
Here the formation of two non-equivalent HS and LS sublattices are
made responsible for the step in the transition curve [3b]. An exam-
ination of the packing of the molecules of [Felb(bppa)](MeOH)
in the crystal yields a regular solution arrangement of HS and LS
molecules, so the same mechanism could be discussed. Recently,
Koudriavtsev et al. proposed a quasi-chemical model of specific
molecular interactions for the description of step-wise or incom-
plete spin transitions for mononuclear complexes [40]. A HS — LS
transition in a pair of HS molecules with attractively interacting
ligands (e.g. hydrogen bonds) involves a relocation of the ligands
towards the smaller LS molecule. If the Fe. - -Fe distances do not fol-
low exactly the changes in Fe-L bonds in the LS species, then the
corresponding bond in the HS partner is elongated and thus the
HS state is stabilized [40]. This principle can be very easily trans-
ferred to polymer chain compounds and the remaining question is,
why some of the complexes have a one-step spin transition and
others two-step or in other words: are there factors that deter-
mine if the Fe. . .Fe distances can follow exactly the changes in Fe-L
bonds or not. The example of the pair [Fe1b(bpea)](MeOH), 5 and
[Felb(bpea)] with AT, =8 and 28K, respectively gives the indi-
cation that the width of the plateau in the transition curve and
also the question of whether a plateau is observed is related to
intermolecular interactions. A comparison of the molecule packing
of the three complexes [Fe1b(bipy)], [Fe1b(bpea)](MeOH)y5 and
[Felb(bppa)](MeOH) in the crystal, given in Fig. 10, leads to the
assumption that the structure of the polymer chain strongly influ-
ences the propagation of the bond length changes along the chain
[33]. For the complex [Fe1b(bipy)] an ideal linear chain is obtained
and no steps in the transition curve are observed. On the other
side, for the complex with the widest step, [Felb(bppa)](MeOH)
(AT, =76K), a zigzag structure is observed. The polymer chain
structure of [Felb(bpea)](MeOH)g 5 is somewhere between those
two possibilities. It can be easily imagined that for the zigzag struc-
ture the Fe- - -Fe distances cannot follow the Fe-L distance changes
so easily compared to linear structures because of restraining inter-
actions (steric hindrance) between the neighboring chains. Next to
the zigzag structure, large substituents at the equatorial ligand (L1a
instead of L1b) and a dense packing of the molecule chains (absence
of solvent molecules) should influence the extent of interactions
between the chains and thus the type of spin transition. Indeed, for
the only example with an X-ray structure available at the step of
the transition curve, [Fe1b(bppa)](MeOH), the change of the Fe. - -Fe
distances is, with an average of 0.20A, not so pronounced as the
change of the Fe-N(bppa) distances (0.24 A) upon spin transition
[33].

5. Dinuclear complexes

Dinuclear SCO complexes are the simplest system of spin-
coupled polymers and the possibility to switch those complexes
between the three spin-pair states HS-HS, HS-LS and LS-LS (where
HS and LS represent the local high-spin and low-spin states of the
dinuclear species) attracted the interest of several research groups
[9]. It seems that weak intramolecular interactions are responsible
for the direct HS-HS <> LS-LS transformation [41], while a plateau
inthe yys ~ 0.5 (yys = HS molar fraction) region might be either due
to the intramolecular energetic stabilization of an HS-LS species

Fig. 10. Side-view of the packing of the molecules in the crystal for the different
bridging ligands bipy, bpea and bppa illustrating the differences between linear
chains and zigzag chains.

[37,38] or due to intermolecular interactions [42], The latter possi-
bility leads to continuous transitions in solution.

For the dinuclear complexes of the ligand system discussed in
this work, whose properties are summarized in Table 7, incom-
plete spin transitions are quite frequently observed compared to
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Table 7
Overview of octahedral dinuclear iron(Il) complexes discussed in this work and their magnetic properties.
[Fez2a(Lax)4] [Fea2b(Lax )] [Fea2c(Lax)a] [Fea2d(Lax)4]
by [Fez2a(py)al [Fe22b(py)s] [Fe22¢(py)s](py) [Fe22d(py)4]

T12=260K, 90K, step-wise, incomplete

Tyj2 =139K, incomplete, hysteresis ~ 8K
[Fe22b(py)al(py)
HS/LS

HS

T2 =175K, incomplete

phpy [Fe22a(phpy)4](phpy)2 [Fez2b(phpy)4](phpy) - [Fe;2d(phpy)4](phpy)a
T2 =215K, gradual Tyj2 =150K, gradual, incomplete HS
CNpy [Fez2a(CNpy)4](tol), = = =
T2 =260K, gradual
DMAP [Fe;2a(DMAP),] [Fe22b(DMAP),] [Fe22c(DMAP)4] [Fe;2d(DMAP),|(DMAP),
HS T2 =150K, gradual HS HS
1-Meim [Fe;2a(1-meim)y ] [Fe;2b(1-meim)4](1-meim)y - -
HS Ty, = 189K, hysteresis 21 K
[Fe;2b(1-meim)4]
Ty =229K, gradual
Table 8
Selected bond lengths [A] and angles [°] within the first coordination sphere of octahedral dimer iron(II) complexes with the spin state S.
Complex T[K] S Fe—Neq Fe-Oeq Fe-Lax 0O1-Fe-02 Lax-Fe-Lax £ 11,124 Ref.
[Fes2a(py)al(py) 200 2:2  2.094(2),2.098(2)  2.013(2),2.014(2) 2.264(2),2.307(2) 110.22(6) 39 [43]
[Fe22b(py)s](py)7 200 2:2  2.077(3),2.079(3) 2.006(3), 2.017(3) 2.231(3), 2.289(4) 109.0(1) 36.7 [43]
125 0 1.899(4), 1.903(4) 1.936(4), 1.939(4) 1.998(5), 2.016(5) 89.8(2) 85.0
0 1.895(4), 1.895(4) 1.948(4), 1.950(4) 2.005(5),2.007(5)  90.2(2) 823
2 2.087(4), 2.101(4) 2.013(4), 2.036(4) 2.228(5), 2.284(5) 110.8(2) 58.3
2 2.092(4), 2.099(4) 2.020(4), 2.034(4) 2.208(5), 2.290(5) 112.2(2) 79.4
[Fe2a(1-meim),](1-meim)y 200 2 2.094(2), 2.112(2) 2.052(2),2.023(2)  2.217(2), 2.248(2) 111.10(9) 173.94(9) [24]
[Fez2b(1-meim)4](1-meim)4 300 2 2.09 2.04 2.25 108 177 45.5 [27]
125 0 1.902(3), 1.904(3) 1.933(2), 1.944(2) 2.003(3),2.023(3)  88.24(9) 178.07(10)  44.2
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Fig. 11. Magnetism of the dinuclear complex [Fe,2b(py)4] and the top view of the asymmetric unit of single crystals of this compound at 200 and 125 K. In the low-temperature
modification, two complex molecules are found in the asymmetric unit, one with both iron centers in the HS state and one with both iron centers in the LS state. Hydrogen
atoms and additional solvent molecules are omitted for clarity [43].
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Fig. 12. The magnetism of the dinuclear complex [Fe;2a(py)4] and [Fe,2b(py)4] determined in solution (Evans method) and in the solid state (SQUID measurements). The

steps in the xmT versus T curves are clearly due to intermolecular interactions [49].

the mononuclear and polymer systems. However, in contrast to the
systems discussed in literature, there is only one example for a com-
plex with a remaining HS molar fraction in the region of yys=0.5,
namely [Fe;2d(py)4] [43]. For the other examples the value is sig-
nificantly higher ([Fey2a(py)s]: yus=0.67 at 55K; [Fe,2b(py)al:
yus =0.70at 105K, [43]) or lower ([Fe;2b(phpy)4](phpy): yus = 0.28
at 50K). This is an indication, probably with the exception of
[Fe;2d(py)s], that the incomplete character of the spin transition
is not due to an intramolecular stabilization of the mixed HS-LS
species but due to intermolecular interactions. A first proof for
this theory is the X-ray structure of [Fe,2b(py)4] below the step
in the transition curve [43]. Because of the different composition
of the single crystals ([Fe;2b(py)s](py)7) and the powder sample
([Fez2b(py)s]) used for the magnetic measurements, for the crys-
tals yys is exactly 0.5. Upon spin transition the cell volume of the
crystals quadruples and instead of one formula unit per cell, four are
found, two of which are crystallographically independent. In Fig. 11,
a top view of the asymmetric unit in the HS and in the mixed HS/LS
state is given.

Comparison of the bond distances and angles given in Table 8
shows that in one molecule, both iron centers are still in the high-
spin state, while in the other molecule, both iron centers are in the
low-spin state. The incomplete character of the spin transition is
clearly due to intermolecular interactions [43]. As a further argu-
ment, the spin transition was also followed in solution using the
Evans method [49]. In Fig. 12 the xuT curves obtained in solution
are compared with the results from solid state susceptibility mea-
surements for [Fe;2a(py)4] and [Fe;2b(py)4]. Both complexes show
gradual spin transitions with no indications for steps in the region
of yys =0.5 or 0.7. These results agree with the fact that for pure HS

—e—[Fe1b(1-meim),]

-
o

|—2—[Fe,2b(1-meim) ]

complexes of the same ligand type, only very weak antiferromag-
netic interactions between the two iron centers is observed [24].
Those interactions are thought to be responsible for the energetic
stabilization of the mixed HS/LS species. The coupling constant
obtained, is, with a value around J=1-2 cm~1, significantly smaller
than those reported for other dinuclear complexes, where step-
wise spin transitions are obtained quite frequently [9,24].

The two different SCO processes in dinuclear complexes
are now well understood, but the question of increasing
the cooperative interactions during the spin transition by
the use of covalent linkers was eclipsed. To our knowl-
edge there are only two dinuclear complexes with hys-
teresis, namely [{Fe(phdia);(NCS),},(phdia)] (with phdia=4,7-
phenanthroline-5,6-diamine) that shows a step-wise spin tran-
sition with a 2 and 7K wide hysteresis (first and second step,
respectively) [37c] and [(TPyA)Fe(THBQ)Fe(TPyA)](BF4), (with
TPyA = tris(2-pyridylmethyl)amine; THBQ=2,3,5,6-tetrahydroxy-
1,4-benzoquinonate) that shows a ca. 10K wide hysteresis [44]. In
this context we were able to present a pair of complexes where,
by application of a dinucleating chelate ligand, the cooperative
interactions during the spin transition increased significantly com-
pared with the mononuclear analog. Due to the higher symmetry
of the dinucleating chelate ligand, the number of short intermolec-
ular interactions was doubled and a 3D instead of a 2D network
of short intermolecular contacts was formed. This results in an
increase of the hysteresis width from 2 K for the mononuclear com-
plex [Fe1b(1-meim),](1-meim) to 21K for the dinuclear complex
[Fe;2b(1-meim)4](1-meim)y [27]. In Fig. 13 the molecular struc-
ture and the results from the magnetic measurement of the two
complexes are given.
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Fig. 13. X-ray structure of the mononuclear complex [Fe1b(1-meim);](1-meim) and the dinuclear complex [Fe;2b(1-meim),](1-meim)4 and results from the magnetic

measurements for the two complexes [27].
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6. Characterization in solution

The results obtained for the dinuclear and polymer SCO com-
plexes presented in this work show clearly that it is often difficult
to distinguish between the influence of covalent linkers and the
influence of intermolecular interactions. For the complexes dis-
cussed here it appears that covalent linkers contribute only little
to the propagation of elastic interactions. Nevertheless they help
to increase the hysteresis width in dinuclear and polymer sys-
tems compared to the monomer analogs. It seems that covalent
bridges help to optimize the packing of the molecules in a crystal
engineering-like approach. In order to more clearly evaluate the
influence of the covalent linkers on the abruptness of the transi-
tion curve and other packing effects (step-wise or incomplete spin
transitions) investigations in solution are necessary where all inter-
molecular interactions are switched off. The Evans method [45] is
one possible means of measuring the susceptibility of paramagnetic
compounds in solution. One disadvantage of the Evans method is a
relatively high error of 5-10% [46], depending on the concentration
of the paramagnetic solute. Additionally, only the bulk susceptibil-
ity of the solution is measured and diamagnetic or paramagnetic
impurities can lead to incorrect conclusions. This is especially true
in the case of air-sensitive iron(Il) complexes. Therefore we looked
for an alternative technique for investigating iron(Il) spin transi-
tions in solution. The application of solution NMR spectroscopy to
paramagnetic molecules and biomolecules has been reported for
more than 35 years [47]. It was shown to be a useful and sensi-
tive method for detecting changes in the electronic ground state
(including spin transitions) in transition metal complexes and there
are plenty of textbooks and reviews dealing with this topic [48].
The interpretation of the temperature dependence of the 'H NMR
chemical shifts of iron(Il) complexes did prove to be a further possi-
bility to follow the spin transition in solution and thereby eliminate
some of the disadvantages of the Evans method [49].

For the interpretation of the chemical shifts it is necessary
to assign the signals of the spectrum to the different protons of
the complex. Due to the different substituents of the complexes
discussed in this work, the assignment can be done by spectral
comparison and by taking the different line widths into consid-
eration. As one example, the TH NMR spectrum of [Felc(py),] is

given in Fig. 14 with the signal assignment given at the left [49].
This is the only example where we were able to identify all pro-
tons of the equatorial ligand. The protons of the axial ligand that
are in constant exchange with the non-coordinated molecules are
not considered for this investigation, as the axial ligand is normally
used in a 50-100 fold excess to ensure the formation of octahe-
dral complexes. The very broad signal of the proton i can only be
detected in highly concentrated solutions. The signal of proton h is
often shifted to the diamagnetic region of the spectrum (strongly
depending on temperature). If diamagnetic impurities are present
or the concentration of the complex is not very high, this signal is
also difficult to detect. Those two signals are therefore not consid-
ered for the interpretation of the temperature dependence of the
NMR shifts [49].

The temperature dependence of the NMR parameters of a pure
HS complex [Felc(py);] and a SCO complex [Fela(py).] (isotropic
shifts plotted versus 1/T) is given in part A and B, respectively, of
Fig. 15.Above 50°C(323.15K; 1/T=3.1 x 1000/K) the behavior of the
SCO complexes is similar to the pure HS complexes. At lower tem-
peratures, the isotropic shifts move rapidly towards zero [49]. This
behavior can easily be explained by considering the diamagnetic
nature of the LS iron(Il) center. The spin-flip frequency between
the HS and LS state is clearly much faster than the time scale of
the NMR experiment. At the beginning of the spin transition the
averaged signal of the isotropic shift of the diamagnetic (zero) and
the paramagnetic species is measured. Assuming Curie behavior
for the high-spin species, the isotropic shift multiplied by the tem-
perature is constant as long as the spin state does not change. A
normalized plot of §;5, x T versus T should therefore reflect the HS
mole fraction (yys) of the complex as a function of temperature
[49]. Fig. 15Cillustrates the corresponding plot for the mononuclear
complex [Fe1b(py);].

The HS mole fraction obtained for the different protons of the
complex show significant differences. This is because the param-
agnetic shift of the pure HS complex and the SCO complex above
30°C does not follow the ideal Curie law straight line. This is most
probably due to thermally accessible excited states where the d-
electrons are rearranged between the two S =2 possibilities ((dxy)2
(dxz- dyz)*(d,2)1(dy2_2)" Jand((duy) (dxz. dyz)*(d,2)' (dyo_y2)").
The experimental data in Fig. 15A and B were fit by taking an
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Fig. 14. Proton NMR spectrum of the complex [Felc(py).] in a pyridine at 55°C. The signal assignment is given at the left. S denotes the solvent pyridine [49].
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Fig. 15. Isotropic shifts of [Felc(py):] (A) and [Fela(py):] (B) plotted versus 1/T. The solid lines represent the calculated shifts of the pure high-spin complex using the
extended Curie law [47e]. C shows the HS mole fraction (yus) of [Fe1b(py) | obtained by interpretation of the isotropic shift assuming ideal Curie behavior (points) and using
the expanded Curie law (Eq. (1)) for the temperature dependence of the high-spin species. In D the high-spin mole fraction of [Fe1b(py).] obtained by interpretation of the
isotropic shifts and using the Evans method are compared. Good agreement between the two methods is observed [49].

extended Curie law into account with different Curie constants (or
spin densities) for the ground and exited states [46e]:

wn  (F\ {WiC% +W,CLeAE/KTY
o = (T) AE/KT
{W] + Whe— / }

(1)

where W; and W, are the weighting factors for the ground and
excited state (S(S+1) in each case), C;;; and C,,; are the orbital coef-
ficients (spin densities) for ground state and excited state, F is the
Curie constant, AE is the energy difference between the ground
state and the first excited state and k is the Boltzmann constant.
The calculated isotropic shifts for the pure HS complex [Fe1b(py);]
at lower temperature can now be used to more accurately deter-
mine the HS molar fraction (yys) of the complex as function of
temperature according to

(6°°"(measured)T)

VHs = (5con(calculated)T) 2)

Theresults are given as solid lines in Fig. 15C. In Fig. 15D the aver-
age of the spin transition curves obtained by interpretation of the
NMR resonances is compared with the transition curve obtained
by the Evans method for the mononuclear complex [Fe1b(py),]. A
good agreement is observed.

Several disadvantages must be taken into account when using
the Evans method: the exact concentration of the paramagnetic
solute must be determined to high accuracy and for air-sensitive

complexes and considering the small quantities used, very careful
work is required. The method determines the bulk susceptibility of
the solution, and impurities are difficult to detect and can lead to
erroneous results. The inner capillary should be fixed properly and
a suitable inert reference substance must be used. Taking all these
points into consideration, the information obtained is at least of
the same, and usually of much higher quality. Besides, the sam-
ples are much easier to prepare. The main disadvantage of this
method is the necessity of assigning at least some of the reso-
nances in the NMR spectrum in order to correct the observed shift
by its diamagnetic fraction. On the other hand, successful signal
assignment makes it clear whether the investigated species is still
intact in solution. This is particularly important for dinuclear com-
plexes with bridging ligands where dissociation into monomers
might occur. Last but not least, both methods can be applied in
parallel in the same series of experiments, and thereby combine
the advantages of both. So far we only investigated monomer and
dimer SCO complexes in solution. The obtained transition curves
give no indication for an increase of cooperative interactions for
the dinuclear complexes [27,49]. The same can be said about steps
in the transition curve or incomplete spin transitions. However, the
method can be used to make predictions if certain combinations
of equatorial and axial ligands are suitable for the synthesis of SCO
complexes. Using this method we were recently able to follow a
spin transition of a negatively charged SCO complex of this ligand
type using cyanide or rhodanide as axial ligands. This is, to our
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Fig. 16. X-ray structure and results from the magnetic measurements for the complexes [Fela(Him),] [50].

knowledge, the first example for a negatively charged SCO complex
[50].

7. Conclusion and prospectives

The magnetic properties and results from X-ray structure anal-
ysis of several monomer, dimer and polymer iron(II) spin crossover
complexes are discussed in this article. Special attention has been
given to the possibility of increasing cooperative interactions by
the application of covalent linkers. However, although an increase
in the hysteresis width can be observed when going from monomer
to dimer or polymer systems, a closer examination of the different
structures, a comparison of the results with results from literature
and finally investigations in solution clearly demonstrated that the
increase of the cooperative interactions during the spin transition
is mainly due to an increased number of intermolecular contacts.
The covalent linkers, most likely, do not have the ability to transmit
the geometric changes associated with the spin transition through
the crystal lattice and, by this, increase the cooperative interactions.
This does not imply that those linkers are useless. The results show
that they can be used to optimize the packing of the molecules in
the crystal in a crystal engineering-like approach. For this purpose
rigid linkers are most suited. Next to spin transitions with wide
thermal hysteresis loops around room temperature, step-wise spin
transitions are also of interest because of the possibility of address-
ing more than two different states. As in the discussions about the
cooperative interactions, the factor determining the presence or
absence of steps in the transition curve is again the packing of the
molecules in the crystals. No evidence was found for the appearance
of step-wise spin transitions due to a intramolecular stabilization
of [HS-LS] pairs as frequently observed for other systems [9]. Inter-
estingly, the intermolecular interactions for both phenomena are
very similar (short intermolecular contacts) and only the question
of whether the arrangement of the molecules in the crystal pro-
motes or hinders the shortening of the Fe-.-Fe distances, in line
with the shortening of the Fe-L distances upon spin transition, is
the difference.

The aim of future investigations is now to optimize the inter-
molecular interactions to obtain wide hysteresis loops. Two factors
can be improved: on the one side there are the number and dimen-
sion of the intermolecular contacts—here a limit in the hysteresis
width is already visible as even for systems with 3D networks of
short van der Waals contacts no hysteresis loops wider than 20K

were observed. The second point is the type of interactions. So far
only weak or non-classical hydrogen bonds in combination with
some additional short van der Waals contacts were observed for
the complexes under investigation. One possibility to improve the
ligand system would be to provide preconditions for m-stacking
interactions. Those are responsible for the widest hysteresis loops
observed so far for structurally characterized complexes [34].
Recently we found however, the indication that hydrogen bonds
might also be very suitable for the transmission of cooperative
interactions [51]. An iron(Il) complex of the ligand L1a with imi-
dazole as axial ligands gives a spin transition complex with a 70K
wide thermal hysteresis loop. Results from X-ray structure analysis
show that a 2D network of hydrogen bonds is formed between the
imidazole NH and the carbonyl oxygen of the equatorial ligand as
given in Fig. 16. Consequently, the ligand system now will be mod-
ified in order to introduce suitable hydrogen bond donors to prove
this theory.
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