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Three new spin crossover compounds [FeLl(azpy)] (1),
[FeL1(azpy)]-toluene [1(tol)] and [FelL2(azpy)] (2), where L1
and L2 are the tetradentate N,0,%" coordinating Schiff base
like ligands {diethyl (E, E)-2,2'-[1,2-phenyl-bis(iminomethyli-
dyne)]bis[3-oxobutanoate]-(2-)-N,N’,0%,0%} and {dimethyl
(E,E)-2,2'-[1,2-phenyl-bis(iminomethylidyne)]bis[3-oxobut-
anoate]-(2-)-N,N’,03,0%'}, respectively, and azpy = 4,4'-azo-
pyridine are presented. All compounds have been investi-
gated by using T-dependent susceptibility measurements,
and different types of spin transitions are observed. In the
case of 1 and 2, intermediate plateaus (yps = 0.5) with widths
of 110 and 75 K, respectively, were observed, while for 1(tol)
a gradual spin transition is obtained. Upon heating of 1(tol)
above 390 K, a loss of the included solvent molecule toluene
is observed, which results in a two-step spin transition of the

tempered sample similar to that of 1. Mdssbauer spectra of 1,
1(tol) and the tempered sample 1(temp) reveal two different
iron(Il) sites in the low-spin (LS) state for all three samples.
T-dependent Mdssbauer spectra indicate that the inequiva-
lent iron centres are one but not the only reason for the wide
plateau of 1. Results from X-ray structure analysis of 1 in the
region of the plateau show the presence of two inequivalent
iron centres, of which one is in the high-spin (HS) state and
one in the low-spin state. The 1D chains of alternating HS
and LS iron centres are arranged in a parallel manner within
one layer; between the different layers, the direction of the
chains rotates by 90° relative to the previous one. This cross-
linked arrangement with an interlocking of the layers is most
likely the reason for the appearance of the wide plateau.

Introduction

Spin-transition complexes (spin crossover, SCO) are an
interesting class of compounds that can be switched on the
molecular level between two different states by the use of
external perturbations such as temperature, pressure or
electromagnetic radiation. The SCO bistability is one of the
most promising aspects for new electronic devices in molec-
ular memories and switches, as the switching progress is as-
sociated with a change in the magnetic and physical proper-
ties, which can be easily detected by different means.['-2] Of
the possible types of spin transition, stepwise transitions be-
tween three or more states attracted the interest of several
research groups, because of versatile switching possibil-
ities.? To date, three different possibilities are discussed
for describing step-wise spin transitions. One is related to
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dinuclear complexes and explained with the formation of
[HS-HS], [HS-LS] and [LS-LS] spin pair states (where HS
and LS represent the local high-spin and low-spin states of
the dinuclear species). These states could directly be moni-
tored, for example, by Mossbauer spectroscopy and
switched selectively by different wavelengths.?~¢! An inter-
play between intramolecular magnetic exchange interac-
tions and spin transition is made responsible for the step
in the transition curve.l’=>71 Another possibility to have a
multistep spin transition is attributed to two (or more) dif-
ferent SCO sites, each undergoing a transition at different
temperatures.® 1% We presented a mononuclear system
clearly belonging to this category, with a large plateau in
the range 225-125 K and at yyg = 0.25. The reason for this
behaviour is four inequivalent iron(II) sites in the crystal
lattice with slightly different chemical surroundings, which
result from an additional distorted 4-cyanopyridine mole-
cule, in combination with strong n—7 interactions between
two neighbouring molecules.”! Finally, there are examples
of mononuclear complexes with a unique crystallographic
iron(II) site in the HS state, at which the effects of ferro-
magnetic-type long-range and antiferromagnetic-type
short-range interactions of an elastic origin induce a crys-
tallographic phase transition that is responsible for steps in
the transition curve.l'') Those crystallographic phase transi-
tions are accompanied or triggered by a symmetry breaking
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in the crystal, which leads to twol'? or even more!'?! inter-
mediate phases, each accompanied by a spin-state change
in the system. Different theoretical models were developed
to describe the HS/LS ordering in such systems.[!4]

Recently, the first two examples for a 1D polymeric mate-
rial undergoing a two-step spin transition were presented
by Neville, Murray and co-workers.!3 In the case of the
first complex, the two-step behaviour can be related to two
different iron(II) environments, whereas for the second
complex with a slightly broader intermediate plateau (IP),
only one distinct iron(II) site is observed at all temperatures.
Systematic investigations on a series of 1D chain com-
pounds with Schiff base like equatorial ligands used in our
group lead to different types of spin transition.l'®!”] Two
different reasons were identified to be responsible for the
step in the transition curve: inequivalent iron sites in the
HS state or, if a single iron site is observed in the HS state,
a change in symmetry leading to a phase with two iron sites
(HS, LS) in the region of the plateau. An analysis of the
intermolecular interactions revealed that a pronounced zig-
zag structure of the 1D chain combined with restraining
interactions between the 1D chains (several short contacts)
favour such a phase transition and lead to steps in the tran-
sition curve.[1¢)

In this work, we present two iron(I) 1D coordination
polymers [FeL1(azpy)] (1) and [FeL2(azpy)] (2) whose sol-
vent-free samples show a complete two-step spin transition
with an >75-K wide IP around room temperature. The
SCO of the solvent-containing sample [FeL1(azpy)]-toluene
[1(tol)] is gradual but can be transferred to a two-step tran-
sition by solvent-loss. The complexes are based on a N,O,
coordinating Schiff base like ligand system that was demon-
strated to be highly suitable for the synthesis of iron(II)
SCO complexes if combined with N-heterocycles as axial
ligands.['8191 4 4'-Azopyridine (azpy) was used as a bridg-
ing axial ligand. In Scheme I, the formula of the used li-
gands and the general synthesis route is given.

RO._.O
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= N N
MeHO ' _<\:/f\ '
\m\ 10 (azpy) “/.\\I/N\ ’O
IFe‘.\,H_‘ u ,Fu\ azpy —
N o OHMe  govent Z~v Yo
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RO™ TO = RO™ "0 —n
[FeL{MeOH),| |FeL{azpy)]-x (solvent)
L1: R=CH,CH,
L2:R=CH,

Scheme 1. General synthesis of the 1D octahedral iron(Il) coordi-
nation polymers discussed in this work.

Results and Discussion

Magnetic Measurements
The thermal dependence of the product yy7 (yam 1s the
molar susceptibility and T the temperature) for 1 and 1(tol)
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is displayed in Figure 1. Both compounds reach their maxi-
mum yy 7 values not before 400 K. Compound 1 shows a
complete two-step SCO with a wide IP, whereas 1(tol)
shows a complete gradual SCO at first, but after being
heated to 400 K, the SCO behaviour changes into a two-
step transition similar to that of 1. The room temperature
amT value of 1 1is 1.63 cm?Kmol™ in the region expected
for an approximately 50:50 mixture of LS and HS iron
centres. The maximum yy7 value of 2.99 cm®*K mol™!, in-
dicative of iron(II) in the high-spin state, is obtained when 1
is heated to 400 K. Upon cooling, the y, T values decrease
gradually in the temperature range 400-295 K to a value of
1.63 cm®*K mol!, which indicates that half of the iron(II)
sites are in the HS state (yug = 0.5). The Ty,»(1) value of
this step is 326 K. In the whole temperature range 295-
185K, the ym7T values slightly decrease by about
0.27 cm®>Kmol ! to a value of 1.36 cm?®Kmol !, which re-
sults overall in a 110-K wide IP. Below 185K, the yuT
values decrease rapidly to attain a minimum value of
0.08 cm*K mol ! at 128 K, indicative of iron(Il) in its dia-
magnetic LS state. Upon further cooling, the y\7 values
remain approximately constant. The Ty(2 | ) value of the
second step is 152 K, which means a separation distance
between both 77/, values of 174 K. Upon heating, the yu7T
values remain approximately constant up to 150 K, fol-
lowed by an abrupt increase, with 7',(2 1) = 159 K. This
results in a thermal hysteresis loop with an average width
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Figure 1. Plot of the y\7 product vs. T over the temperature range

50-400 K. Top: compound 1 and compound 2. Bottom: compound
1(tol) and 1(tol) after heating to 400 K [1(temp)].

Eur. J. Inorg. Chem. 2011, 3183-3192



Complete Two-Step Spin-Transition in a 1D Chain Iron(IT) Complex

Eur/IC

of 7K. Above 160 K, the curve progression of the heating
and cooling mode is identical. The heating and cooling cy-
cle could be repeated several times.

The room temperature yn7 value of 1(tol) is
2.81 cm®*Kmol !, which indicates that almost all iron(II)
sites are in the HS state. Upon cooling, the y7 values
decrease, gradually then more rapidly then again gradually,
to attain a minimum value of 0.16 cm?Kmol™!' at 50 K, in-
dicative of iron(Il) in the LS state. A thermal hysteresis is
not observed upon heating. Above 300 K, the 7 values
slightly increase to attain a maximum of 2.88 cm?K mol!
at 340 K. The T, value of this SCO is 222 K. Further heat-
ing causes a decrease to a local minimum of
2.81 cm?* K mol ™! at 370 K, before the y\ T values finally in-
crease up to 2.99 cm?Kmol™! at 400 K. This irregularity at
about 370 K is probably due to the loss of the uncoordi-
nated toluene molecule. This assumption is strengthened
when measuring the tempered sample [1(temp)] in the cool-
ing mode. The previously obtained gradual SCO behaviour
is not observed, but a step-wise spin transition curve very
similar to that of the solvent-free compound 1. With a
maximum yy7 value of 2.99 cm3>Kmol™! at 400 K and a
minimum value of 0.16 cm*Kmol ! at 50 K, the two-step
SCO of 1(temp) is complete, too. Marginal differences can
be found by looking at the 7', values of 1(temp) [T),5(1) =
320 K and T,»(2) = 150 K], which are slightly lower than
the values of 1 [T»(1) = 326 K and T,,5(2) = 152 K]. Fur-
ther, the SCO curve progression of 1(temp) is more gradual.
Thermogravimetric measurements of 1(tol) confirm the pre-
sumption that the loss of toluene has to be responsible for
the different spin-transition behaviour. At 388 K (boiling
point toluene: 384.2 K), 1(tol) has lost 13.7% of its mass
(theory for one toluene molecule: 12.8%), which is consis-
tent with the result from elemental analysis. The differences
between the transition curves of 1 and 1(temp) are most
likely because of differences in the particle size (grinding
effects).

European Journal
of Inorganic Chemistry

The thermal dependence of the product y\7 for com-
pound 2 is also plotted in Figure 1. Overall, 2 provides a
complete two-step SCO that reaches its maximum yy7
value of 3.30 cm®*K mol !, indicative of HS iron(II), not be-
fore 375 K. However, a closer look reveals an irregular
curve progression, which could be confirmed by calculation
of the first derivation of the curve (Supporting Information,
Figure S1). Altogether four maxima at different tempera-
tures were found, which correspond to four inflection
points in the yu7 vs. T plot. Starting at 400 K, the yp7T
values remain approximately constant between 400 and
370 K. Between 370 and 325 K, the 7 values rapidly de-
crease to attain a minimum value of 1.72 cm?®Kmol™!,
which indicates that half of the iron(II) centres are in the
HS state. The Tj,5(1) value of this step is 365 K. During
this first step, an anomaly is observed with an inflection
point at 340 K. In the temperature range 325-250 K, the
ymT values slightly decrease by about 0.18 cm? Kmol™! to
a value of 1.54 cm® K mol™!, which results in an 75-K wide
IP. Between 250 and 190 K, the yy, 7 values rapidly decrease
to attain a minimum value of 0.09 cm?®K mol !, indicative
of iron(II) in the LS state. The T},»(2 | ) value of this step
is 214 K. During this second step another anomaly, similar
to the previous one, is observed with an inflection point at
199 K. Below 190 K, the y\7T values remain approximately
constant. Comparison with the heating mode reveals a 4-K
wide hysteresis loop for the second step, with a 7,52 1)
value of 218 K.

Mossbauer Spectroscopy

The two-step SCO of 1 was followed by Mdssbauer spec-
troscopy in the temperature range 80-300 K in the heating
and cooling mode. For comparison, the Mossbauer spectra
of 1(tol) and 1(temp) were recorded at selected tempera-
tures. Selected spectra at different temperatures of the three
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Figure 2. M&ssbauer spectra of 1, 1(tol) and 1(temp) at different temperatures: black and blue: LS and green: HS.
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Table 1. Representative least-squares-fitted Mdssbauer data for 1, 1(tol) and 1(temp).

Compound low-spin 1 low-spin 2 high spin
Sal AEQ [al Sl AEQH] [al 5 lal AEQ [al
80 K
1 (100 K) 0.33(1) 1.11(1) 0.35(2) 0.53(1) 1.12(1) 0.32(2)
1(tol) 0.30(1) 0.98(1) 0.33(3) 0.61(2) 1.07(2) 0.30(3)
1(temp) 0.31(1) 1.17(1) 0.29(2) 0.49(1) 1.19(1) 0.34(1)
225K
1 (230 K) 0.19(1) 0.98(2) 0.25(4) 0.40(1) 1.15(1) 0.27(2) 1.03(1) 2.07(1) 0.25(2)
1(tol) 0.34(1) 0.79(2) 0.35(2) 0.99(1) 1.99(2) 0.29(2)
1(temp) 0.37(1) 1.22(1) 0.31(1) 0.99(1) 2.16(1) 0.26(1)
280 K
1 0.20(1) 1.01(2) 0.25(4) 0.41(1) 1.14(2) 0.29(3) 0.99(1) 2.05(1) 0.27(2)
1(tol) 0.31(1) 0.81(2) 0.34(3) 0.96(1) 1.96(2) 0.29(3)
1(temp) 0.35(1) 1.22(1) 0.30(1) 0.98(1) 2.14(1) 0.28(1)

[a] Isomer shifts [0, mms™'] refer to a iron; AEq = quadrupole splitting [mms']; " = full width at half maximum of the Lorentzian lines

[mms]. Statistical standard deviations are given in parentheses.

compounds are given in Figure 2, and the corresponding
values of the Mossbauer parameters obtained by least-
squares fitting are given in Table 1. A complete list of all 7-
dependent Mossbauer parameters and a detailed descrip-
tion of the interpretation of the Mdssbauer spectra is given
in the Supporting Information, Tables SI-S3 and Fig-
ures S2-S4.

At 80 K (1: until 150 K), the Md&ssbauer parameters of
the three compounds are typical for octahedral iron(II)
complexes of this ligand type in the LS state (AEq =
1.1em™, 6 = 0.3-0.6 cm ")12°-22] with no indication of a re-
maining HS fraction. The Mossbauer spectra of 1 and
1(temp) are very similar, both consisting of a quadrupole-
split doublet with a wide line width, which suggests two (or
more) inequivalent iron centres. In the case of 1(tol), two
quadrupole split doublets of two inequivalent iron centres
are clearly visible. Upon heating, a new quadrupole split
doublet appears with parameters (AEq = 2.0cm!, § =
1.0cm™) typical for iron(II) complexes in the HS
state.[?0-2]

At 280 K, the spin transition is not complete for all three
compounds, in agreement with the outcomes from the
susceptibility measurements. However, in the case of 1(tol),
a nearly complete spin transition would be expected that is
not reflected in the spectrum at 280 K. Probably, during the
long measurement time (one month at 280 K), a partial loss
of the included toluene occurs. For 1(tol) and 1(temp) two
quadrupole split doublets are observed, one is assigned to
the HS and one to the LS state. This behaviour is expected
for a step-wise SCO because of inequivalent iron centres.
Despite this observation, in the case of 1(tol) a one-step
spin transition is observed. In the case of 1, three quadru-
pole split doublets are clearly visible — two belong to the
LS and one to the HS state. This is unexpected, as, in this
case, a step-wise spin transition is observed. If inequivalent
iron centres are responsible for the step, one would assume
that at first one and then the second iron centre undergo
spin transition. Thus, at the IP, one doublet for the HS state
and one doublet for the LS state should be observed as

3186 www.eurjic.org
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described for 1(tol). For the 1D chain compounds investi-
gated here, the situation is more complex. Although the
area of one of the LS doublets (AE, = I.I11cm™!, § =
0.33 cm ') decreases at the beginning of the spin transition,
it does not completely vanish, but instead the area of the
second LS doublet (AE, = 1.12ecm ™!, 6 = 0.53 cm™') starts
to decrease, while the area of the HS doublet continuously
increases. A good agreement between the transition curve
obtained by Mossbauer spectroscopy and SQUID measure-
ments is obtained as given in Figure 3. However, the in-
equivalent iron centres detected by Mdssbauer spectroscopy
in the LS state clearly cannot be the only reason for the
wide IP in the transition curve of 1, as they are also ob-
served for 1(tol) with a gradual spin transition.
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Figure 3. Thermal dependence of yys of 1 obtained from Moss-
bauer spectroscopy and SQUID measurements.

X-ray Structure Analysis

Crystals suitable for X-ray structure analysis were ob-
tained for compound 1. Additionally, a few single crystals
were obtained from a diluted toluene solution of 1(tol) with
the composition [FeL1(azpy)]-2toluene [1(2tol)]. The crystal
structure of 1 was determined on the IP at 200 K and in
the LS state at 130 K. Unfortunately, the crystallographic
data of the LS structure were inferior, as twinning occurred
upon phase transition while cooling down. As a result of
technical limitations, a lower temperature was not access-
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Table 2. Selected bond lengths [A] and angles [°] for the inner coordination sphere of HS (S = 2) and LS (S = 0) iron centres of 1 (200 K)

and 1(2tol) (173 K).

S Fe-N¢g Fe-Ogq

1 2 Fel 2.090(3) 2.083(3) 2.016(3) 2.006(3)
0 Fe2 1.891(3) 1.903(3) 1.933(3) 1.934(3)
1(2tol) 2 2.046(5) 2.051(5) 1.991(4) 1.989(4)

Fe*N(Lax) Oequefoeq LafoefLax
2.214(3) 2.283(3) 112.4(1) 176.1(1)
1.976(3) 2.001(3)kl 87.6(1) 179.0(1)!
2.209(5)1 2.217(5) 105.2(2) 177.1(2)

Symmetry code: [a] -1+ x, y, -1 +z. [b] 1 +x,» 1 + 2z

ible, and therefore only the structure motif is presented
here. The crystal structure of 1(2tol) was determined at
173 K. The crystallographic data of the complexes are sum-
marised in Table 5. Selected bond lengths and angles within
the inner coordination sphere of the iron(II) ion are sum-
marised in Table 2. ORTEP drawings of the asymmetric
units of 1 (200 K) and 1(2tol) are given in Figure 4, the
atom numbering scheme is indicated. In Figure 5, the asym-
metric unit of 1 in the LS state is shown. For both materials,
structure analysis reveals an octahedral iron(IT) N4,O, envi-
ronment consisting of one equatorially coordinated Schiff
base like ligand with N,O, binding sites and two axially
coordinated azpy ligands bound through terminal pyridyl
groups. Each azpy ligand bridges two iron(II) centres to
form infinite 1D chains.

Figure 4. ORTEP drawings of the asymmetric units; top: 1 (200 K),
bottom: 1(2tol) (173 K). Hydrogen atoms as well as both disor-
dered half occupied toluene molecules of 1(2tol) have been omitted
for clarity. Displacement ellipsoids are shown at the 50% prob-
ability level.

Eur. J. Inorg. Chem. 2011, 3183-3192
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Figure 5. Asymmetric unit of the LS structure motif of 1 (130 K)
with the inequivalent iron(II) centres numbered. Hydrogen atoms
have been omitted for clarity. Displacement ellipsoids are shown at
the 50% probability level.

Compound 1 crystallises at room temperature in the re-
gion of the IP with the orthorhombic space group P2,2,2;.
The asymmetric unit contains two crystallographically dis-
tinct iron(II) centres, one can be assigned to iron(II) in the
HS state (Fel) and one to iron(Il) in the LS state (Fe2).
The averaged metal-ligand distances around the inner coor-
dination sphere of Fel (Fel-N¢q: 2.09 A, Fel-Ocq: 2.01 A,
Fel-N,,: 2.25 A) indicate a distorted, axially elongated oc-
tahedral environment, typical for HS iron(II) of this ligand
type.[>-17:18.20.23] The averaged metal-ligand distances in the
[FeN4O,] coordination core of Fe2 (Fe2-Ngq: 1.90 A, Fe2-
Ogq: 1.93 A, Fe2-N,: 1.99 A) are about 10% shorter than
those for the HS state, as discussed in the literature for
iron(II) SCO complexes.[?! Especially, the pronounced re-
duction of the Fe-N,, distance (0.26 A) in the direction of
a more regular octahedral environment is indicative of LS
iron(I). The O—Fe-O, angle, the so called bite of the
ligand, is another characteristic tool to determine the spin
state of the central iron(II) ion for this type of complex, as
it changes from about 110° in the HS state to about 90° in
the LS state.l'” The bite angle for Fel (112°) suggests that
it is clearly in the HS state and that for Fe2 (88°) indicates
that it is clearly in the LS state.

Analysis of the polymeric structure shows the formation
of infinite one-dimensional chains with the base vector
[1 0 1]. Along the chains, an alternating arrangement of HS
3187
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and LS iron(II) centres is observed, which results in a mixed
spin state with ypyg = 0.5, in agreement with the magnetic
measurements. The intrachain Fel--Fe2 separation dis-
tances alternate between 13.2A and 13.3 A. The azpy
bridging ligand is strongly distorted, as the planes, which
are spanned by the pyridyl rings, are twisted by about 37°
and 53°, respectively, to each other. This overall leads to a
straight-lined progression of the chains. In comparison to
compound 1, very similar coordination polymers with bpee
and bpea as bridging ligands [bpee = bis(4-pyridyl)ethylene,
bpea = bis(4-pyridyl)ethane], do not show distortions of the
bridging ligand, and, therefore, a steplike chain progression
is observed.['%4 Upon cooling to 130 K, the symmetry of
the system is reduced to the monoclinic space group P2;.
This structural phase transition is one explanation for the
observed hysteresis at the second step of the spin-transition
curve. It is also responsible for the decrease in quality of
the data as the formation of domains is highly likely. The
asymmetric unit contains four crystallographic distinct
iron(IT) centres (Figure 5). As can be seen from Table 3, the
bite of the ligand of these iron(II) centres is in the range
85.5-92.8°, and, therefore, all iron(II) centres are definitely
in the LS state.

Table 3. Bite of the ligand [°] of the four inequivalent iron(II) LS
centres of the low-temperature structure of 1 at 130 K.

Fel Fe2 Fe3
91.9 85.8 88.5

Fed
92.8

Ocq—Fe-Ogq

Compound 1(2tol) crystallises with the monoclinic space
group P2;/c. The asymmetric unit contains one crystallo-
graphic distinct iron(II) centre that is clearly in the HS state
(Fe-N,: 221 A, Oq—Fe—Oq: 105°). Together with the
complex, uncoordinated solvent toluene is intercalated
within the asymmetric unit; in addition to one regular tolu-
ene molecule there are two disordered half-occupied mole-
cules. The composition of the crystals of 1(2tol) signifi-
cantly differs from the powder sample of 1(tol) used for the
SQUID and Mossbauer measurements. For those studies,
only one toluene molecule is observed according to elemen-
tal analysis and DTG measurements. At 173 K, 1(tol) is in
the LS state according to SQUID and Mdssbauer measure-
ments, while the results from X-ray structure analysis of
1(2tol) clearly indicate that the crystals are in the HS state
at 173 K. Thus, the powder sample 1(tol) and the crystals
1(2tol) are clearly two different samples. An analysis of the
polymeric structure of 1(2tol) indicates the formation of
infinite one-dimensional chains that propagate along the
[1 0 1] direction. In contrast to that for compound 1, the
azpy ligand is not distorted and a steplike chain progression
is observed. The intrachain Fe-Fe separation distance is
13.4 A and is similar to that of 1.

Intermolecular Investigations

In order to find possible reasons for the wide step in the
transition curve of 1, a detailed investigation of the inter-
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molecular interactions and the molecule packing is neces-
sary. As can be seen in Figure 6, compound 1 exhibits a
layered structure. Within each layer, the chains are arranged
in a parallel manner (Figure 6A). The shortest Fe-+Fe sepa-
ration distance between adjacent chains is 12.5A
(Fel--Fe2*) and no short contacts (contacts shorter than
the sum of the van der Waals radii minus 0.19 A) can be
found. From symmetry reasons it follows that altogether
four layers, A, B, C and D, can be observed in which the
direction of the chains rotates by 90° relative to the previous
layer (i.e. A: 0% B: 90°; C: 180°; D: 270°) (Figure 4B, C),
which results overall in a cross-linked arrangement of the
chains. As a consequence, the chains in layer A and C run
perpendicular to the chains in layers B and D, whereas the
chains of A and C, respectively B and D, proceed in an
(anti-)parallel fashion. The shortest separation distance of
two iron centres between the layers of the perpendicular
chains is 8.510 A (Fel-+Fe2*). This is smaller than the
shortest Fe---Fe separation distance between (anti-)parallel
chains (9.26 A, Fel--Fe2*) and even much smaller than the
shortest intrachain distance. This is, to the best of our
knowledge, the first example of a 1D chain iron(II) SCO
complex with a cross-linked arrangement of the single
chains. This allows a very dense molecule packing and an
interlocking of the layers, which could be one reason for
the broadness of the IP.

L &

i
] 28

Figure 6. Packing of the polymer chains of 1 in the crystal pro-
jected in the a—c plane. For a better illustration of the layered,
planar structure and the cross-linked arrangement of the chains,
the content of the unit cell along the b axis is displayed layer-by-
layer: (A) 20%, (B) 50%, (C) 70% and (D) 100 %.
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In general, a HS—LS transition in 1D chain compounds
involves a relocation of the ligands towards the smaller LS
molecule. If the Fe---Fe distances within the chain cannot
follow the changes in Fe-L bonds because of restraining
interactions, a stabilisation of a mixed HS/LS state can be
observed.['%231 We recently showed for 1D chain SCO com-
plexes that a pronounced zigzag chain motif as well as a
dense packing (intermolecular contacts shorter than the
sum of the van der Waals radii) is responsible for re-
straining interactions between the chains and hence stabilise
the mixed HS/LS state of a step.['® In the case of com-
pound 1, the rigid packing and cross-linking of the chains
probably counteracts the structural changes expected for a
SCO system in a way similar to that observed for the zigzag
1D chains. During the HS—LS transition, a shortening of
the bond lengths of one iron centre results in an elongation
of the bond length of the neighbouring iron centre. The
latter is involved in the stabilisation of the HS state at this
iron centre and thus has a lower transition temperature. In
fact, a number of intermolecular non-classical hydrogen
bonds of the type C-H---O, which are listed in Table 4, can
be found between the layers, which support this theory, as
stabilised [HS---LS] pairs are built between adjacent chains.
The hydrogen bond involving oxygen atom O13 (Fel, HS)
and hydrogen atom H50 (Fe2, LS) directly links a HS and
a LS centre of adjacent perpendicular chains. In the same
way, intermolecular [HS-+-LS] pairs are built between (anti-)-
parallel chains through the hydrogen bonds involving O25
(Fe2)/H41 (Fel) and O15 (Fel)/H53/54 (Fe2), respectively.
To quantitatively describe the structural properties derived
from X-ray structure analysis, we recently established the
crystal contact index (CCI), which correlates the sum of
intermolecular contacts with the strength of the cooperative
effect.l'”l The CCI scale proved to provide a good estima-
tion to accompany the structural interpretation of spin-
transition properties.!”? All short intermolecular contacts
(shorter than sum of van der Waals radii) are listed in the
Supporting Information (Table S2). The corresponding CCI
value of 2.0 for compound 1 indicates a relatively high coo-
perativity (gradual SCO: <1.5), which is in line with the
strong restraining interactions observed as a result of the
cross linking of the chains and thus satisfactorily explains
the wide IP. Because of the inferior structural data of the
low-temperature structure of 1, no far-reaching conclusions

Table 4. Bond lengths [A] and angles [°] of intermolecular interac-
tions with d(D-+A) < R(D) + R(A) + 0.50, d(H--A) < R(H) +
R(A) - 0.12 A, £(D-H-+A) > 100.0° for compound 1.

1 dD-H) dH~A) dD+A) L(D-H+A)

C(@A1)-H(41)=0(25)  0.95 2.49 3.119(5) 123
C(50)-H(50)=O(13)")  0.95 2.49 3.262(5) 139
C(53)-H(53)~0(15)F  0.95 2.36 3.015(5) 126
C(54)-H(54)~0(15)F 095 252 3.085(5) 118
1(2tol)

C(29)-H(29)-0(3)¥) 095 2.56 3.204(8) 126

Symmetry code: [a] —x, 1/2 + y, Yo —z. [b] Y2 —x, 1 =y, -1/2 + z. [c]
1-x, 12+ 32—z [d]-x,-p1-z
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can be drawn with regard to the intermolecular short con-
tacts. However, the structure motif of the molecule packing
displayed in Figure 7 reveals a cross-linked arrangement of
the chains as well.

Figure 7. Packing of the polymer chains of the low-temperature
structure motif of 1, projected in the b—c plane. For reasons of
clarity, only 50% of the contents of the unit cell along the « axis is
displayed.

An excerpt of the molecule packing of 1(2tol) is shown
in Figure 8. In contrast to the packing of compound 1, all
chains run in a parallel fashion. The chains are arranged
such that, between the bulky equatorial ligands and the
smaller axial ligand, tubelike solvent accessible void vol-
umes, reminiscent of molecule organic frameworks
(MOFs), occur along the a and ¢ axis in which the toluene
molecules are intercalated (Figure 8). The shortest Fe---Fe
separation distance between adjacent chains is 9.36 A,
shorter than that within the chain, but longer than that in
1. As a consequence, the total number of short contacts
between adjacent chains is smaller (Table S2) and only one
non-classical hydrogen bond is observed, which involves the
carbonyl oxygen atom O3 of the equatorial ligand and H29

i
1
|
2

S (-’}:". ) A% (s
;:-% > B B
e, 3 f‘(ﬁzﬁ}"'(-' Gy
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Figure 8. Packing of the polymer chains of 1(2tol) in the crystal
projected in the h—c plane (left) and the a—b plane (right). The tube-
like void volumes with intercalated toluene are highlighted for clar-
ification.
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at the pyridyl ring of the axial ligand. As expected, the CCI
of compound 1(2tol) is relatively low (0.4), indicative of
very weak cooperativity.l!”l Unfortunately, we were not able
to get enough crystals of 1(2tol) to do any magnetic mea-
surements.

Discussion

In order to reach an application for SCO compounds, a
purposeful synthesis of such materials with defined proper-
ties is essential. Consequently, the question needs to be an-
swered, why in the case of 1 and 2 such wide IPs are ob-
served. The first suggestion from the X-ray structure analy-
sis of 1 and the Md&ssbauer spectra would be that inequiva-
lent iron centres are responsible for the different transition
temperatures. However, the Mossbauer parameters of 1(tol)
are very similar to that of 1, and here two inequivalent iron
centres are clearly visible, although, in the magnetic mea-
surements, only a gradual one-step spin transition is ob-
served. The fact that the magnetic behaviour of 1(tol)
changes from gradual to steplike with the loss of toluene,
similar to that seen in the y\7 curve of 1, leads to the
assumption that the structure of 1(tol) has to be more re-
lated to 1 than to 1(2tol). Thus, it is highly probable that
the special cross-linked arrangement of the 1D chains of 1
is responsible for the 110-K wide IP. As a very similar SCO
is observed for 2, a similar structure can be assumed that is
probably related to the azpy ligand.

Next to the reasons for steps in the transition curve, it is
important to investigate and understand the influence of
solvent inclusions on the magnetic behaviour of SCO mate-
rials, as future applications as solvent-sensors are foresee-
able. It is well known that solvent molecules intercalated
into the crystal structure can either enhance or diminish
cooperative effects and spin transition.”) Networks of the
stoichiometry [Fe(bpee),(NCS),]?%1 and [Fe(azpy),(NCS),]
27 represent the first porous 2D grid metal-organic frame-
works that exhibit a spin-state change triggered by host—
guest chemistry, several further examples followed.!!0-281 A
similar dependence can be observed for the system de-
scribed here: at room temperature, the solvent-free com-
pound 1 is at the IP; if one toluene molecule is included,
the complex switches to the HS state [1(tol)]. Similar effects
were observed for related 1D chain SCO compounds of
these Schiff base like equatorial ligands.['! It appears that
solvent effects are much more pronounced for 1D chain ma-
terials than for mononuclear complexes of the same ligand
type. Further going investigations with regard to the revers-
ibility of those effects are in progress.

Conclusions

In this work, we presented the synthesis and characteri-
sation of new SCO coordination polymers with up to a 110-
K wide IP. The complexes were investigated by using 7-
dependent susceptibility measurements, Mdssbauer spec-
troscopy and X-ray diffraction. The results show that a
3190
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clear assignment of the reasons for such a wide intermediate
plateau is difficult. Although inequivalent iron centres are
observed in the Mdssbauer spectra and X-ray structures,
their 7-dependent behaviour indicates that this is not the
only factor responsible for the plateau. The special cross-
linked arrangement of the 1D chains of 1 also contributes
to the spin-transition behaviour. The results provide a
unique insight into the formation of a two-step spin transi-
tion and nicely show the influence of solvent molecules on
SCO.

Experimental Section

Synthesis: If not described differently, all syntheses of the iron(I1I)
complexes were carried out under argon by using Schlenk tube
techniques. All solvents were purified as described in the litera-
ture®! and distilled under argon. The syntheses of anhydrous
iron(IT) acetate,*" ligand H,L1,3" ligand H,L203% and the precur-
sors [FeL1(MeOH),]i*3 and [FeL2(MeOH),]3?! were published be-
fore. 4-Aminopyridine was purchased from Aldrich Chemical Co.
and used as received. All complex syntheses were reproduced at
least once.

4,4'-Azopyridine (azpy): 4,4'-Azopyridine was prepared by oxidat-
ive coupling of 4-aminopyridine and hypochlorite, by using an
adaptation of Launay et al.?* A cold solution of 4-aminopyridine
(5.05 g, 53.7mmol) in water (100 mL) was added dropwise to a
NaOCl solution (300 mL of a 6.5% solution). The mixture was
stirred at 5 °C as an orange precipitate formed. After completion
of the addition, the reaction mixture was stirred for another
15 min. The precipitate was filtered off and washed with cold water.
The aqueous phase was extracted three times with diethyl ether.
The combined ether phases were dried on MgSQO,, and the solvents
evaporated. The crude products were recrystallised from water to
yield 4,4'-azopyridine as orange needles (yield: 1.70 g, 34%). 'H
NMR (270 MHz, CDCls, 25°C, TMS): 6 = 8.9 (m, 4 H, Ar-H),
7.7 (m, 4 H, Ar-H) ppm. MS [DEI-(+), 70 eV]: m/z (%) = 184 (55)
[M™], 78 (100) [CsH4N*]. C;oHgN, (184.20): caled. C 65.21, H 4.38,
N 30.42; found C 64.67, H 4.20, N 30.18.

[FeL1(azpy)] (1): [FeL1(MeOH),] (0.26 g, 0.51 mmol) and azpy
(0.47 g, 2.57 mmol) were dissolved in ethanol (40 mL) and heated
to reflux for 4 h. Compound 1 precipitated from the reaction mix-
ture after 4 d at room temperature in the form of black crystals,
which were filtered off, washed with ethanol and dried in vacuo
(yield: 0.25 g, 78%). IR (KBr): ¥ = 1686 (COO), 1566 (CO) cm™.
MS [DEI(+), 70 eV]: m/z (%) = 442 (20) [FeL1"], 184 (48) [azpy*].
C3oH30FeNgOg (626.44): caled. C 57.52, H 4.83, N 13.42; found C
57.16, H 4.70, N 12.91.

[FeL1(azpy)]-toluene [1(tol)]: [FeL1(MeOH),] (1.11 g, 2.19 mmol)
and azpy (2.02 g, 11.0 mmol) were dissolved in toluene (60 mL)
and warmed to 80 °C for 1 h. Compound 1(tol) was obtained after
1d at room temperature in the form of a black microcrystalline
precipitate, which was filtered off from the reaction mixture,
washed with toluene and dried in vacuo. (yield: 1.41 g, 90%). IR
(KBr): ¥ = 1685 (COO), 1566 (CO) cm™!. MS [DEI(+), 70 eV]: m/z
(%) = 442 (100) [FeL1%], 184 (25) [azpy™]. C30H30FeNgO4C,Hg
(718.58): caled. C 61.84, H 5.33, N 11.70; found C 62.79, H 541,
N 11.32. The mother liquor of 1(tol) was allowed to stand at 4 °C.
After two months, black crystals with the composition 1(2tol) had
formed, which were of sufficient quality for crystal structure analy-
sis.
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Table 5. Crystallographic data of iron(II) coordination polymer 1 and 1(2tol).

1 (HS-LS) 1 (LS) 1(2tol)
Formula CeoFesHgoN 12012 Ci20H 21 Fe4N24054 Cu4HysFeNgOg
M, [gmol ] 1252.90 2506.81 810.72
Crystal system orthorhombic monoclinic monoclinic
Space group P2,2,2, P2, P2/c
a[A] 16.2024(4) 17.8442(7) 11.2681(4)
b [A] 17.8809(4) 16.1027(7) 33.9573(11)
¢ [A] 20.8774(5) 20.3955(8) 11.1503(4)
a[°] 90.00 90.00 90.00
A1° 90.00 90.614(2) 106.2810(10)
7 [°] 90.00 90.00 90.00
V[AY 6048.5(2) 5860.1(4) 4095.4(2)
V4 4 2 4
Pealed. [gem 3] 1.376 1.421 1.315
1 [mm] 0.551 0.569 0.424
0 range [°] 3.2-253 3.2-25.4 3.26-23.50
A[A] 0.71073 0.71073 0.71073
T [K] 200 130 173
GOF 1.022 1.07 1.059
R1,121 ywR2PI [1>26(1)] 0.0443, 0.0948 0.1544, 0.3882 0.0784, 0.2085
F(000) 2608 2610 1704
Reflections collected 38753 34133 17933

[a] R1 = X||F,| — [FVEIF,). [b] wR2 = {S[w(F,? — F22/Sw(F,2)} 2, w = 1/[63(F,?) + (aP)* + bP], where P = [F,? + 2(F.2)|/3.

[FeL2(azpy)] (2): [FeL2(MeOH),] (0.30 g, 0.63 mmol) and azpy
(0.59 g, 3.20 mmol) were dissolved in methanol (20 mL) and heated
to reflux for 1 h. After 16 h at 4 °C, 2 precipitated from the reaction
mixture in the form of a black, microcrystalline solid, which was
filtered off, washed with methanol and dried in vacuo (yield: 0.14 g,
37%). IR (KBr): ¥ = 1692 (COO), 1567 (CO) cm™!. MS [DEI(+),
70eV]: mlz (%) = 414 (100) [FeL2*], 184 (35) [azpy'].
CosH,6FeNgOg (598.39): caled. C 56.20, H 4.38, N 14.04; found C
55.81, H 441, N 13.99.

Magnetic Measurements: Magnetic susceptibility data were col-
lected with a Quantum Design MPMSR2 SQUID magnetometer
under an applied field of 0.5T over the temperature range 50—
400 K in the settle mode. All samples were placed in gelatine cap-
sules held within plastic straws. The data were corrected for the
diamagnetic magnetisation of the ligands, which were estimated by
using tabulated Pascal’s constants, and of the sample holder.

Mossbauer Spectra: Mossbauer spectra have been recorded by
using a conventional Mdssbauer spectrometer operating in a sinus-
oidal velocity profile. The sample was placed in a bath cryostat
(Cryo Industries of America Inc., Model 11CC).

Differential Thermogravimetry: The thermal behaviour was studied
by using a Setaram TG-92 equipped with a protected DTA-TG
rod. The measurement was conducted under a streaming Helium
atmosphere at a scan rate of 10 K min™! by using 100-mL alumina
crucibles.

X-ray Crystallography: The intensity data of 1 and 1(2tol) were
collected on a Nonius Kappa CCD diffractometer by using graph-
ite-monochromated Mo-K,, radiation. The data were corrected for
Lorentz and polarisation effects. The structure was solved by direct
methods (SIR 97)133 and refined by full-matrix least-square tech-
niques against F,> (SHELXL-97).3 The hydrogen atoms were in-
cluded at calculated positions with fixed displacement parameters.
All non-hydrogen atoms were refined anisotropically. ORTEP-
11137 was used for the structure representation, SCHAKAL-9913]
for the representation of the molecule packing. Cell parameters and
refinement results are summarised in Table 5. CCDC-821162 (1,
200 K) and CCDC-821163 [1(2tol)] contain the supplementary
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crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): The details for the analysis of the Mdssbauer spectra together
with the least-squares-fitted Mossbauer data (Tables S1-S3 and
Figures S2-S4), the analysis of short intermolecular contacts of 1
and 1(2tol) (Table S4) and the first derivative of the yy 7 vs. T plot
of 1(tol) (Figure S1) are available.
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