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Four isostructural one-dimensional polymeric iron(II) spin
crossover materials containing the ligand 2-chloro-4,6-bis(di-
pyrid-2-ylamino)-1,3,5-triazine (cddt) have been synthesised
and magnetically and structurally characterised. The poly-
meric material Fe(NCS)2(cddt)·n(guest) (1), self assembles
into three crystallographically distinct phases; the com-
pounds 1b and 1c, [Fe(NCS)2(cddt)]·2(CH3OH), are poly-
morphs, however, 1a, [Fe(NCS)2(cddt)]·1/2(CHCl3)·(H2O)
contains a different solvent system. Each phase shows very
different magnetic behaviour; phases 1a and 1b remain high
spin over all temperatures, whilst phase 1c undergoes a
“half” spin crossover between 225 and 125 K. The structural
consequences of the spin transition in 1c have been followed
using variable temperature synchrotron powder X-ray dif-
fraction techniques. Variation of the chalcogenide ligand in
the complex [Fe(NCSe)2(cddt)]·2(CH3OH), 2, leads to a full
one-step spin crossover with a T1/2 of 200 K. Structural analy-

Introduction

The recent papers of Gamez, Roubeau and co-
workers[1,2] dealing with exchange coupling and spin cross-
over (SCO) in dinuclear iron(II) complexes of triazine-
based bridging ligands prompts us to report our contempo-
raneous studies using the same ligand, and a related one.
Similarities and differences in the two studies are empha-
sised, with a series of 1D (one-dimensional) chain SCO spe-
cies being reported here for the first time. Our work forms
part of a wide investigation into the synthesis, structures
and magnetism of dinuclear,[3–7] and higher nu-
clearity,[8–14,19] iron(II) SCO compounds. We[15] and
others[16] are interested in probing fundamental questions
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sis of 1c below the transition temperature reveals alternating,
crystallographically distinct, HS and LS iron(II) centres (HS:
high spin, LS: low spin) along the chain, and structural analy-
sis of 2 below the transition temperature reveals all LS iron(II)
centres. Also reported are the structural characterisations of
two dinuclear materials, containing the ligand 2,4,6-tris(di-
pyridin-2-ylamino)-1,3,5-triazine (tdt), of the formula [Fe-
(tdt)(X)2]2·(ClO4)·(solvent) (X = H2O, Cl– for 3a, 3b) which are
analogous to those recently reported by Gamez et al. In ad-
dition, the structural characterisations are described for dinu-
clear materials, containing the ligand cddt, of the formula
[Fe(cddt)(Cl)(X)]2·(Y)2·n(solvent) (X: H2O or NCCH3, Y:
ClO4

–, BF4
– 4a, 4b and 4d) and for a cobalt(II) analogue,

[Co(cddt)(Cl)(H2O)]2·(BF4)2·n(solvent) (4c).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

dealing with, for example, the synergy, if any, between ex-
change coupling and SCO, and the possible increase in co-
operativity [e.g. thermal hysteresis of the spin transition(s)]
in dinuclear and polynuclear SCO materials when com-
pared to mononuclear. A range of structural designs of the
bridging geometry and of the chemical nature of the bridg-
ing ligands has been employed in order to attempt to an-
swer some of these questions.[17] The ligand common to
both studies is 2,4,6-tris(dipyrid-2-ylamino)-1,3,5-triazine
(labelled dpyatriz by Gamez et al.[1–2] and tdt herein, Fig-
ure 1) while the other ligand is 2-chloro-4,6-bis(dipyridin-2-
ylamino)-1,3,5-triazine (labelled cddt, Figure 1).

There have been several reports recently of ligands based
on dipyrid-2-ylamine (dpa) being incorporated into mono-
and dinuclear systems.[1–2,4,18] The mononuclear complex
Fe(dpa)2(NCS)2 containing cis-coordinated thiocyanate li-
gands, recently reported by Real et al., undergoes an incom-
plete one-step spin crossover with a T1/2 of 88 K.[18] The
mononuclear complex trans-Fe(tdt)2(NCS)2 recently re-
ported by Gamez et al.,[2] undergoes a complete one-step
spin crossover with a T1/2 of 200 K. This was the first report
for an iron(II) dpa-style material containing trans-thiocya-
nate ligands.[2] We recently reported the dinuclear complex
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Figure 1. The ligands 2-chloro-4,6-bis(dipyrid-2-ylamino)-1,3,5-tri-
azine (cddt) and 2,4,6-tris(dipyrid-2-ylamino)-1,3,5-triazine (tdt).

[cis-Fe(ddpp)(NCS)2]2·4(CH2Cl2) [ddpp = 2,5-bis(dipyrid-
2-ylamino)pyridine], which undergoes a two-step spin cross-
over influenced by the number and type of solvent mole-
cules present.[4] This material uniquely shows structural res-
olution of a “trapped” [HS-LS] state dinuclear complex (HS
= high spin, LS = low spin). Here, we present a new series
of 1D polymeric species containing the ligand cddt,
[Fe(NCS)2(cddt)]·1/2(CHCl3)·(H2O) (1a), the polymorphs
[Fe(NCS)2(cddt)]·2(CH3OH) (1b and 1c) and [Fe(NCSe)2-
(cddt)]·2(CH3OH) (2). 1c undergoes a half spin crossover
and 2 undergoes a complete spin crossover. We also report
a series of dinuclear materials similar to those reported by
Gamez et al.[1–2] containing the ligand tdt, [Fe(tdt)(Cl)]2-
(ClO4)2·(C2H5OH)·2(CHCl3) (3a) and [Fe(tdt)(H2O)]2-
(ClO4)4·6(H2O) (3b), and a series of dinuclear complexes
containing the ligand cddt, [Fe(cddt)(H2O)Cl]2(ClO4)2·
2(C2H5OH)·(H2O) (4a), [Fe(cddt)(H2O)Cl]2(BF4)2·2(C2H5-
OH)·2(H2O) (4b), [Co(cddt)(H2O)Cl]2(BF4)2·2(C2H5OH)·
2(H2O) (4c) and [Fe(cddt)(NCCH3)(H2O)]2(ClO4)4·
(NCCH3) (4d). All attempts to incorporate the tdt ligand
into polymeric iron(II) systems have thus far resulted in the
formation of the monomeric spin crossover material re-
ported by Gamez et al.[1–2]

Structural analysis on two-step/half spin crossover mate-
rials reveal that there are two ways which the octahedral
environments of the iron(II) centres can be observed at the
plateau temperature below the transition temperature.
Firstly, it can be observed as an average Fe–N bond length
between HS and LS where there is no ordering (trapping)
of the LS and HS states, and secondly, as two crystallo-
graphically distinct iron(II) centres where 50% are HS and
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50% LS (indeed these are the same possibilities for systems
where a half spin crossover is observed). The former is by
far the most commonly observed and much effort is cur-
rently being invested in understanding the two modes of
crossover, in particular for dinuclear systems where two-
step and half crossovers are commonly observed.[3–7] In the
case of polynuclear systems, there have been relatively few
examples where two-step spin crossovers are observed[8,19]

and few have shown ordering of HS and LS iron(II) at the
plateau region of the temperature between the two spin
transitions. Here, the polymeric material [Fe(cddt)(NCS)2]·
2(CH3OH) (1c) undergoes a spin crossover and, at low tem-
peratures, alternating HS and LS iron(II) centres have been
observed for the first time in a 1D chain.

Initially, the present polynuclear iron(II) systems were
synthesised with the intention of observing the magnetic
influence of incorporating dpa style ligands into extended
materials. However, the unexpected synthesis of three dif-
ferent crystalline phases of 1, [Fe(cddt)(NCS)2]· 1/2(CHCl3)·
(H2O) (1a) and [Fe(cddt)(NCS)2]·2(CH3OH) (1b and 1c),
of which two are polymorphs, presents one of the first cases
of polymorphism in a polymeric SCO species and as such
offers a valuable opportunity to directly compare intra- and
intermolecular structural effects on materials where metal
centres are linked. There have been two previous reports of
polymorphism in polymeric spin crossover materials,
namely, {Fe(pmd)2[Ag(CN)2]2} (pmd = pyrimidine) and
{Fe(3-CNpy)[Au(CN)2]2}·n(H2O) (3-CNpy = 3-cyanopyri-
dine).[20,21] The majority of reports of polymorphism have
been in mononuclear iron(II) species,[22–26] in particular, the
compounds [cis-Fe(phen)2(NCS)2][22] and [cis-Fe(bipy)2-
(NCS)2][23] (phen = 1,10-phenanthroline, bipy = 2,2-bipyri-
dyine) exist as polymorphs and have received a large
amount of interest over many years. More recently, the ma-
terial [Fe(dppa)2(NCS)2] [dppa = (3-aminopropyl)bis(pyrid-
2-ylmethyl)amine] was reported[25] which forms as three
crystallographically distinct polymorphs; A: triclinic, B:
monoclinic and C: orthorhombic. The A phase displayed a
gradual SCO, the B phase remained high spin and the C
phase had an abrupt SCO with hysteresis and structurally
it was tentatively explained in terms of the presence of an
array of intermolecular contacts in C that led to more co-
operativity. Guionneau et al.[26] have further investigated
the structural features between two polymorphs of the com-
pound [Fe(PM-BiA)2(NCS)2] (PM = N-pyrid-2-ylmethylene
and BiA = 4-aminobiphenyl) that crystallised in the same
symmetry, however, they displayed gradual and abrupt spin
transitions, respectively. They found a direct correlation be-
tween the abruptness of a transition and a set of structural
parameters that reflected the inter- and intramolecular in-
teractions. While it is now clearly established that intermo-
lecular interactions, such as hydrogen bonding and π-π in-
teractions influence spin transitions, it appears that, from
one chemical example to the next, little correlation exists.
Certainly, for spin crossover materials to become useful in
devices, understanding the governing factors that drive coo-
perativity is very important. In this context, the present
study compares the structural features of a series of poly-
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meric spin crossover materials which reveal the presence of
π-π interactions to be the primary characteristic influencing
the spin transition.

Results and Discussion

Syntheses

In synthesising the 1D complexes [Fe(NCS)2(cddt)]·
n(guest) (1) [guest: 1/2(CHCl3)(H2O) for 1a, 2(CH3OH) for
1b and 1c] direct addition of Fe(NCS)2 to cddt in the rel-
evant solvent systems, resulted in immediate precipitation
of yellow powders. In order to obtain structural infor-
mation, single crystals of each phase were grown by slow
diffusion techniques by using a vial for multiple solvent sys-
tems and a H-shaped tube for single solvent systems. For
the materials 1b and 1c it was found that by using 2:4:1
ratios of Fe:NCS:cddt crystals of both phases grew to-
gether. By altering the Fe:NCS:cddt ratio to 1:2:1 it was
found that that crystals of the spin crossover material 1c
could be grown with only a ca. 10% impurity of the 1b
phase. Furthermore, allowing the slow diffusion of 1c to
proceed at �5 °C the 1c phase formed in isolation. Crystals
of 1b formed as light yellow blocks whereas crystals of 1c
formed as dark yellow-orange clumps of inter-grown crys-
tals.

The synthesis of the dinuclear complex [Fe(tdt)(Cl)]2-
(ClO4)2·(C2H5OH)·2(CHCl3) (3a) containing the ligand tdt
was carried out by slow diffusion methods in a H-tube. Sin-
gle crystals of 3a contain bound Cl–, however, the synthesis
was not carried out in the presence of chloride ions. Three
possible chloride ion sources are; trace amounts from the
tdt ligand synthesis, Fe(ClO4)2·6(H2O) and chloroform sol-
vent. Gamez et al.[2] commented, in their synthesis of the
analogous material, that the addition of stoichiometric
amounts of chloride salt reduced the product yield com-
pared to limited amounts, here whichever the chloride
source is, it would be in small amounts and potentially drive
the formation of the observed dinuclear. In addition, the
synthesis of 3a was carried out in the presence of
NaNCBH3, intended to be bound to the metal via the ter-
minal nitrogen group, but has not been incorporated in the
dinuclear material. Microanalysis of 3a revealed a hydrated
product.

The synthesis of the dinuclear complex [Fe(tdt)(H2O)]2-
(ClO4)4·6(H2O) (3b) was carried out in a mixed solvent sys-
tem of methanol and acetonitrile, in air. Structural analysis
revealed water molecules to be both bound to the metal,
and as a solvate, and would originate from the solvent
methanol and the metal salt.

The syntheses of dinuclear complexes containing the li-
gand cddt, [Fe(cddt)(Cl)(X)]2·(Y)2·n(solvent) (X: H2O or
NCCH3, Y: ClO4

–, BF4
– 4a, 4b and 4d) and

[Co(cddt)(Cl)(H2O)]2·(BF4)2·n(solvent) (4c), as with 3a did
not contain any free Cl–. The possible chloride ion sources
are; trace amounts from the cddt ligand synthesis, from de-
composition of the ligand and, for 4a, from Fe(ClO4)2·
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6(H2O). While it is unclear where the chloride salt arises
from it is likely from the cddt ligand. Microanalysis re-
vealed hydrated species for each of these materials.

Magnetic Studies

The complex 1a remains high spin over all temperatures
and the χMT vs. temperature plot is shown in Figure S11
(see Supporting Information). The χMT values remain con-
stant at 3.29 cm3 mol–1 K down to ca. 15 K, followed by a
small decrease due to a combination of weak antiferromag-
netic coupling and zero field splitting. A sufficient amount
of sample of 1b for carrying out magnetism studies was
unfortunately not obtained, as it grows as an impurity in
the synthesis of 1c, and, as such, no magnetic measure-
ments were made on this phase. However, the crystal struc-
ture of 1b at 123(2) K revealed all iron(II) centres to be in
the high spin state, and upon quench cooling of the sample
in liquid nitrogen, no colour change occurred in the yellow
crystals, indicating that a spin transition probably did not
occur.

Plots of χMT vs. temperature for polycrystalline samples
of 1c and 2 are shown in Figure 2. Compound 1c undergoes
an incomplete spin crossover with what appears to be a sub-
tle, two-step nature. At temperatures above 240 K the mate-
rial is in the fully high spin state with a maximum χMT of
3.38 cm3 mol–1 K. Between 240 and 200 K there is a gradual
drop in χMT to ca. 2.66 cm3 mol–1 K. Below 200 K the tran-
sition becomes even more gradual with a lowest χMT of
1.64 cm3 mol–1 K attained below 70 K, which corresponds
to 50% of the iron(II) centres being in the high spin state.
From 200 K to low temperatures, slow kinetics or a struc-
tural effect may prevent the completion of the spin transi-
tion.

Figure 2. χMT vs. temperature for [Fe(NCS)2(cddt)]·2(CH3OH) (1c)
(o) and [Fe(NCSe)2(cddt)]·2(CH3OH) (2) (∆).

The selenocyanate analogue 2, undergoes a full one-step
spin crossover with a T1/2 of ca. 220 K. At 270 K, a χMT
value of 3.29 cm3 mol–1 K is attained corresponding to the
majority of iron(II) centres being in the high spin state. The
χMT values have not reached the LS plateau as between 270
and 170 K there is a gradual decrease in χMT. Below 170 K
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a plateau χMT value of 0.23 cm3 mol–1 K is observed corre-
sponding to all the iron(II) centres being in the low spin t2g

6

state. The non-zero magnitude of χMT at low temperature is
a common occurrence in iron(II) spin crossover LS states
and is due to second order Zeeman effects. No thermal hys-
teresis occurred in either 1c or 2.

The T1/2 values observed for 1c and 2 are similar in size
to that observed by Gamez et al.[1,2] for Fe(dpyatriz)2-
(NCS)2, ca. 200 K. Each of these materials contains the
trans-Fe(DPA)2(NCS)2 coordination environment and the
similar T1/2 values and lack of abrupt transitions and ther-
mal hysteresis suggest that incorporation into a polymeric,
covalently linked species does not increase the communica-
tion between spin crossover centres. Further detailed struc-
tural comparisons of the materials are discussed below.

The dinuclear compounds 3a, 3b, 4a, 4b, 4c and 4d con-
tain iron(II) and cobalt(II) coordination environments that
involve Cl– and H2O groups and are thus expected to be
HS-HS. Some interesting magnetic results were reported,
however, for dinuclear systems by Gamez et al.[1] For exam-
ple, [Fe(tdt)(NCCH3)(H2O)]2(ClO4)4 displayed a gradual,
partial spin crossover with a T1/2 of ca. 280 K. This is un-
usual for iron(II) [FeN5O] coordination environments. The
replacement of acetonitrile by H2O by exposure to air led
to HS-HS magnetic behaviour, as expected, and similar to
that noted for [Fe(tdt)(H2O)(CH3OH)]2(BF4)4, also having
[FeIIN4O2] coordination.[1] A very small J value of
–0.37 cm–1 was obtained for the latter, possibly with a zero-
field splitting parameter of ca. 4 cm–1, rather than J, being
responsible for the rapid decrease in µeff being observed be-
low 50 K.

Interestingly, thetriazineN-bondedexample [Fe(tdt)(Cl)]2-
(CF3SO3)2 was reported to show weak ferromagnetic coup-

Figure 3. The general polymeric 1D chain structure observed in the materials (a) 1a, 1b, 1c and (b) 2 illustrating the A and B positions
of the disordered selenium atoms, the Se(A)···Se(B) interactions between adjacent chains and the Se(A)···O interactions are shown with
dotted lines. Iron(II) centres are shown as black spheres, hydrogen atoms have been omitted.
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ling between the S = 2 FeII centres.[1] However, care has to
be taken to exclude crystallite torquing effects as being the
cause of increases in µeff in such 5T2g (parent) single-ion
states and dispersal of the powder in Vaseline is the way to
check for such effects. The magnetic behaviour of the pres-
ent analogue [Fe(tdt)(Cl)]2(ClO4)2·(C2H5OH)·2(CHCl3)
(3a) unfortunately could not be measured due to insuf-
ficient and impure amounts of bulk sample.

The cddt analogue [Fe(cddt)(NCCH3)(H2O)]2(ClO4)4·
(CH3CN) (4d) contains the same iron(II) [FeN5O] coordi-
nation environment as [Fe(tdt)(NCCH3)(H2O)]2(ClO4)4

which, as discussed above, undergoes a gradual SCO. Here,
the complex 4d remains HS over all temperatures and the
χMT vs. temperature plot is shown in Figure S12. The χMT
values remain constant at 3.49 cm3 mol–1 K down to ca.
15 K, followed by a small decrease due to a combination of
weak antiferromagnetic coupling and zero field splitting.

One-Dimensional Chain Complexes

General. [Fe(NCS)2(cddt)]·n(guest) (1)

Crystal data and refinement details for the complexes 1a,
1b and 1c can be found in Table 2. Three crystallographi-
cally distinct materials of the general formula [Fe(NCS)2-
(cddt)]·n(guest) (1) have been synthesised and crystallised
by slow diffusion techniques. All three phases are composed
of one-dimensional (1D) chains which differ in their crystal
packing and the number and type of solvent molecules. The
general structures of 1a, 1b and 1c are the same. However,
as seen above, these three phases display vastly different
magnetic properties [see part (a) of Figure 2 and Figure S11
in the Supporting Information]; 1a and 1b are HS and 1c
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undergoes a spin transition. The iron(II) environments and
extended structure of these materials are, nevertheless, iso-
structural. These systems are highly relevant for making
structural comparisons in order to attempt to determine
both the intra- and inter-chain structural influence on the
magnetism.

[Fe(NCS)2(cddt)]·1/2(CHCl3)·(H2O) (1a) is grown as a
pure crystalline phase by slow diffusion in methanol and
chloroform. The two phases 1b and 1c are polymorphs,
[Fe(NCS)2(cddt)]·2(CH3OH), and grow simultaneously but
they differ in their crystal symmetries (1b: monoclinic and
1c: triclinic); 1c is the major product. By subtle variation in
the stoichiometry of reactants, 1c can be grown in isolation,
as indicated above. There have previously been in-depth
studies into understanding the differences in spin crossover
behaviours observed in polymorphic species;[20–24] here we
will continue this, further, through detailed structural com-
parisons between each of the materials 1b and 1c.

All three phases, 1a, 1b and 1c consist of iron(II) coordi-
nated by trans-thiocyanate ligands bound through the ter-
minal nitrogen and two half cddt ligands, the full ligands
generated by symmetry [Figure 3 (a)]. The cddt ligands
bridge two metal centres, binding via the terminal pyridyl
groups of the bis(2-pyridyl)amine moiety. Each alternate li-
gand is rotated ca. 180° such that the triazine chlorine atom
is directed up or down. This extends to form infinite 1D
chains. Following are detailed structural descriptions of
each of the three phases of 1. The octahedral distortion
parameter Σ has been calculated for each of the materials

Figure 4. Illustration of the crystal packing of 1D chains and solvent in (a) 1a, tetragonal, (b) 1b, monoclinic, (c) 1c, triclinic and (d) 2,
monoclinic. Hydrogen atoms have been omitted. Solvent molecules are represented by space-filling, iron(II) atoms as black spheres and
1D chains as sticks.
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1a, 1b and 1c, smaller Σ values are associated with stronger
crystal fields and stabilisation of the LS state.[27]

[Fe(NCS)2(cddt)]·1/2(CHCl3)·(H2O) (1a)

Structural analysis of 1a revealed a tetragonal symmetry
with all iron(II) centres equivalent and with Fe–N distances
typical of the HS iron(II) state (Table 1). The 1D chains are
stacked parallel and run along the c-axis [Figure 4 (a)]. In
the ac- and bc-planes the adjacent 1D chains are rotated by
90° [Figure 5 (a)]. Located between the chains are two types
of alternating 1D channels along the c-axis which account
for 23.4% of the unit cell volume [Figure 4 (a)]. The first
type of channel is lined by the chlorine atoms from the cddt
ligand and is filled with chloroform molecules. The second
type of channel is lined by aromatic ligand rings and is
filled by a 1D chain of water molecules. Neither the water
or chloroform molecules interact with the 1D chains. It was
surprising that since this material was synhesised in a mixed
solvent system consisting of methanol and chloroform, no

Table 1. Selected bond lengths for 1a, 1b, 1c and 2 obtained at
123 K.

Bond [Å] 1a 1b 1c 2

Fe(1)–N(CS) 2.083(9) 2.082(9) 1.953(5) 1.969(5)
Fe(1)–N(py) 2.223(9) 2.232(7) 1.995(4) 2.007(4)
Fe(1)–N(py) 2.237(8) 2.216(7) 2.002(4) 2.011(4)
Fe(2)–N(CS) – 2.108(8) 2.084(5) 1.933(5)
Fe(2)–N(py) – 2.198(6) 2.203(4) 2.016(4)
Fe(2)–N(py) – 2.201(7) 2.226(4) 2.017(4)
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Figure 5. Illustration of the crystal packing of adjacent 1D chains in the ab-plane (a) 1a (b) 1b and (c) 1c. Hydrogen atoms and solvent
molecules have been omitted. Iron(II) atoms as black spheres and 1D chains as sticks.

methanol has been incorporated into the crystalline mate-
rial. The chlorine atoms on the cddt ligand are involved
in Cl···Cl interactions with adjacent chains [Cl···Cl:
3.204(10) Å]. Analysis of the geometry of the iron(II) centre
revealed an octahedral distortion parameter Σ of 45.6°
which is comparable to other [Fe(N)4(NCS)2] centres in the
HS state.[4,18,27] The Fe···Fe separation within each chain is
9.345(3) Å and this is similar to that between chains
9.258(2) Å.

[Fe(NCS)2(cddt)]·2(CH3OH) (1b)

The complex 1b has different stacking of the 1D chains
to that seen in both 1a and 1c [Figure 4 (b)]. Structural
analysis of 1b revealed a monoclinic symmetry with two
iron(II) centres in the asymmetric unit which are both in
the HS state at 123(2) K with average Fe–N bond lengths
for Fe1 and Fe2 of 2.176(6) and 2.169(5) Å, respectively
(Table 1). There are two crystallographically distinct thiocy-
anate ligands in the asymmetric unit; the sulfur atom of the
thiocyanate ligand bound to Fe1 is disordered over two
sites, A and B (Figure S2). The 1D chains are parallel
packed in the ab-plane, where adjacent chains within the
same ab-plane are generated by a translation along either
the a- or b-axis [Figure 5 (b)]. The chains in the next ab-
plane are rotated by 90° [Figure 4 (b)]. The Fe···Fe separa-
tion within each chain is 9.584(6) Å and smaller between
chains, 8.717(6) Å. There are two solvent methanol mole-
cules present in the asymmetric unit; one of the methanol
molecules is hydrogen bonded to a sulfur atom of the A
component of the disordered thiocyanate ligand [O2···S2A:
3.193(3) Å, Figure 5]. This thiocyanate ligand is also in-
volved in a S···S interaction with its symmetry equivalent
atom on an adjacent chain [S2A···S2A: 3.029(11) Å]. Nei-
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ther the B component of the other thiocyanate ligand are
involved in any significant O···S or S···S interactions. The
most obvious distinction between the two iron(II) centres in
the asymmetric unit is their hydrogen bonding interactions.
However, further analysis of the metal centre geometries
revealed that the iron(II) centre involved in the hydrogen
bonding interaction, Fe1, is in a less distorted octahedral
environment than is the other iron(II) centre, Fe2, thus,
Σ(Fe1): 34.4 and Σ(Fe2): 44.8°.[27] The distortion parameter
of Fe1 is considerably lower than Fe2 which is often indica-
tive of the LS state being stabilised. However, while we do
not have magnetic data, both iron(II) centres are in the HS
state down to 123 K. The average Fe–N bond lengths for
both Fe1 and Fe2 are indicative of high spin iron(II). No-
tably, the Fe2–N(CS) bond length is 2.108(8) Å, which is
longer than the ca. 2.0 Å usually observed for iron(II). It is
well known that weak intermolecular interactions can
strongly influence the observed spin crossover features,[26]

comparison of such features with 1c will be discussed in the
following section.

[Fe(NCS)2(cddt)]·2(CH3OH) (1c)

Structural analysis of 1c at 123(2) K revealed a triclinic
symmetry with two iron(II) centres in the asymmetric unit
[Figure 4 (c)]. At 123(2) K, Fe1 is in the LS state and Fe2
is in the HS state with average Fe–N bond lengths of
1.983(3) and 2.171(4) Å, respectively (Table 1). This is a
most unusual situation to have alternating HS and LS
centres along the chains. In contrast, a recent iron(III) 1D
system has been reported which contains isolated alternat-
ing HS and LS chains.[29]

The 1D chains in 1c run along the c-axis, where adjacent
chains are generated by a translation along either the a- or
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b-axis as seen in 1b [Figure 5 (c)]. In contrast to 1b, all of
the 1D polymer chains in 1c run in the same direction, i.e.,
along the c-axis [Figure 4 (c)]. The Fe···Fe separation within
each chain is 9.512(3) Å and between chains is 8.818(4) Å,
which is similar to that observed for 1b. There are two sol-
vent methanol molecules present per metal centre and one
of these molecules is hydrogen bonded to a sulfur atom of
a thiocyanate [O2···S1: 3.267(5) Å]. In addition, there is a
π-π interaction between a pyridyl ring coordinated to Fe1
and its symmetry generated ring on an adjacent chain,
3.699(2) Å. One of the pyridyl rings attached to Fe2 is also
in the correct orientation for a π-π interaction with its sym-
metry equivalent however the distance of 4.699(2) Å is too
long to be a significant interaction. It is well known that
intramolecular π-π interactions influence spin transitions[28]

and indeed the presence of such interactions in 1c, but not
in 1b, is likely to determine whether spin crossover behav-
iour will be observed.

As discussed above, smaller octahedral distortion param-
eters generally suggest a more stabilised LS state.[27] Further
analysis of the geometries of the two metal centres in 1c
revealed that the iron(II) centre involved in this hydrogen
bonding interaction is in a less distorted octahedral envi-
ronment than the other iron centre, Σ(Fe1): 32.28 and
Σ(Fe2): 42.76° which has been observed previously for ma-
terials in an intermediate [HS-LS] state.[4,18,27] Interestingly,
Σ is comparable for Fe1 and Fe2 in 1b and 1c, where only
1c undergoes a spin transition. This suggests that the inter-
play between intermolecular interactions, as discussed
above and metal coordination environments are influencing
these systems greatly.

Variable-Temperature Powder X-ray Diffraction of 1c

Some difficulties were encountered in preparing phase
pure bulk sample of 1c, such as required for SQUID mag-
netometry, with up to ca. 10% impurity of 1b typically ob-
served. Consequently, it was necessary to confirm the na-
ture of the (two-step) spin transition identified in this way.
This was achieved using variable-temperature diffraction
methods whereby the structural perturbations ac-
companying the changes in Fe–N bond length associated
with the spin transition are evident as pronounced changes
in the lattice dimensions. Typically a contraction in unit cell
volume of 10% is observed for a full transition from high
to low spin. While this approach can be applied to both
single crystal[4,8,26] and powdered samples,[30] the latter
probes bulk samples allowing the temperature dependence
of lattice parameters of individual phases to be monitored
and the component(s) undergoing structural transitions to
be identified. Moreover, crystals of 1c are typically twinned
which would complicate single-crystal studies.

Here, variable temperature powder diffraction methods
have been applied to study the structural and spin transition
in 1c. Powder diffraction data were collected at 3 K inter-
vals upon cooling of the sample from 250 to 85 K, the tem-
perature region in which the spin transition was observed.
The lattice parameter of the majority phase was refined
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using a single phase Le Bail fit to the data (Figure S13)
based on the crystal symmetry and lattice parameters deter-
mined in single crystal structural studies of 1c.[40] The ade-
quacy of the single phase refinement confirms the phase
purity of the bulk sample used here.

The relative changes in the refined lattice parameters for
1c upon cooling from 250 to 85 K are shown in Figure 6.
Two sets of non-linear features evident in the temperature
dependence of the lattice parameters for 1c (at 250–200 K
and ca. 125 K) support the two-step nature of the spin tran-
sition in this phase. The sharp contraction in the unit cell
volume (ca. 2%) in the range 250–200 K correlates directly
with the sharp decrease observed in the magnetic suscep-
tibility at 250–200 K associated with a partial spin transi-
tion. This contraction was highly anisotropic, with different
temperature dependent behaviour observed along the a-, b-
and c-axes (Figure 6). A more gradual contraction in the
unit cell volume (ca. 1.5%) occurs upon further cooling be-
tween 200 and 100 K, which corresponds to the second
more gradual spin transition observed in the magnetic
susceptibility. The magnitude of the volume contraction ob-
served over the entire temperature range studied (ca. 3.5%),
and those attributed to each step are consistent with the
degree of spin transition indicated by the magnetic suscep-
tibility measurements with a total volume contraction of 3–
5% anticipated for this “half” spin-crossover phase. Al-
though the intrinsic thermal expansion of the framework
would also contribute to a contraction of the lattice with
decreasing temperature, the non-linearity of the observed
behaviour supports the existence of additional phenomena.
This non-linearity is most evident for the individual cell
axes. In particular, the c-axis, along which the 1D chains
are oriented, is most directly sensitive to the spin transition
and associated changes in the Fe–N bond length. This axis
shows pronounced non-linear behaviour (a minimum) at ca.

Figure 6. Unit cell volume (top) and axes (bottom) evolution vs.
temperature for the spin transition in 1c over the range 85–250 K
obtained by synchrotron powder diffraction.
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200 K and a more subtle non-linearity at ca. 125 K. Non-
linear thermal expansion behaviour was also evident along
the a- and b-axes which is associated with the contraction
of Fe–N bonds oriented in the ab-plane, and structural per-
turbations which propagate via intermolecular interactions
including the π-π interactions present in this phase.

[Fe(NCSe)2(cddt)]·2(CH3OH) (2)

Crystal data and refinement details of complex 2 can be
found in Table 2. Structural analysis of 2 revealed a mono-
clinic symmetry, isomorphous to 1b, with two iron(II)
centres in the asymmetric unit. The selenocyanate sulfur
atom attached to Fe2 is disordered over two crystallograph-
ically distinct sites, A and B (50:50 site occupancies). There
is a Se···Se interaction between adjacent chains from the
part A of the disordered selenocyanate to part B [Se···Se:
3.369(2), Figure 3 (b)]. The Se atoms associated with Fe1
are not involved in any interactions. There are two solvent
molecules in the asymmetric unit, however one is only pres-
ent 50% of the time and is associated with the B part of
the disordered selenocyanate [Figure 3 (b)]. There are no π-
π interactions present in this compound which is converse
to the case in the thiocyanate analogue 1c. The Fe···Fe sepa-
ration within each chain is 9.330(2) Å and between chains
is 8.988(2) Å, similar to that of 1b and 1c. Further analysis
of the geometries of the two metal centres revealed octahe-
dral distortion parameters for Fe1 and Fe2 of Σ: 30 and
26.04°, respectively.[27] Firstly, it can be seen that Fe1 is
slightly more distorted than Fe2 in agreement with the pres-
ence of two crystallographically distinct metal centres in the
asymmetric unit. Secondly, the distortion parameters for
Fe1 and Fe2 are of the same magnitude and similar to the
distortion parameter observed in 1c for Fe1, i.e. 32.28°. Of
great interest, here, is the large difference in octahedral dis-
tortion of the iron(II) centres between the isomorphous ma-
terials 1b and 2, which highlights the influence of the
stronger ligand field of the NCSe– ligand. As discussed
above, the π-π interactions observed in 1c are thought to
play a major role in influencing the spin transition, no such
interactions are observed in 2, however, the stronger ligand
field strength of the NCSe– ligand compared to the NCS–

ligand would contribute towards the spin state of iron(II)
and the observed crossover in 2.

Figure 7. Structural representations of the dinuclear complexes containing the ligand cddt (a) 4a, 4b, 4c and (b) 4d.
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Dinuclear FeII and CoII Complexes of tdt and cddt

General

Crystal data and refinement details for the dinuclear
complexes 3a, 3b, 4a, 4b, 4c and 4d are summarised in
Table 3. 3a and 3b contain the ligand tdt and their two
kinds of dinuclear structures have been reported recently by
Gamez et al.,[1] differing only in the anion and solvent pres-
ent and so will not be discussed here in detail. 4a, 4b, 4c
and 4d contain the ligand cddt and consist of isostructural
dinuclear moieties that differ in their metals, associated
anions and solvents.

[Fe(tdt)(Cl)]2(ClO4)2·(C2H5OH)·2(CHCl3) (3a)

The dinuclear complex 3a consist of two iron(II) centres
coordinated by two tdt ligand and two chloride ligands
(Figure S5). The metal centres are in a distorted octahedral
environment consisting of five Fe–N bonds from two tdt
ligands, including a triazine N donor, and one terminal Fe–
Cl bond. The average Fe–Cl and Fe–N bond lengths are
2.3386(18) and 2.2114(5) Å, respectively (Table S1), and
correlated well with those of HS iron(II) and those reported
by Gamez et al. for [Fe(tdt)(Cl)]2·(CF3SO3).[1] The iron(II)
centres are in an extremely distorted octahedral environ-
ment illustrated by the octahedral distortion parameters of
66.65°.[27] The Fe···Fe separation within the dinuclear moi-
ety is 8.384(2) Å.

[Fe(tdt)(H2O)2]2(ClO4)4·6(H2O) (3b)

The dinuclear complex 3b consists of two iron(II) centres
coordinated by two tdt ligands and four terminal water
molecules. The triazine nitrogen atoms do not coordinate.
The average Fe–O and Fe–N bond lengths are 2.161(3) and
2.174(4) Å, respectively (Table S1), and correlated well with
those of HS iron(II) and those reported by Gamez et al. for
[Fe(tdt)(H2O)(CH3OH)]2(BF4)4.[1] Here, however, we ob-
served the coordination of two water molecules rather than
one water and one methanol by Gamez et al.[1] The Fe···Fe
separation within the dinuclear molecule is 9.215(2) Å.
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[M(cddt)(H2O)Cl]2(X)2·n(C2H5OH, H2O) [M: Fe, X:
ClO4 (4a), M: Fe, X: BF4 (4b), M: Co, X: BF4 (4c)]

The dinuclear structures of 4a, 4b and 4c generally con-
sists of two metal(II) centres each in a distorted octahedral
environment, two cddt ligands and terminal water and chlo-
rine atoms [Figure 7 (a)]. Each cddt ligand is bound to two
metal centres through both pyridyl groups of each di(pyrid-
2-yl)amine, as seen in 3b. The chlorine atoms of the cddt
ligand are not involved in any interactions within the metal
coordination sphere or any hydrogen bonding interactions.
However, hydrogen bonding interactions are present be-
tween the metal coordinated chlorine atoms and the solvent
water molecule [Cl···O: 3.149(4) (4a), 3.150(6) (4b) and
F···O: 3.331(13) Å (4c)] and between the metal coordinated
water molecules and the solvent ethanol [O···O: 2.703(5) Å
(4a), 2.688(7) (4b) and 2.704(9) Å (4c)]. The Fe–N or Co–
N bond lengths for each of these compounds are indicative
of HS iron(II) or cobalt(II) (Table S1). The average Fe–Cl,
Fe–O and Fe–N bond lengths for 4a are 2.3954(13),
2.174(3) and 2.207(4) Å, respectively. The average Fe–Cl,
Fe–O and Fe–N bond lengths for 4b are 2.389(2), 2.164(5)
and 2.206(5) Å, respectively. The average Co–Cl, Co–O and
Co–N bond lengths for 4c are 2.400(2), 2.136(5) and
2.160(6) Å, respectively. The Fe···Fe separations for 4a, 4b
and 4c within the dinuclears are 9.479(7), 9.459(9) and
9.351(5) Å, respectively.

[Fe(cddt)(NCCH3)(H2O)]2(ClO4)4·(CH3CN) (4d)

The general structure of 4d is a dinuclear complex that
is isostructural to 4a, 4b and 4c, however, the coordinated
chloride atoms are replaced here by acetonitrile molecules
bound through the terminal nitrogen [Figure 7 (b)]. 4d crys-
tallises in the monoclinic space group P21/n whereas 4a, 4b
and 4c crystallise in the monoclinic space group C2/c
(Table 3), resulting in a different packing of the dinuclear
units within their respective unit cells. The average Fe–O
and Fe–N bond lengths are 2.123(2) and 2.173(2) Å, respec-
tively, and are indicative of HS iron(II) (Table S1). This
same coordination environment was observed for the dinu-
clear complex [Fe(tdt)(NCCH3)(H2O)]2(BF4)4·(CH3CN) re-
ported by Gamez et al.[1] and was observed to undergo a
one step spin transition. Here the Fe–N and Fe–O bond
lengths are comparable, but we observed no spin crossover.
The Fe···Fe separation within the dinuclear is 9.068(2) Å,
this distance is shorter both to that observed in 4a and 4b
and in [Fe(tdt)(NCCH3)(H2O)]2(BF4)4·(CH3CN).[1]

Conclusions

Structural and magnetic studies of a range of polynuclear
compounds using the dipyrid-2-ylamine containing ligands
tdt and cddt have been carried out on a series of 1D poly-
mers of the type [Fe(NCS)2(cddt)2]·n(guest) (1a, 1b, and 1c)
and [Fe(NCSe)2(cddt)2]·n(guest) (2). A combination of such
measurements has revealed the role of crystal packing and
symmetry on the observed magnetic properties. Three crys-
tal phases of 1 were obtained and exist in tetragonal (1a),
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monoclinic (1b) and triclinic (1c) symmetries, with only the
triclinic phase displaying a thermally induced spin transi-
tion. Full structural comparisons of 1a, 1b, 1c and 2 re-
vealed very similar iron(II) coordination environments and
extended 1D chain structures. Each of the compounds 1a,
1b, 1c and 2 contain S···S or Se···Se interactions and
solvent···S or Se hydrogen bonds, respectively. However, 1c
contains additional π-π interactions which are thought to
be the major influence on the observed spin transition. The
complex 2 does not contain any π-π interactions but un-
dergoes a spin transition that is probably due to the increase
ligand field strength of the NCSe– ligand compared to the
NCS– ligand in 1c.

1c displays a one-step half spin crossover with a slight
two-step character at low temperatures. To differentiate be-
tween the presence of a second step or the possibility of
sample impurity (due the possibly presence of three crystal
phases), further structural characterisation was carried out
by monitoring the unit cell evolution of 1c at temperatures
over the spin transition. All the crystals of 1c grow twinned,
hence single crystal techniques for this experiment were not
viable so powder diffraction using synchrotron radiation
was utilised. This technique has scope to be used, in future,
to desolvate and resolvated powder samples, in situ, and
monitor such influences on any spin transition observed.

The most celebrated iron(II) SCO chains are the triply-
bridged 1,2,4-triazole complexes of type [Fe(4-R-1,2-tri-
azole)3](anion)2.[31] These materials display abrupt spin
transitions near to room temperature, with wide hysteresis
widths, the T1/2 and ∆T values varying with R and anion.
No crystal structures have been obtained but they are as-
sumed similar to the structurally characterised CuII 1D spe-
cies.[32] They would possibly benefit from synchrotron pow-
der XRD measurements of the kind given in Figure 6 to
ascertain their phase purity and to see if hysteresis occurred
in the structural data. In comparison to the present 1D
compounds [Fe(NCS)2(cddt)2]·n(guest), 1c and [Fe(NCSe)2-
(cddt)2]·n(guest), 2, the tris-triazole complexes form more
rigid facially bridging motifs, with Fe···Fe separations less
than in the cddt systems. On this basis, it would appear that
such rigidity would favour the strong cooperativity noted,
compared to the weak cooperativity observed here in the
more flexibly-bridged cddt species. This still begs the ques-
tion of how, as the HS to LS transition occurs, all the FeII

centres along the tris-µ-triazole chains are able to structur-
ally adjust to accommodate the smaller coordination
spheres existing in the LS state, be it in “an all at once” or
a sequential process. Such readjustment should be more
facile in the present systems. The inter-chain effects upon
the FeII sites, modulated by anions or solvate molecules are,
of course, very difficult to define.

Two dinuclear materials containing the ligand tdt have
been structurally characterised that are isostructural to
those recently reported by Gamez et al.[1] but with different
counter anions and solvent molecules. Complex 3a involves
triazine N–Fe coordination, while complex 3b does not. A
similar series of dinuclear materials 4a, 4b, 4c and 4d con-
taining the ligand cddt, of the 3b structure type, have been
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structurally characterised and shown to contain the same
general dinuclear structure but differ in their counter anions
and solvent molecules. Each of the dinuclear compounds
containing either tdt or cddt ligands were intended to have
both a FeN6 coordination sphere through incorporation of
the N-donor ligand thiocyanate, and display spin transi-
tions. However, even though such a situation is sterically
possible it is apparent that coordination of chloride atoms
and/or water molecules is much more favourable. In the pa-
per by Gamez et al.[1] it was suggested that extended frame-
work materials incorporating the ligand tdt were possible,
however all attempts, here, to synthesise such materials,
using NCS– as co-ligand, have resulted in the formation of
the mononuclear spin crossover complex Fe(NCS)2(tdt)2 al-
ready reported.[2] The present direct synthesis contrasts
with the report that it could only be made from dinuclear
precursors.[2]

There are some interesting similarities and differences
noted between the present dinuclear iron(II) compounds
and the analogues described by Gamez et al.[1] If the effects
of intermoleculear interactions in crystals are ignored, and
the ligand-field around each iron(II) is assumed dominant,
then the following conclusions can be made about the li-
gand-field and the spin state on the iron(II) centres. The
complexes possessing a triazine N-donor [Fe(tdt)(Cl)]2-
(ClO4)2·(C2H5OH)·2(CHCl3) (3a) here, and the complex
[Fe(tdt)(Cl)]2(CF3SO3)2 in Gamez et al.,[1] have a [FeN5Cl]
coordination set and are both HS-HS. The other dinuclear
type, not displaying triazine coordination are [Fe(cddt)-
(NCCH3)(H2O)]2(ClO4)4·(CH3CN) (4d) and the complex
[Fe(tdt)(NCCH3)(H2O)]2(ClO4)4 in Gamez et al.,[1] both
with [Fe5NO] coordination. The SCO behaviours observed
in the tdt system contrasts with the HS-HS behaviour in 4d
and, thus, tdt provides a stronger ligand-field contribution
than does cddt.

Experimental Section
General: All the reagents and solvents were used as commercially
available and used as received. The ligands tdt and cddt were pre-

Table 2. Crystal data and refinement details for compounds 1a, 1b, 1c and 2.

1a 1b 1c 2

Spin states HS HS HS-LS LS
T [K] 123(2) 123(2) 123(2) 123(2)
Empirical formula C51H32Cl5Fe2N22O2S4 C27H24ClFeN11O2S2 C27H24ClFeN11O2S2 C27H24ClFeN11O2Se2

Formula mass/gmol–1 1402.22 689.99 689.99 767.77
Crystal system (space group) tetragonal (P4/ncc) monoclinic (P21/n) triclinic (P1̄) monoclinic (P21/n)
Z 4 4 2 2
a/Å 18.5157(6) 14.6590(4) 8.8106(5) 14.0888(7)
b/Å 18.5157(6) 12.3486(4) 9.4825(5) 12.2342(6)
c/Å 18.7076(10) 17.4349(6) 19.0242(11) 17.9765(9)
α/° 90.00 90.00 78.458(5) 90.00
β/° 90.00 102.0530(10) 77.652(3) 100.798(3)
γ/° 90.00 90.00 73.638(4) 90.00
V/Å3 6413.5(5) 3086.46(17) 1473.08(14) 3043.7(3)
ρcalcd./Mg·m–3 1.452 1.485 1.556 1.676
µ/mm–1 0.848 0.757 0.793 3.019
R(F)/% [I�2σ(I), all] 0.1156 [0.1887] 0.0785 [0.0966] 0.0860 [0.0916] 0.0616 [0.1082]
Rw(F2)/% [I�2σ(I), all] 0.3251 [0.3972] 0.2007 [0.2162] 0.1903 [0.1934] 0.1257 [0.1426]
GoF 1.009 1.050 1.210 1.034
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pared by literature methods.[33] Infrared spectra were recorded on
single crystals mounted on a Low-e microscope slide using a Varian
FTS7000 FT-IR spectrometer with a VMA600 microscope in re-
flectance mode. CHN analyses were performed by Campbell Mi-
croanalytical Laboratory, Department of Chemistry, University of
Otago, Dunedin, New Zealand.

Magnetic Susceptibility Measurements: Magnetic susceptibility data
were collected using a Quantum Design MPMS 5 SQUID magne-
tometer under an applied field of 1 T. The powder samples were
placed in a quartz tube and great care was taken to avoid any sol-
vent loss and/or torquing of crystallites of these potentially aniso-
tropic HS iron(II) species, the latter by dispersal of the powder in
a Vaseline mull. Care was also taken to allow long thermal equili-
bration times at each temperature point.

Crystallographic Data Collection and Refinement (Tables 2 and 3):
Crystallographic data and parameters for all materials are summa-
rised in Tables 2 and 3. Single crystal diffraction data for all struc-
tures were collected on a Bruker APEX X8 diffractometer using
Mo-Kα (λ = 0.71073 Å) radiation and equipped with an Oxford
Instruments nitrogen gas cryostream. Crystals were mounted on a
MiTeGen MicroMounts fibre in a small amount of oil. Crystals
were quench-cooled to 123(2) K for all data sets.

Diffraction data analysis was performed using SAINT+ within the
APEX2 software package.[34] Empirical absorption corrections
were applied to all data using SADABS.[35] The structures were
solved using SHELXS and refined using SHELXL-97 within
WINGX.[34,36] All non–hydrogen atoms in the structures were re-
fined anisotropically and hydrogen atoms were generated using the
riding model. The data set for the material 1c was merohedrally
twinned over two orientations related by a 179.9° rotation about
the reciprocal axis 010. Initial indexing for the two components
was carried out using CELL NOW within the APEX2 software
package.[34] Multi-component integration was carried out using
SAINT+.[34] Scaling and empirical absorption corrections were
then applied using TWINABS.[34] The structure was solved as
above using a HKLF 5 command with a resulting BASF parameter
of 0.3477.

CCDC-625487 to -625496 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/datarequest/cif.
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Table 3. Crystal data and refinement details for compounds 3a, 3b, 4a, 4b, 4c and 4d.

3a 3b 4a

T [K] 123(2) 123(2) 123(2)
Empirical formula C70H56Cl10Fe2N24O9 C66H48Cl4Fe2N24O26 C50H46Cl6Fe2N18O13

Formula mass/gmol–1 1843.59 1846.78 1431.45
Crystal system (space group) triclinic (P1̄) monoclinic (P21/n) monoclinic (C2/c)
Z 1 2 4
a/Å 12.9071(9) 13.430(3) 19.4533(3)
b/Å 13.1087(17) 14.303(3) 16.1016(2)
c/Å 13.2276(10) 20.390(4) 20.3064(3)
α/° 104.345(4) 90.00 90.00
β/° 115.873(2) 101.11(3) 110.6570(10)
γ/° 95.102(4) 90.00 90.00
V/Å3 1900.4(3) 3843.2(13) 5951.63(15)
ρcalcd./Mg·m–3 1.611 1.596 1.598
µ/mm–1 0.808 0.614 0.835
R(F)/% [I�2σ(I), all] 0.1069 [0.1661] 0.0642 [0.1493] 0.0670 [0.1101]
Rw(F2)/% [I�2σ(I), all] 0.2601 [0.3043] 0.1695 [0.2413] 0.1825 [0.2325]
GoF 1.062 1.063 1.158

4b 4c 4d

T [K] 123(2) 123(2) 123(2)
Empirical formula C50H46B2Cl4F8Fe2N18O6 C50H46B2Cl4Co2F8N18O6 C52H42Cl6Fe2N21O18

Formula mass/gmol–1 1422.17 1428.33 1573.47
Crystal system (space group) monoclinic (C2/c) monoclinic (C2/c) monoclinic (P21/n)
Z 4 4 2
a/Å 19.466(4) 19.4162(3) 12.6006(3)
b/Å 16.055(3) 15.9960(3) 14.6048(4)
c/Å 20.511(4) 20.4328(4) 18.1261(5)
α/° 90.00 90.00 90.00
β/° 112.24(3) 112.550(5) 106.6940(10)
γ/° 90.00 90.00 90.00
V/Å3 5934(2) 5860.9(3) 3195.14(15)
ρcalcd./Mg·m–3 1.592 1.619 1.635
µ/mm–1 0.760 0.840 0.793
R(F)/% [I�2σ(I), all] 0.0790 [0.1799] 0.0979 [0.2111] 0.0577 [0.0626]
Rw(F2)/% [I�2σ(I), all] 0.2000 [0.2968] 0.2198 [0.3061] 0.1395 [0.1424]
GoF 0.998 1.122 1.085

Powder Synchrotron X-ray Diffraction: A pulverised sample of
[Fe(NCS)2(cddt)]·2(CH3OH) (1c) was loaded in a polyimide capil-
lary of 0.8 mm diameter and kept in an inert helium atmosphere
for the duration of the experiments.[37] The X-rays (20.02 keV,
0.61915 Å) available at the 1-BM beamline at the Advanced Photon
Source at Argonne National Laboratory were used in combination
with a MAR-345 imaging plate (IP) detector to record diffraction
patterns. The sample temperature was controlled using an Oxford
Cryosystems Cryostream 700 and data were collected in 1 s expo-
sures upon continuous cooling from 250 K to 85 K at 100 Kh–1.
This corresponds to the collection of diffraction images at 3 K in-
tervals. The raw images were processed using Fit-2D.[38–39] The
sample-to-detector distance and tilt of the IP relative to the beam
were refined using a LaB6 standard. Le Bail analyses of the vari-
able-temperature diffraction data were performed within GSAS.[40]

Details of the refinements are included in the Supporting Infor-
mation.

[Fe(cddt)(NCS)2]·1/2(CHCl3)·(H2O) (1a): A 5 mL solution of cddt
(45 mg, 0.1 mmol) in chloroform was placed at the base of a test
tube onto which an 8 mL 50:50 mixture of methanol/chloroform
was carefully layered. A 5 mL solution of Fe(ClO4)2·6(H2O)
(25 mg, 0.1 mmol) and NaNCS (16 mg, 0.2 mmol) in methanol was
then layered on-top and the test tube stoppered. After two weeks
bright yellow needle shaped crystals formed (61 mg, 88%). IR: ν =
3445 (br), 2062 (s), 1604 (m), 1554 (m), 1466 (s), 1261 (m), 658 (w).
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C51H32Cl5Fe2N22O2S4 (1402): calcd. C 39.97, H 2.71, N 19.72;
found C 39.69, H 3.15, N 17.85.

[Fe(cddt)(NCS)2]·2(CH3OH) (1b): A 2 mL solution of cddt (22 mg,
0.05 mmol) in methanol was placed at the base of one arm of an
H-shaped tube. A 2 mL solution of Fe(ClO4)2·6(H2O) (25 mg,
0.1 mmol) and NaNCS (16 mg, 0.2 mmol) was placed in the other
arm of the H-shaped tube. Solvent methanol was carefully layered
to fill the tube, which was then stoppered. After one week yellow
block shaped crystals formed (yield: unknown forms as a mixed
product with 1c ca. 10%). IR: ν = 3440 (br), 2063 (s), 1598 (m),
1550 (m), 1465 (m), 1264 (m), 668 (w).

[Fe(cddt)(NCS)2]·2(CH3OH) (1c): A 2 mL solution of cddt (45 mg,
0.1 mmol) in methanol was placed at the base of one arm of an H-
shaped tube. A 2 mL solution of Fe(ClO4)2·6(H2O) (25 mg,
0.1 mmol) and NaNCS (16 mg, 0.2 mmol) was placed in the other
arm of the H-shaped tube. Solvent methanol was carefully layered
to fill the rest of the tube, which was then stoppered. After one
week yellow block shaped crystals formed (60 mg, 87%). IR: ν =
3440 (br), 2057 (s), 1603 (m), 1552 (m), 1399 (s), 1229 (m), 670 (w).
C27H24ClFeN11O2S2 (689): calcd. C 47.9, H 2.58, N 24.62; found
C 47.6 H 2.73, N 24.48.

[Fe(cddt)(NCSe)2]·2(CH3OH) (2): A 5 mL solution of cddt (45 mg,
0.1 mmol) in methanol was placed at the base of one arm of an H-
tube. A 2 mL solution of Fe(ClO4)2·6(H2O) (25 mg, 0.1 mmol) and
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KNCSe (28 mg, 0.2 mmol) in methanol was placed in the other
arm of the H-shaped tube. Solvent methanol was carefully layered
to fill the rest of the H-tube, which was then stoppered. After two
weeks bright yellow needle shaped crystals formed (58 mg, 74%).
IR: ν = 3400 (br), 2061 (s), 1603 (m), 1552 (m), 1398 (m), 1230
(m), 656 (m). C27H24ClFeN11O2Se2 (768): calcd. C 41.72, H 2.24,
N 21.41; found C 43.70 H 2.93 N 21.54.

[Fe(tdt)(Cl)]2(ClO4)2·(C2H5OH)·2(CHCl3) (3a): A 2 mL solution of
tdt (59 mg, 0.1 mmol) in chloroform was placed at the base of one
arm of an H-shaped tube. A 2 mL solution of Fe(ClO4)2·6(H2O)
(25 mg, 0.1 mmol) and NaNCBH3 (12 mg, 0.2 mmol) in ethanol
was placed in the other arm of the H-shaped tube. Solvent ethanol
was carefully layered to fill the rest of the H-tube, which was then
stoppered. After two weeks yellow block shaped crystals formed
(120 mg, 32%). IR: ν = 3385 (br), 1601 (w), 1547 (m), 1466 (m),
1368 (s), 1008 (br). C70H56Cl10Fe2N24O9 (1843): calcd. C 40.93, H
3.64, N 16.84; found C 39.93, H 3.08, N 18.67.

[Fe(tdt)(H2O)]2(ClO4)4·6(H2O) (3b): A 2 mL solution of tdt (59 mg,
0.1 mmol) in methanol and a 2 mL solution of Fe(ClO4)2·6H2O
(25 mg, 0.1 mmol) in acetonitrile were mixed in a vial. Over a
period of 2 weeks yellow block crystals formed (125 mg, 36%). IR:
ν = 3386 (br), 1602 (w), 1547 (m), 1466 (m), 1368 (s), 1001 (br).
C66H48Cl4Fe2N24O26 (1743): calcd. C 41.68, H 3.39, N 17.68; found
C 42.53, H 3.78, N 17.75.

[Fe(cddt)(H2O)Cl]2(ClO4)2·2(C2H5OH)·(H2O) (4a): A 2 mL solu-
tion of cddt (45 mg, 0.1 mmol) in ethanol and a 2 mL solution of
Fe(ClO4)2·6H2O (25 mg, 0.1 mmol) in ethanol were mixed in a vial.
Over a period of 2 weeks yellow block crystals formed (150 mg,
52%). IR: ν = 3198 (br), 1601 (m), 1548 (m), 1466 (m), 1371 (s),
1050 (br). C50H46Cl6Fe2N18O13 (1431): calcd. C 36.27, H 3.84, N
16.55; found C 35.97, H 3.84, N 16.55.

[Fe(cddt)(H2O)Cl]2(BF4)2·2(C2H5OH)·2(H2O) (4b): A 2 mL solu-
tion of cddt (45 mg, 0.1 mmol) in ethanol and a 2 mL solution of
Fe(BF4)2·6H2O (34 mg, 0.1 mmol) in acetonitrile were mixed in a
vial. Over a period of 2 weeks yellow block crystals formed
(160 mg, 56%). IR: ν = 3199 (br), 1601 (m), 1548 (m), 1465 (m)
1368 (s), 1052 (br).

[Co(cddt)(H2O)Cl]2(BF4)2·2(C2H5OH)·2(H2O) (4c): A 2 mL solu-
tion of cddt (45 mg, 0.1 mmol) in ethanol and a 2 mL solution of
Co(BF4)2·6H2O (34 mg, 0.1 mmol) in acetonitrile were mixed in a
vial. Over a period of 2 weeks orange block crystals formed
(175 mg, 61%). IR: ν = 3358 (br), 1602 (m), 1546 (m), 1467 (m),
1371 (s), 1053 (br). C50H46B2Cl4Co2F8N18O6 (1428): calcd. C
43.34, H 3.64, N 17.84; found C 44.55, H 3.89, N 18.78.

[Fe(cddt)(NCCH3)(H2O)]2(ClO4)4·(CH3CN) (4d): A 2 mL solution
of cddt (45 mg, 0.1 mmol) in acetonitrile was placed at the base of
one arm of an H-shaped tube. A 2 mL solution of Fe(ClO4)2

(25 mg, 0.1 mmol) in acetonitrile was placed in the other arm of
the H-shaped tube. Neat acetonitrile was carefully layered to fill
the rest of the H-tube, which was then stoppered. After two weeks
yellow block shaped crystals formed. (200 mg, 63%). IR: ν = 2130
(w), 2138 (w), 1607 (m), 1550 (m), 1387 (s), 1260 (w), 1229 (w),
1118 (br), 623 (m). C52H42Cl6Fe2N21O18 (1573): calcd. C 39.62, H
2.88, N 18.04; found C 39.13, H 3.02, N 18.04.

Supporting Information (see also the footnote on the first page of
this article): Thermal ellipsoid diagrams, including numbering
schemes for all materials discussed here are included. Table of se-
lected bond lengths of the dinuclear materials are included. Ad-
ditional magnetic susceptibility plots for selected materials are also
included. Detailed refinement and processing of powder diffraction
data, including tables of χ2 values.
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