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’ INTRODUCTION

There has been intense interest in molecule-based coordina-
tion polymers with one- or multiple-dimensional structures.
These may be of use in understanding the fundamental magnetic
interactions and magnetostructural correlations in molecular
systems and also as new multifunctional molecule-based
materials.1 For instance, applications of coordination polymers
have been sought in the areas of nonlinear optical,2 electroc-
hromic,3 and multiferroic materials.4�6 In the approach toward
molecule-based magnets, various intermolecular interactions
(π-stacking, hydrogen bonding, and van der Waals) are thought to
play a role as information transmitters and, therefore, have an
important impact on the intermolecular magnetic exchange. The
design and characterization of new molecular extended architectures
using noncovalent interactions to give predictable physical properties
is challenging. In contrast, Olivier Kahn first introduced the idea that
direct covalent linking of the active metal sites could increase
cooperativity in polymeric compounds with regard to mononuclear
ones.7,8 In this way, small ligands that offer a pathway for magnetic
exchange, e.g., cyanide (CN�),9,10 oxalate (C2O4

2�),11�15 azido
(N3

�),16�20 pyrazine (pz),21,22 and 4,40-bipyridine (bpy),23,24 are
responsible formanymolecule-basedmagnets in the literature. These
have allowed the engineering of numbers of metal-containing poly-
mers with a large diversity of network topologies, such as one-
dimensionalmolecular chains and ladders, two-dimensional grids and
brick-wall structures, and three-dimensional frameworks.10,18,25�33

The extension of these concepts to the synthesis of optically
pure chiral systems is of current interest because of the possibility
of observation of phenomena such as magnetochiral dichroism
(MChD)34 and/or electrical magnetochiral anisotropy (MCA).35

With this in mind, and with the paucity of opportunities to
synthesize a range of systematically related materials, we focused
our attention on the reaction of the readily available chiral
building blocks FeL2 (Scheme 1) which we expected to form
new coordination polymer systems with bridging ligands such as
pz and bpy. The number of comparable systems is rather
limited.36�38 We were particularly interested in being able to
make magnetostructural correlations for a family of complexes
since general trends and indications for future directions are
likely to be a result. In this paper, we report the synthesis,
structure, and magnetic properties of eleven Fe(II) chain com-
plexes with general formulas {FeL2(μ-pz)}n and {FeL2(μ-bpy)}n
prepared in this way (Table 1).

’RESULTS AND DISCUSSION

Syntheses. We have previously reported the synthesis of
several tetrahedral Fe(II) complexes [FeLn2].

39 The complexes
[FeLn2] (n = 1, 2, 4) are soluble in diethyl ether, and treatment of
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ABSTRACT: The complexes FeL2 [L = bidentate Schiff base
ligands obtained from (R)-(þ)-R-phenylethanamine and
4-substituted salicylaldehydes, substituent R = H, tBu, NO2,
OMe, CN, OH] react with ditopic proligands 1,4-pyrazine (pz)
or 4,40-bipyridine (bpy), to give a family of optically pure Fe(II)
polymeric chain complexes of formula {FeL2(μ-pz)}¥ and
{FeL2(μ-bpy)}¥. Crystallographic studies show that a range
of structures are formed including unidirectional and bidirec-
tional linear polymers and canted zigzag chains. Interchain
interactions via π-contacts and hydrogen bonding are also
observed. SQuID magnetometry studies on all of the complexes reveal antiferromagnetic interactions, the magnitudes of which
are rationalized on the basis of substituent electronic properties and bridging ligand identity. For complexes with bridging pz, the
antiferromangnetic interaction is enhanced by electron-releasing substituents on the Fe units, and this is accompanied by a
contraction in the intrachain distance. For complexes bridged with the longer bpy the intrachain antiferromagnetic couplings are
much weaker as a result of the longer intrachain distance. The magnetic data for this series of chain complexes follow a
Bonner�Fisher 1D chain model, alongside a zero field splitting (ZFS) model for Fe(II) (S = 2) as appropriate. The intrachain
antiferromagnetic coupling J values, g-factors, and the axial ZFS parameter D were obtained.
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them with pz or bpy in this solvent gave moderate to high yields
of highly crystalline and slightly air-sensitive coordination poly-
mers (Scheme 1). The complexes of L3, L5, and L6 are relatively
insoluble, and their reactions with the bridging ligands in
tetrahydrofuran (THF) gave correspondingly less soluble but
crystalline and air-stable materials. We could not isolate a
reaction product between [FeL62] and pz. The structural and
magnetic properties of the polymeric products, as determined by
single-crystal X-ray diffraction and SQuID magnetometry, are
summarized in Table 1. The materials were also characterized by
IR, UV/vis, and microanalysis.
Crystal Structures of {FeLn2(μ-Z)}¥.The Fe-containing units

in the following structures usually contain planar trans-FeL2
moieties, and as a result the faces presented to incoming ligands
are enantiotopic, as we described recently.39 However, all such
planar centers in this study are symmetrically substituted by
bridging ligands, so—ignoring the inherent lack of mirror
symmetry implied by the chiral side chains—no new stereogenic
center is created on formation of the polymer. It remains
however that we need to define directionality (i.e., the relative
directions of these enantiotopic faces in the polymer). We will

thus refer to the “clockwise” and “anticlockwise” (C and A) faces
as defined by an application of the CIP priorities (Figure 1a).
Notably the phenyl substituents are usually arranged about the A
face (Figure 1b), whereas the C face is relatively unencumbered.
The asymmetric unit of {FeL12(μ-pz)}¥ contains a trimer

with three independent FeL12 units and three pyrazine ligands
(Figure 2). The unit at Fe(2) has the conventional all-trans
structure with two bidentate salicyaldiminato ligands occupying
the meridional plane. The rotational orientations of the phe-
nethyl groups in this monomer unit are unique in this study (vide
infra) in that they point in opposite directions along the chain (as
shown in Figure 1d). Nevertheless, the A face of the Fe(2) unit is
pointing to the right in Figure 2. The axial positions of Fe(2) are
occupied by coordinated pyrazines with an angle N(9)�Fe-
(2)�N(6) of ca. 179.1�. In contrast to this trans Fe(2) which
generates a local linear architecture, the Fe(1) and Fe(3) centers
produce “corners” via their chiral cis-R configurations
[N(10)�Fe(3)�N(1) and N(5)�Fe(1)�N(2) of 86.1 and
87.1� respectively]. {Interestingly they are of opposite helicity
(absolute configuration): Λ for Fe(3) and Δ for Fe(1). As we
have previously noted, this type of ligand is poorly effective in
determining diastereoselection at octahedral centers,39 although
this is the first time we have observed the presence of two
absolute configurations at Fe in the same crystal.} The rotational
orientations of the Fe(3) and Fe(1) units about the notional
Fe(1)�Fe(2)�Fe(3) axis facilitate the formation of two triple
π�π stacks in the asymmetric unit (the centroid�centroid
distance is 3.527 Å), which direct the N(1) and N(2) pyrazine
bridges “down” and “up” as shown in Figure 2. The torsional
angle N(1)�Fe(3)�Fe(1)�N(2) thus created is ca. 180� so
that the extended structure of this single chain describes an
achiral (i.e., planar 2D) zigzag. Additionally, there are edge-face
contacts showing as brown dashed lines. The unit cell however
contains two symmetry-related chains (Figure 3a), and the angle
between the planes of these zigzag chains is ca. 49� (Figure 3b).
For {FeL12(μ-bpy)}¥ there are two crystallographically in-

dependent six-coordinate Fe complex units Fe(1) and Fe(2)
(Figure 4a). The Fe atoms and bpy N atoms of each polymer lie
on the 2-fold axis on special positions a and b.40 The salicyaldi-
minato ligands are again observed to have the trans arrangement,
and the angles subtended by bpy N donor atoms are all close to
180�. The difference in the two polymer chains arises in the
directionality of the enantiotopic faces of the planar trans-FeL12
moieties in relation to the b axis of the crystal. In the Fe(2) chain

Table 1. Properties of the Coordination Polymers {FeLn2(μ-Z)}¥ [Z = 1,4-Pyrazine (pz), 4,40-Bipyridine (bpy)]

Ln R bridge structure

space

group d1
a/Å d2

b /Å Θ c/K

intrachain

J/(cm�1) C/(cm3 K mol�1)

maximum in

χm/K D/cm�1 g-factor

L1 H pz Figures 2 and 3 C2 7.3229(10) 12.40 �13.72 �2.44 3.600 14 2.20

bpy Figure 4 C2 11.5749(2) 7.45 �0.06 � 3.231 � 10.2 2.10

L2 tBu pz Figure 5 C2 7.3012(23) 12.40 �16.06 � 3.773 � 38.5 2.14

bpy � � � � �0.23 � 3.207 � 11.5 2.10

L3 NO2 pz Figure 6 P2(1) 7.3694(6) 10.33 �5.67 � 3.453 � 21.0 2.10

bpy Figure 7 P2 11.6027 (2) 9.08 �7.55 � 3.602 � 10.2 2.06

L4 OMe pz � � � � �18.72 �3.85 3.056 19 2.14

bpy � � � � �3.33 �0.72 3.610 3 2.16

L5 CN pz � � � � �7.59 �1.66 3.317 7 2.20

bpy Figures 8 and 9 P2(1)2(1)2 11.5590(1) 8.06 �5.88 � 3.680 � 10.5 2.15

L6 OH bpy Figure 10 P1 11.6927(3) 6.58 �0.81 � 3.423 � 12.9 2.12
a d1 = intrachain Fe�Fe distance. b d2 = shortest interchain distance. cΘ = Weiss constant.

Scheme 1. Synthesis of Coordination Polymersa

aThe structures shown represent stoichiometry and the actual crystal
structures vary considerably (vide infra).
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traveling along the 2-fold axis on special position a, the A face
(vide supra) points up the b axis of the cell (i.e., to the left in
Figure 4a). In the Fe(1) chain running along the 2-fold axis on
special position b, the A face points down the b axis of the cell
(i.e., to the right). The orientations of the imine phenethyl
groups are all conventional (Figure 1b), and thus the two phenyls
of each trans-FeL12 unit surround the pyridyl ring at the
enantiotopic A face, and the methyls align themselves around
the C face. There are edge-face interactions between a bpy
bridging ligand from one chain and a benzyl group from another
chain in the asymmetric unit (brown dashed lines) so that the
side chains are interdigitated. This allows close approach of the
main chains at 7.45 Å (Figure 4b).
In {FeL22(μ-pz)}¥ there are also two crystallographically

independent chains in the asymmetric unit (interchain distance
is 12.40 Å; see Supporting Information section S1), one with
repeat unit Fe(1)�Fe(2)�Fe(3) and one Fe(4)�Fe(5)�Fe-
(6). The chains lie on the 2-fold axes with the 4-tert-butylsali-
cyaldiminato ligands adopting a trans orientation and the Fe and
pyrazine N atoms lying on the 2-fold axis. The three complexes
that form the repeat unit of each polymeric chain do not have the
same directionalities; for example the C faces of Fe(1) and Fe(3)
are oriented in the positive direction of the b axis (right to left in
Figure 5), whereas for Fe(2) it is the A face. At the same time, the
orientation of the phenethyl units in Fe(1) is the more sterically
compressed type of Figure 1c with the phenyl groups surround-
ing the C face. Overall this leads to substantial differences in the

environments of the bridges. Pyrazine N(8)�N(7) is surrounded
by four phenyl groups from neighboring complex units, and
pyrazine N(5)�N(4) is surrounded by two phenyl groups, while
pyrazine N(2)�N(1) has only neighboring acetonitrile solvent.
In the Fe(4)�Fe(5)�Fe(6) chain no solvent was located in this
region. This sterically unencumbered pyrazine bridge is also
unique in that it is tilted out of the near copolymer arrangement
of the other pyrazine bridges. The tert-butyl groups of the ligands
on alternate complexes of the polymer chain are roughly orthog-
onal except on either side of the sterically unencumbered pyrazine
bridges where they are eclipsed (torsion angle N(3)�Fe(1)�Fe-
(3)�N(9) is 1.3�).
The asymmetric unit of complex {FeL32(μ-pz)}¥ contains the

FeL32 complex and a pz bridging ligand (Figure 6a). The
complex forms a simple 1D chain traveling parallel to the a axis
of the cell. The C enantiotopic face of each FeL32 complex points
the same way along the polymer backbone. There is a symmetry-
related chain facing the opposite direction in the unit cell related
by the 2(1) screw axis (see Supporting Information), and this
results in the shortest interchain axis distance of 10.33 Å for this
particular material (Table 1). The 4-nitrosalicyaldiminato ligands
are all aligned (eclipsed) along the polymer backbone, and the pz
bridges all lie in the same plane (Figure 6b). There is a π�π
stacking interaction between one of the benzyl groups of the
ligands and the bridging pyrazine with the centroid�centroid
distance of ca. 3.607 Å and an angle between planes of interacting
π-systems of ca. 9.67� (Figure 6b). Additionally, each nitro group
is sandwiched between the aromatic rings of the nitrophenyls of a
neighboring chain so that the chains are interdigitated. The NO2

groups extend far enough into the sandwich to have a relatively

Figure 1. (a) Derivation of the clockwiseC and anticlockwiseA descriptors
of the enantiotopic faces of planar region of the trans-FeL2 units; (b) how the
phenyl substituents surround the A face in the more commonly observed
orientation; (c) the less frequently observed, more sterically compressed
orientation; (d) a hybrid structure observed only in {FeL12(μ-pz)}¥.

Figure 2. {FeL12(μ-pz)}¥ showing triple π�π stacking (green dashed
lines) and edge-face stacking (brown dashed lines).

Figure 3. Two symmetry-related chains in crystals of {FeL12(μ-pz)}¥:
(a) showing the angle between the planes of the zigzag chains (ca. 49�;
red spheres represent Fe atoms, and smaller blue spheres represent
pyrazine N atoms); (b) with chains projecting into the page and in the
plane of the page.
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close contact with the H atoms of the pyrazine bridges (the
closest contact = 2.59 Å).
The asymmetric unit of {FeL32(μ-bpy)}¥ contains two poly-

meric complexes that lie on the 2-fold axis (Figure 7) and several
molecules of THF. The Fe(1) complex lies on the 2-fold axis on
special position d 40 running through the center of the cell and the
Fe(2) polymer lies on the special postion a where the 2-fold axis
runs along the b axis of the cell. The trans-4-nitrosalicyaldiminato

ligands of each FeL32 unit are aligned along the polymer back-
bone. Each bridging bpy ligand has an identical orientation with a
dihedral angle between the pyridine rings of 26.6� in the Fe(1)
polymer and 39.0� in the Fe(2) polymer. The A enantiotopic
faces of the Fe(1) chain face up the b cell axis, whereas for Fe(2)
it is the C face.
In both polymers, the pyridinyl unit at the A face of the FeL32

unit is surrounded by the two aromatic rings of the phenethyl
substituents of that complex (Figure 7). In the Fe(2) chain, the
angle between the phenethyl rings and the pyridine ring of the
bpy bridge is 64.9� with a CH�π interaction between a phe-
nethyl aromatic CH and the pyridine ring (CH�pyridine ring
centroid, ca. 2.852 Å). In the Fe(1) polymer, the angle between
the phenethyl aromatics and the bridging pyridine is much more
acute at 29.2� but with little overlap that could indicate π
stacking. Accompanying this is however edge-face short contact
between the nitroarene from the Fe(2) chain and pyrazine ring
from the Fe(1) chain. The distance between these two chains is
9.08 Å.
The asymmetric unit of {FeL52(μ-bpy)}¥ contains two in-

dependentmonomer units at Fe(1) and Fe(2) which form chains
running in opposite directions. In the structures described earlier

Figure 4. Structure of asymmetric unit in {FeL12(μ-bpy)}¥: (a) shown
with edge-face interactions (brown dashed line) between two benzyl
groups from two adjacent chains; (b) viewed along the chains showing
shortest interchain Fe�Fe distance. (Hydrogens and solvent have been
removed for clarity.)

Figure 5. Polymeric chain structure for {FeL22(μ-pz)}¥. (Hydrogens
have been removed for clarity.)

Figure 6. Structure of {FeL32(μ-pz)}¥; (a) asymmetric unit;
(b) unidirectional chains showing π�π stacking between benzyl ring
and bridging pyrazine ligand. (Hydrogen atoms and solvent acetonitrile
have been removed for clarity.)
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the mean planes of the salicyl arene units are close to orthogonal
to the polymer axis, and the angles between these planes are
usually <10�. In the Fe(2) chain here there is a substantial
distortion, creating a bowl around the C enantiomeric face of the
complex unit; the angle between the two salicyl arene planes (i.e.,
at the base of the bowl) is ca. 112�. This is accompanied by an
unusually large distortion from octahedral in the first coordina-
tion sphere at Fe(2) [with the angle N(5)�Fe(2)�N(50) rather
low at 171.8(10)�] and the formation of a triple π�π stack
between the two phenethyl groups and the bpy ring at N(8)
outside the bottom of the bowl. The angle between mean planes
defined by the two symmetry-related phenethyl aromatic rings
and the pyridinyl unit is 9.25� with the shortest interatomic
contact 3.32 Å. At the Fe(1) centers there is also a significant
bowl distortion with the same orientation as at Fe(2), but it is
less pronounced, and the angle between salicyl arene planes
is 153�.
Figure 8 also indicates short edge-face interactions formed

between the chains. Nearest neighbor chain axes are ca. 8.06 Å
apart with a more distant approach of 10.53 Å. The longer
interchain distance is also indicated in Figure 9, which shows how
the relative orientations of the chains and in particular the lateral
“shift” between chains positions in the crystal.

The compound {FeL62(μ-bpy)}¥ comprises linear chains all
oriented in the same direction. The dihedral angle betweenmean
planes through the pyridinyl units of the bridging ligand is ca.
31.6�. The aromatic rings of the phenethyl substituents have no
strong intramonomer interactions with the bridge, but there are
many contacts with neighboring polymer chains. The monomers
lie in the plane of a hydrogen bonded network formed by the OH
groups (Figure 10b). These hydrogen bonded contacts are
complemented by several CH�π interactions between the
neighboring chains involving the phenethyl aromatic rings,
the salicyl rings and the bpy ligand, and range from 2.4 to 3.4
Å in the CH to ring centroid distance. Although the intrachain
Fe�Fe distances are governed by the length of the bridging bpy
ligand, this compound has the shortest interchain Fe�Fe dis-
tance at 8.7967(2) Å (interchain axis distance d2 of 6.58 Å).
Additionally, there is a much longer interchain distance of
14.89 Å between pairs connected by hydrogen bonds.
Magnetic Measurements. The magnetic properties of the

present series of compounds were investigated on polycrystalline
samples using SQuID magnetometry. In this section we will
describe trends in the magnetic properties that relate to the
nature of the bridging group, interchain distances, and electronic
properties of the Fe complex units arising from the ligand
substituents.
For mononuclear iron(II) complexes with a regular octahedral

crystal field, the 5T2g ground term has first-order spin�orbit
coupling contribution (with a spin�orbit parameter λ of about
�100 cm�1) which removes the degeneracy of the electronic
ground states and may cause magnetic anisotropy. In this case,
the average susceptibility may not follow the Curie�Weiss law,
particularly at low temperatures.1 The presence of four unpaired
electrons (S = 2), together with the imposed distortion from Oh

symmetry, results in the 5T2g term splitting into the 5B2 and
5E

multiplets, or a zero-field splitting (ZFS).1 For an isolated Fe(II)
ion, a spin only χMT value of 3.001 cm3 Kmol�1 (when g = 2; χM
is molar magnetic susceptibility) would be expected at room
temperature, which should remain constant as temperature is
lowered. However, due to the presence of either ZFS, antiferro-
magnetic interactions, or spin crossover (SCO),41 the experi-
mental magnetic moments can be lower than this value.42

Because spin�orbit coupling contributes significantly for
regular octahedral complexes and ZFS contributes more when
there is a strong distortion in the regular geometry, the magnetic
behavior for mononuclear Fe(II) complexes will depend on the

Figure 9. Showing the longer interchain distance and lateral shift
between Fe atoms in adjacent chains in {FeL52(μ-bpy)}¥.

Figure 7. Alternating directions of neighboring chains in {FeL32(μ-
bpy)}¥ showing edge-face interactions (brown dash lines). (Hydrogen
atoms and solvent THF removed for clarity.)

Figure 8. Asymmetric unit for {FeL52(μ-bpy)}¥ showing triple π�π
stacking (green dash lines) and edge-face contact (brown dash lines).
(Hydrogen atoms and solvent CHCl3 have been removed for clarity.)
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geometry. Further complication arises when there is the possi-
bility of exchange-coupled transition-metal ions, as in the co-
ordination polymers we present here (Scheme 2). When the
Fe(II) magnetic centers are bridged with either pz or bpy, the
magnetic coupling between the two nearest spin carriers is
expected to be antiferromagnetic. To study these systems, we
have modeled the high-temperature data (>ca. 50 K) with the
Curie�Weiss law, in order to determine the magnitude of short-
range coupling. For some compounds a slightly modified Curie�
Weiss equation has been used which takes into consideration a
small temperature-independent paramagnetic term. In addition
we have applied a model covering the whole temperature range,
which depends on the form of the data. Some compounds clearly
show a maximum in the χM vs T data. For these we have assumed

a 1D chain structure and applied the Bonner�Fisher equation
(eq 1) for a S = 2 system in order to extract J and g values.43

χM ¼ Ng2β2SðSþ 1Þ
3kT

1þ u
1� u

ð1Þ

where

u ¼ coth
JSðSþ 1Þ

kT

� �
� kT

JSðSþ 1Þ
� �

The remaining compounds do not have a maximum in χM but do
have a sharp downturn in χMT, at low temperature, and we have
assumed the effect is a result of ZFS. For these cases we have
applied a ZFS model for d6 high-spin octahedral species (eq 2),
to extract g and D, the axial ZFS parameter.

χM ¼ ðχ )þ χ^Þ=3 ð2Þ
where

χ^ ¼ Ng2β2

kT
2 expð�AÞ þ 8 expð�4AÞ

1þ 2 expð�AÞ þ 2 expð�4AÞ
� �

χ ) ¼
Ng2β2

kT
ð6A�1Þð1� expð�AÞÞ þ ðð4=3ÞA�1Þðexpð�AÞ þ expð�4AÞÞ

1þ 2 expð�AÞ þ 2 expð�4AÞ

 !

and A ¼ D
kT

Table 1 summarizes the parameters obtained from least-
squares fitting to the above equations. In the following discussion
two specific examples are described that illustrate how the fitting
equations have been used, followed by an analysis of general
trends. Further specific data and descriptions are included in the
Supporting Information.
Figure 11 shows curves of χM, and χMT vs T for {FeL12(μ-

pz)}¥. From 350 K, the molar susceptibility χM increases
smoothly with decreasing temperature, passing through a
rounded maximum at 14 K, and then decreases to the base
temperature. The value of χMT decreases gradually from room
temperature (3.438 cm3 K mol�1) to 70 K (3.016 cm3 K mol�1)
and then drops rapidly to 0.512 cm3 K mol�1. Such behavior is
typical of intrachain antiferromagnetic order. A least-squares fit
to the Bonner�Fisher equation gives J = �2.44 cm�1 and g =
2.20 (solid line in Figure 11). The inverse molar susceptibility
χM

�1 vsT for {FeL12(μ-pz)}¥ is given in Figure 12, and fitting to

Figure 11. χM and χMT vs T for {FeL12(μ-pz)}¥ with fitting to the
Bonner�Fisher equation.

Figure 10. (a) Asymmetric unit of {FeL62(μ-bpy)}¥; (b) interchain
hydrogen bonds and edge-face CH 3 3 3π contacts in {FeL62(μ-bpy.
(Hydrogens and solvent molecules have been removed for clarity.)

Scheme 2. Schematic Representation of the Intrachain
Couplinga

a J is the antiferromagnetic coupling constant, and R is the substituent on
ligand Ln (Scheme 1). Circles represent the paramagnetic metal complex
units FeLn2.
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the Curie�Weiss law (solid line) gives a Curie constant of 3.60
and a Weiss constant of �13.72 K.
Curves of χM and χMT vsT for {FeL12(μ-bpy)}¥ are shown in

Figure 13. The room-temperature χMT value per Fe(II) ion is
3.521 cm3 K mol�1, which is comparable to the expected spin-
only value of 3.372 cm3 K mol�1, when S = 2 and g = 2.10 (g is
obtained from fitting the data to the ZFS model). The fitting to
the ZFS model also gives a value of D = 10.2 cm�1. A plot of the
inverse molar susceptibility χM

�1 vs T (Figure 14) shows a slight
deviation from Curie�Weiss behavior, which was modeled by a
modified Curies�Weiss law (χM = C/(T � Θ) þ χTIP). This
gave a Curie constant of 3.23, a Weiss constant of�0.48 K, and a
temperature-independent paramagnetic term, χTIP, of 1.0 �
10�5 cm3 mol�1. Compared to {FeL12(μ-pz)}¥, the intrachain
Fe(II)�Fe(II) distance is longer, at 11.5749(2) Å, and there is
consequently no observed maximum in χM.
For the pz series there is a clear trend in the magnetic data that

as the electron releasing power of the substituent R increases
(L3 < L5 < L1 < L2 < L6 < L4), the magnitude of Θ increases,
consistent with stronger short-range antiferromagnetic interac-
tions between spin centers. While there are some structural
differences between compounds in this series—perhaps most
importantly the zigzag structure of the L1 complex—the inter-
chain distances are all relatively large (Table 1) and the intrachain
interactions are expected to dominate. In this respect it is
noteworthy that the Fe 3 3 3 Fe distances d1 we have measured

fall off significantly in the same order as above; i.e., L3 > L1 > L2

from ca. 7.37 to 7.30 Å. While this change will contribute to an
increased magnetic coupling, we consider that it is insufficient to
explain alone the substantial change inΘ. If however we consider
the Fe(II) center to be a charge donor and the neutral pz to be a
charge acceptor, as we increase the energy of occupied metal
orbitals (by increasing the electron-releasing power of the
substituent), we expect to improve the energy match between
these orbitals and the acceptor orbitals on the pz ligand, and thus
facilitate intrachain magnetic coupling.
For the bpy series, the Weiss constants are, as expected,

generally lower in magnitude and there is also no consistent
trend in the magnetic data with the electronic properties of
substituent R. This might be expected on the basis of the longer
distances d1 compared with the pz series, and indeed corresponds
with our expectation that if the intrachain Fe 3 3 3 Fe distances are
too large to facilitate substantial magnetic coupling, we do not
expect a remote electronic property in substituent R to have a
significant modulating effect. We note however that while the pz
materials have isolated chains (with some small interchain
secondary interactions), the bpy systems are characterized by
interdigitation of planar FeL2 units (e.g., Figure 4). This leads to
substantially shorter interchain distances d2. For the four struc-
tures available, d2 falls from ca. 9.1 to 6.6 Å in the order L3 > L5 >
L1 > L6 and Θ increases from �7.6 to �0.8 in the same order.
There does therefore seem to be a correspondence between the
structural parameter d2 and the magnetic properties, although of
course the effects are weak. It is nevertheless reasonable, given
that the interchain distances are becoming rather short, to ascribe
this to the onset of interchain magnetic interactions.

’CONCLUSIONS

We have synthesized 11 new polymeric chain complexes. For
seven of thesematerials we have obtained single-crystal structural
data. As a result of the presence of stereogenic centers on the
ligands and/or at the metal atoms, a range of structural types and
features were observed: simple 1D chains, zigzags, directionality
of the enaniotopic faces (Figure 1a), and interchain interations
such as H-bonding and arene�arene contacts. We have also
investigated their magnetism: For the complexes bridged with
1,4-pyrazine, relatively short intrachain distances between near-
est spin carriers generally leads to strong antiferromagnetic

Figure 12. χM
�1 vs T for {FeL12(μ-pz)}¥ with fitting to the

Curie�Weiss Law.

Figure 13. χM and χMT vs T for {FeL12(μ-bpy)}¥ with fitting to the
ZFS model.

Figure 14. χM
�1 vs T for {FeL12(μ-bpy)}¥ with fitting to the

Curie�Weiss Law.
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behavior via coupling along the chain. Electronic effects also play
a role, and electron releasing groups promote this antiferromag-
netic interaction in part via the accompanying shortening of
intrachain distances but probably also as a result of the increased
reducing power of the Fe(II) centers as R becomes more
electron-releasing. For complexes with the longer bpy bridge
this electronic effect is unimportant, but since there is a trend in
the magnetic data with interchain distance, we suggest that
structural effects including secondary interactions (π-interac-
tions and H-bonding) may be beginning to play a role.

Overall this study clearly shows how the electronic properties
of substituents and the crystal structure can affect magnetism in
such extended molecular systems. On this basis we are now
making efforts to design new chiral systems that enhance such
effects.

’EXPERIMENTAL DETAILS

General Comments.Where necessary, manipulations were carried
out under an inert atmosphere of argon by using a dual manifold
vacuum/argon line and standard Schlenk techniques, or in an MBraun
Labstar glovebox. All glassware and cannulae were stored in an oven
(>373 K). Solvents were predried (where appropriate) over sodiumwire
and then refluxed for 3 days under dinitrogen over the appropriate
drying agents (potassium for THF; sodium�potassium alloy for
diethyl ether, hexane, and pentane; magnesiummethoxide for methanol;
calcium hydride for dichloromethane and acetonitrile). Solvents were
stored in glass ampules under argon and degassed before use. The Fe(II)
intermediates FeL2 were synthesized according to our published
procedures.39

Infrared spectra were obtained asNujol mulls by using a Perkin-Elmer
spectrum 100. UV/vis spectra were obtained as acetonitrile solutions in a
quartz cell of path length 0.1 cm, using a Jasco V-660 spectrometer.
Elemental analyses were performed by Warwick Analytical Services or
Medac Analytical Ltd., Surrey.
Crystallography. Crystals were coated in inert oil prior to transfer

to a cold nitrogen gas stream on an Oxford Diffraction Gemini four-
circle system with Ruby CCD area detector and held at 100(2) K with
the Oxford Cryosystem Cryostream Cobra. Structures were solved by
direct methods (SHELXTL) with additional light atoms found by
Fourier methods (Table 2). All non-hydrogen atoms were added at
calculated positions and refined using a riding model.

In {FeL32(μ-bpy)}¥ one THF molecule O(100) was refined as fully
occupied. One fully occupied THF was modeled as disordered over two
positions O(200)�C(204) and C(20A)�C(24A) in a 50:50 ratio. The
position of the oxygen in the latter could not be determined. THF
O(300) was modeled as half-occupied and lies on a 2-fold axis (but has
no atoms on the axis). The disorder was modeled as a pucker in the ring
related by the 2-fold axis. The atom in the pucker was modeled as the
oxygen O(300). THF C(400) was modeled as half-occupied with the
2-fold axis running through the THF and C400 lying on the 2-fold axis.
The oxygen position could not be determined. The formula for the cell
contents has been modified to reflect the actual contents of the cell so as
to calculate the correct density as no hydrogens were added to the minor
component THF molecules and the assignment of their oxygen atoms
could not be determined. These partially occupied and disordered THFs
were refined isotropically.

Crystals of {FeL12(μ-pz)}¥ were weakly diffracting and restraints
were used to give the two diethyl ether molecules chemically reasonable
bond lengths, angles, and thermal parameters. Restraints were also used
on the large thermal parameters of the outer carbons of phenylimine
ligands. The structure contains large voids. The Squeeze program (run
via Platon) calculates 748 Å3 of solvent accessible void. There were no

major peaks left in the difference map, and elemental analysis does not
indicate any further solvent included.

In {FeL32(μ-pz)}¥ the asymmetric unit contains a partially occupied
molecule of acetonitrile which was modeled as 75% occupied. Crystals
were very thin (less than 0.01 mm) and poorly diffracting.

Crystals of {FeL12(μ-bpy)}¥ and {FeL52(μ-bpy)}¥ had no mean-
ingful diffraction above 62�. Many alternative crystals were investigated.
In the latter a molecule of chloroform contained in a cavity between the
polymer chains was modeled as disordered over two positions and
refined to a ratio of 75:25. The minor component chloroform was
refined isotropically.

The unit cell of {FeL62(μ-bpy)}¥ contains two molecules of THF.
One was modeled as disordered over two positions O(201)�C(205)
and O(201)�C(305) and refined to a ratio of 54:46. Several restraints
were required to give all the THFs chemically sensible bond lengths and
thermal parameters.

Crystals of {FeL22(μ-pz)}¥ were weakly diffracting. The asymmetric
unit contains three molecules of acetonitrile that were each refined at
75% occupancy. There is a pseudocenter of inversion that relates over
80% of the atoms of the two polymeric chains with the only variation
around the stereogenic centers. Restraints were needed to make the
thermal parameters of many of the atoms chemically sensible, especially
the tertiary butyl groups which are undergoing large thermal libration.
The structure also contains large voids. The Squeeze program (run via
Platon) calculates 884 Å3 of solvent accessible void. There were no
major peaks left in the difference map.
SQuID Measurements. Measurements were made with a Quan-

tumDesignMPMS-5 SQuIDmagnetometer in the temperature range of
2�350 K. Samples were randomly orientated powders in Kel-F capsules.
The direct current (DC) measurements were carried out in an external
magnetic field of 1000 Oe in warming mode. The capsule was centered
using a pure Ni sample. The data were then corrected for the measured
diamagnetism of the capsule and the diamagnetic contributions of the
sample using Pascal’s constants.44

[{FeL12(μ-pz)}¥]. To a solution of [FeL
1
2] (0.252 g, 0.5 mmol) in

diethyl ether (10 mL) was added pyrazine (0.04 g, 0.5 mmol) in diethyl
ether (10 mL). The mixture was then allowed to stir overnight. The
solvent was removed in vacuo to induce crystallization. The product was
isolated by filtration (0.19 g, 65%). Single crystals were grown in diethyl
ether/MeOH at �5 �C. IR (cm�1): 1598 s, 1537 m, 1414 w, 1401 w,
1346 m, 1131, 1196, 1148, 1038, 968, 917, 885, 847, 756 w, 736 m,
697 m. Anal. Found (calcd for C34H32FeN4O2; %): C, 69.67 (69.87); H,
5.48 (5.52); N, 9.52 (9.59). UV in MeCN (λ, nm (ε, M�1 cm�1)): 234
(54 000), 260 (38 000), 352 (17 000), 500 (5000).
[{FeL12(μ-bpy)}¥] 3CH3OH. To a solution of [FeL12] (0.252 g,

0.5 mmol) in methanol (10 mL) was added 4,40-bipyridine (0.08 g,
0.5 mmol) in methanol (10 mL). The mixture was then allowed to stir
overnight. The solvent was removed in vacuo to induce crystallization.
The product was isolated by filtration (0.26 g, 75%). Single crystals were
grown by slow cooling of a hot acetonitrile solution. IR (cm�1): 1597,
1535, 1342, 1261, 1213, 1147, 1094, 1028, 799, 721, 667 w. Anal. Found
(calcd for C41H40FeN4O3; %): C, 70.96 (71.10); H, 5.49 (5.82); N, 8.07
(8.09). UV in MeCN (λ, nm (ε, M�1 cm�1)): 236 (52 000), 267
(30 000), 350 (16 000), 500 sh (6000)
[{FeL22(μ-C4H4N2)}¥]. To a stirred solution of [FeL

2
2] (0.308 g,

0.5 mmol) in Et2O (20 mL) was added a colorless solution of
pyrazine (0.04 g, 0.5 mmol) in Et2O (10 mL) via cannula. The
mixture was stirred for 15 min and concentrated to ca. 5 mL. Single
crystals were grown in acetonitrile upon standing at�5 �C for 1 week
(0.23 g, 66%). IR (cm�1): 1613 m, 1531 w, 1462 s, 1414 w, 1377 m,
1328, 1269, 1177, 1073, 1037, 829, 721, 697 w. Anal. Found (calcd for
C42H48FeN4O2; %): C, 72.14 (72.41); H, 7.14 (6.94); N, 7.85 (8.04).
UV in MeCN (λ, nm (ε, M�1 cm�1)): 235 (85 000), 364 (20 000),
488 sh (5000).
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[{FeL22(μ-C10H8N2)}¥]. To a stirred solution of [FeL
2
2] (0.308 g,

0.5 mmol) in Et2O (20 mL) was added 4,40-bipyridine (0.08 g,
0.5 mmol) in Et2O (10 mL) via cannula. The mixture was stirred for
15 min and concentrated to ca. 5 mL. Single crystals were grown in
acetonitrile upon standing at �30 �C for 1 week (0.31 g, 80%). IR
(cm�1): 1618 m, 1527, 1329, 1267, 1250, 1212, 1177, 1143, 1055, 828,
746, 699 w. Anal. Found (calcd for C48H52FeN4O2; %): C, 74.50
(74.60); H, 6.80 (6.78); N, 7.70 (7.25). UV in MeCN (λ, nm (ε,
M�1 cm�1)): 236 (76 000), 265 (75 000), 334 (20 000).
[{FeL32(μ-C4H4N2)}¥]. To a solution of [FeL32] (0.297 g,

0.5 mmol) in THF (10 mL) was added pyrazine (0.04 g, 0.5 mmol) in
THF (10mL) via cannula. Themixture was then allowed to stir overnight.
The solvent was removed in vacuo to induce crystallization. The product
was isolated by filtration. Single crystals were grown by slow cooling of a
hot acetonitrile solution. (0.22 g, 65%). IR (cm�1): 1607m (NO2), 1539,
1335, 1261, 1192, 1149, 1126, 1079, 1040, 970, 947, 930, 807, 722, 700 w.
Anal. Found (calcd for C34H30FeN6O6; %): C, 60.31 (60.54); H, 4.49
(4.48); N, 12.23 (12.46). UV in MeCN (λ, nm (ε, M�1 cm�1)): 233
(90 000), 259 (78 000), 355 (27 000), 480 sh (6000).
[{FeL32(μ-C10H8N2)}¥] 3 THF. To a solution of [FeL32] (0.297 g,

0.5 mmol) in THF (10 mL) was added 4,40-bipyridine (0.08 g,
0.5 mmol) in THF (10 mL) via cannula. The mixture was then allowed
to stir overnight. The solvent was removed in vacuo to induce crystal-
lization. The product was isolated by filtration (0.25 g, 61%). Single
crystals were grown in THF upon standing at �5 �C for 1 week. IR
(cm�1): 1598 m (NO2), 1547, 1532 w, 1309 m (NO2), 1242, 1102, 946,
805, 757, 697 w. Anal. Found (calcd for C44H42FeN6O7; %): C, 64.38
(64.24); H, 4.93 (5.15); N, 10.00 (10.22). UV in MeCN (λ, nm
(ε, M�1 cm�1)): 234 (71 000), 371 (39 000), 500 sh (7000).
[{FeL42(μ-C4H4N2)}¥]. To a stirred red solution of [FeL42]

(0.282 g, 0.5 mmol) in Et2O (20 mL) was added a colorless solution
of pyrazine (0.04 g, 0.5mmol) in Et2O (10mL) via cannula. Themixture
was stirred for 15 min and then concentrated to ca. 10 mL. The
compound crystallized as purple needles over 12 h. The crystals were
isolated by filtration and dried in vacuo for 2 h (0.22 g, 68%). IR (cm�1):
1601 m, 1540, 1316, 1301, 1254, 121, 1157, 1079, 1042, 917, 815, 794,
721 w. Anal. Found (calcd for C36H36FeN4O4; %): C, 66.90 (67.08); H,
5.60 (5.63); N, 8.60 (8.69). UV in MeCN (λ, nm (ε, M�1 cm�1)): 236
(80 000), 378 (21 000), 500 sh (7000).
[{FeL42(μ-C10H8N2)}¥]. To a stirred red solution of [FeL42]

(0.282 g, 0.5 mmol) in Et2O (20 mL) was added a colorless solution
of 4,40-bipyridine (0.08 g, 0.5 mmol in Et2O (10 mL) via cannula. The
mixture was stirred for 15 min and then concentrated to ca. 10 mL. The
compound crystallized as purple needles over 12 h. The crystals were isolated
by filtration and dried in vacuo for 2 h (0.30 g, 83%). IR (cm�1): 1597 m,
1537, 1320, 1256, 1215, 1156, 1041, 811, 721 w. Anal. Found (calcd for
C42H40FeN4O4;%): C, 69.45 (70.00);H, 5.41 (5.59);N, 7.73 (7.77). UV in
MeCN(λ, nm(ε,M�1 cm�1)): 236 (79 000), 377 (29 000), 500 sh (7000).
[{FeL52(μ-C4H4N2)}¥] 3 0.5CH3OH. To a stirred red solution of

[FeL52] (0.277 g, 0.5 mmol) in methaol (20 mL) was added a colorless
solution of pyrazine (0.04 g, 0.5 mmol) in methanol (10 mL) via
cannula. The mixture was stirred for 15min and then concentrated to ca.
10 mL. The compound crystallized as purple needles over 12 h. The
crystals were isolated by filtration and dried in vacuo for 2 h (0.19 g,
58%). IR (cm�1): 2207 m (CN), 1605 m, 1524, 1482, 1349, 1261, 1210,
1156, 1041, 822, 721 w. Anal. Found (calcd for C36.5H32FeN6O2.5; %):
C, 67.36 (67.39); H, 4.79 (4.96); N, 12.87 (12.92). UV inMeCN (λ, nm
(ε, M�1 cm�1)): 244 (76 000), 286 (26 000), 341 (12 000), 500 sh
(2000).
[{FeL52(μ-C10H8N2)}¥] 3 THF. To a stirred red solution of [FeL

5
2]

(0.277 g, 0.5 mmol) in THF (20 mL) was added a colorless solution of
4,40-bipyridine (0.08 g, 0.5 mmol) in THF (10 mL) via cannula. The
mixture was stirred for 15 min and then concentrated to ca. 10 mL. The
compound crystallized as purple needles over 12 h and dried in vacuo for

2 h (0.26 g, 66%). The single crystals were grown by slow cooling of hot
CHCl3 solution. IR (cm�1): 2214 m (CN), 1605, 1526, 1486, 1351,
1262, 1214, 1157, 1135, 1068, 827, 722 w. Anal. Found (calcd for
C46H42FeN6O3; %): C, 70.36 (70.59); H, 5.44 (5.41); N, 10.76 (10.74).
UV in MeCN (λ, nm (ε, M�1 cm�1)): 237 (66 000), 243 (66 000), 284
(20 000), 336 (11 000), 500 sh (1000).
[{FeL6(μ-C10H8N2)}¥] 3 2THF.To a stirred red solution of [FeL

6
2]

(0.268 g, 0.5 mmol) in THF (20 mL) was added a colorless solution
of 4,40-bipyridine (0.08 g, 0.5 mmol) in THF (10 mL) via cannula.
The mixture was stirred for 15 min and then concentrated to ca. 10 mL.
The compound precipitated as purple solid immediately. The crystals
were isolated by filtration and dried in vacuo for 2 h (0.30 g, 72%). The
single crystals were grown in THF solution at room temperature for 1
week. IR (cm�1): 3300 m (O�H), 1593, 1553, 1535, 1404, 1260, 1212,
1152, 1078, 1050, 820, 721 w. Anal. Found (calcd for C48H52FeN4O6;
%): C, 67.95 (68.90); H, 6.00 (6.26); N, 6.87 (6.70). UV in MeCN
(λ, nm (ε, M�1 cm�1)): 234 (80 000), 260 (60 000), 344 (27 000).
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