
FULL PAPER

DOI: 10.1002/ejic.200600445

Synthesis, Structure and Magnetism of Metal-Organic Framework Materials
with Doubly Pillared Layers

Hong-Peng Jia,[a] Wei Li,[a] Zhan-Feng Ju,[a] and Jie Zhang*[a]

Keywords: Metal-organic frameworks / Pillared-layer structure / Iron(II) / Cobalt(II) / Hydrothermal synthesis / Magnetic
properties / Carboxylates

Two novel coordination polymers with a 3D pillared-layer
framework, [MII(Tdc)(4,4�-Bpy)]n [M = Fe (1), Co (2); Tdc =
thiophene-2,5-dicarboxylate; 4,4�-Bpy = 4,4�-bipyridine),
have been hydrothermally synthesised and structurally char-
acterised. A simultaneous reduction of iron(III) to iron(II) oc-
curs under hydrothermal conditions in the self-assembly pro-
cess of complex 1. The complexes are isostructural and, in
each complex, the metal ions are linked by double µ2-carbox-
ylate bridges in a syn-syn mode, giving rise to dinuclear units
that are connected to each other by chelating carboxylate
groups from the Tdc ligands in an approximately perpendic-

Introduction
There has been continuous interest in the design and syn-

thesis of metal-organic coordination polymers and supra-
molecular architectures due to their potential applications
in the fields of magnetism, porous materials, catalysis and
nonlinear optical activities or molecular recognition.[1–6] In
the rational development of new strategies for the crystal
engineering of coordination networks and supramolecular
architectures, the pillared-layer assemblies have been shown
to be precursors in an efficient route for the construction
of porous frameworks with controllable channel sizes and
chemical functionalities.[7–9] In particular, the pillared-layer
networks based on coordination bonds are more attractive
than those based on the hydrogen-bonded assemblies owing
to their high structural and thermal stabilities.[10–13] Al-
though the advantages of the pillared-layer assemblies are
generally due to their suitability for manipulation of the
pore structures by means of simple modifications to the pil-
lar module, the search for new layer-building units is also
quite necessary for systematic fine-tuning of structural and
functional features. In this paper, we report two novel coor-
dination polymers with a 3D porous pillared-layer frame-
work, namely [FeII(Tdc)(4,4�-Bpy)]n (1) and [Co-

[a] State Key Laboratory of Structural Chemistry, Fujian Institute
of Research on the Structure of Matter, Chinese Academy of
Sciences,
Fuzhou, Fujian 350002, China
Fax: +86-591-8371-0051
E-mail: zhangjie@fjirsm.ac.cn
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4264–42704264

ular orientation to form 2D rectangle-grid layers. The adja-
cent layers are held together through 4,4�-Bpy molecules in
a double-pillar support fashion to give a 3D network with
three intersecting perpendicular channels. Variable-tem-
perature magnetic susceptibility measurements revealed
weak antiferromagnetic coupling interactions in both com-
plexes and a field-induced magnetic transition can be ob-
served in 2.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

II(Tdc)(4,4�-Bpy)]n (2). Thiophene-2,5-dicarboxylate (Tdc)
ligands link the metal ions by bridging and chelating car-
boxylate groups to form a rare type of 2D rectangle-grid
layer containing the dimetallic carboxylate subunits in a
mutually perpendicular orientation. Each 4,4�-Bpy ligand
as a rigid spacer is coordinated to the axial positions of
the metal ions, connecting the [MII(Tdc)]n layers into a 3D
coordination framework with twofold interpenetration. An
interesting aspect of the structure is that the 4,4�-Bpy li-
gands bind to the layers in a double-pillar support fashion
(Scheme 1), which results in a molecular architecture with
a higher thermal stability. In addition, the Tdc ligand dis-
plays both chelating and µ2-bridging carboxylate coordina-
tion modes in the assemblies (Scheme 2) and this is the first

Scheme 1. Schematic representation of the doubly pillared-layer
structures of [MII(Tdc)(4,4�-Bpy)]n (M = Fe, Co).

Scheme 2. Coordination mode of Tdc in complexes 1 and 2.
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observation of such behaviour for the Tdc ligand.[14] Vari-
able-temperature magnetic susceptibility measurements re-
vealed weak antiferromagnetic coupling interactions in
both complexes and a field-induced magnetic transition can
be observed in 2.

Results and Discussion

Synthesis and Structural Description

Single-crystal X-ray diffraction analyses revealed that
complexes 1 and 2 are isostructural and crystallise in the
orthorhombic space group Pccn. As a representative exam-
ple, the crystal structure of complex 1 is described here in
detail. It is interesting to note that a simultaneous reduction
of iron (III) to iron (II) occurs in the self-assembly process
of complex 1 under hydrothermal conditions. There have
been some reports that several metal ions can be reduced
in the presence of 4,4�-Bpy under hydrothermal conditions.
Although the mechanisms of redox reactions are still un-
known, hydrothermal conditions are essential for achieving
the reduced product.[15] The fundamental building unit of
1 is composed of a six-coordinate FeII centre, a Tdc ligand
and a 4,4�-Bpy ligand. Each FeII centre exhibits a distorted
octahedral geometry with two pyridyl nitrogen atoms (N1,
N2D) from different 4,4�-Bpy ligands at the axial positions
and four oxygen atoms in the equatorial plane of which two
(O3A, O4B) are from two µ2-bridging bidentate carboxylate
groups from two different Tdc ligands and the other two
(O1, O2) are from a chelating carboxylate group of a Tdc
ligand, as shown in Figure 1. The Fe–O bond lengths are
in the range of 1.999(3)–2.387(3) Å and the Fe–N bond
lengths are 2.195(3) and 2.168(3) Å, respectively. The O1–
Fe–O2 bite angle of 58.07(10)° is much smaller than the
O3A–Fe–O4B bond angle of 117.90(12)°.

Figure 1. Coordination environment of the FeII ion with atom
labelling in 1. Hydrogen atoms are omitted for clarity.
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Two equivalent FeII ions related by a twofold axis with a
separation of 4.149 Å are bridged by two carboxylate
groups from two different Tdc ligands in a syn-syn mode to
form a dinuclear subunit. These dinuclear units are aligned
approximately perpendicular to each other in the ac plane
and linked further by additional Tdc ligands in a chelating
mode to give rise to a neutral 2D sheet with a rectangular
window of 8.8×11.0 Å (Figure 2). It is worthy of note that
the orthogonal arrangement of dimetallic subunits within a
2D layer is still rare in metal carboxylate complexes in
which dinuclear units are generally parallel to each other.[16]

Each Tdc ligand coordinates to three FeII ions through the
two terminal carboxylate groups in chelating and bridging
modes, respectively, illustrating an unreported coordination
mode for the Tdc molecule. An interesting aspect of the
structure is that the 2D porous sheets are connected by 4,4�-
Bpy ligands through the axial positions of both FeII centres
in subunits to form a 3D doubly pillared-layer structure
with three intersecting perpendicular channels (Figure 3).
The whole structure can also be described as a 3D frame-

Figure 2. Perspective view of the [Fe(Tdc)]n sheet subunit with rec-
tangular windows of about 8.8 Å× 11.0 Å. Hydrogen atoms are
omitted for clarity.

Figure 3. (a) Perspective view of the pillared-layer 3D network of
1; (b) cuboid-like unit in 1.
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work composed of cuboid-like cavities with dimensions of
12.16×12.16×11.49 Å (based on the centre of the dinuclear
subunit). The large cavities in the structure lead to a ten-
dency to form an interpenetrating network. As shown in
Figure 4, a twofold interpenetrating topological structure
can be observed. The volume of the effective void is about
9.9% of the unit-cell volume in the self-inclusion structure.

Figure 4. Structure topology of 1 displaying twofold interpen-
etration (darker and grey rods representing the Tdc and 4,4�-Bpy
ligands, respectively).

Thermogravimetric Analysis

The thermal stabilities of the two complexes were deter-
mined by thermogravimetric analysis (TGA) in air with a
heating rate of 20 °Cmin–1. Complexes 1 and 2 exhibit high
thermal stabilities (Figure S2, Supporting Information). A
sharp weight loss occurs in the temperature range 360–
470 °C for 1 (74.8%) and 380–480 °C for 2 (72.7%), corre-
sponding to the removal of ligands and decomposition of
the framework. The final residues of complexes 1 and 2
were found to be amorphous and could not be identified.

Magnetic Properties

The temperature dependences of the magnetic suscep-
tibilities of 1 and 2 under an applied field of 5000 Oe are
shown in Figure 5 in the form of an χmT vs. T plot, where
χm is the molar magnetic susceptibility per formula unit. At
room temperature, the χmT value of 1 is 3.35 emumol–1 K
per FeII ion, corresponding to an average g value of 2.11.
This is in agreement with the typical value for a high-spin
FeII ion with some orbital contributions.[17] As the tempera-
ture is lowered, the χmT value remains almost constant in
the range 300–50 K and then rapidly decreases to
1.44 emumol–1 K at 2 K. The magnetic susceptibility above
2.5 K follows the Curie–Weiss equation χm = C/(T – θ) with
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C = 3.37 emumol–1 K and θ = –2.01 K. Such behaviour is
consistent with a weak antiferromagnetic coupling interac-
tion between the magnetic centres.

Figure 5. Temperature dependence of χmT for complexes 1 and 2,
the solid lines represent the best fits obtained from the models de-
scribed in the text.

In the structure of 1, the carboxylate-bridged dinuclear
units are connected by 4,4�-Bpy and Tdc units to form the
3D framework. The Fe–Fe distance of 4.149 Å over the µ2-
carboxylate bridge is much shorter than those over the 4,4�-
Bpy (11.49 Å) and the Tdc (10.38 Å) bridges and, conse-
quently, the exchange coupling through the double µ2-car-
boxylate bridge in the dinuclear subunits should be domi-
nant. In order to obtain reliable simulation results, the mag-
netic behaviour of 1 was analysed using an analytical ex-
pression[18] based on the Hamiltonian taking into account
the anisotropy g and the zero-field-splitting term in Equa-
tion (1).

H = g�βH�[1/2(S1
+ + S1

– + S2
+ + S2

–)] + g�βH�(Sz1 + Sz2) –
2J[Sz1Sz2 + 1/2(S1

+S2
–) + 1/2(S1

–S2
+)] + D(Sz1

2 + Sz2
2) (1)

In addition, a molecular field approximation[19] was ap-
plied to Equation (1) to account for the interdimer ex-
change interaction (zJ�) in the 3D system [Equation (2)].

χm = χdi/(1 – 2zJ�χdi/Ng2β2) (2)

Calculations were performed with the MAGPACK pack-
age.[20] The best fit was obtained with the following sets of
parameters: J = –0.242 cm–1, g� = 2.015, g� = 2.289, D =
0.09 cm–1, zJ� = 0 and an agreement factor R {defined as
R = Σ[(χmT)calcd – (χmT)obs]2/Σ(χmT)obs

2} of 4.18×10–5. The
value obtained for D is smaller and the ratio of |J|/D is
equal to 2.69. When J is much larger or smaller than D,
exchange coupling or ZFS will be dominant and the smaller
term can be treated as a perturbation. Thus, the decreases
in χmT at lower temperatures are mainly due to antiferro-
magnetic coupling for complex 1.

For 2, the χmT value at room temperature is equal to
3.15 emumol–1 K, which is much higher than the spin-only
value of 1.875 emumol–1 K expected for an isolated high
spin CoII ion with S = 3/2 and g = 2.00 owing to the orbital
contribution of the CoII ion.[21] Upon cooling, the χmT
value slightly decreases until around 50 K, then rapidly
decreases to 0.76 emumol–1 K at 2 K. Above 32 K, the
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magnetic data follow the Curie–Weiss law with
C = 3.20 emumol–1 K and θ = –8.8 K. The negative Weiss
constant suggests an antiferromagnetic interaction between
the CoII ions. The presence of a small maximum in χm at
2.5 K is indicative of long-range antiferromagnetic ordering
(Figure 6a). Complex 2 has the same structure as 1 and in
order to fit the magnetic data of 2 quantitatively, we used
the MAGPACK package[20] with a similar Hamiltonian
model and taking into account the anisotropy g, the zero-
field splitting parameter D (S1 = S2 = 3/2) and the molecular
field approximation[19] for the interdimer exchange interac-
tion (zJ�). The results of the best fit of the experimental
data in the whole temperature range are shown in Figure 5
with J = –0.37 cm–1, g� = 2.42, g� = 2.85, D = 21.00 cm–1,
zJ� = –0.001 cm–1 and R = 1.25×10–4. The D value is larger
than the |J| value and so the decreases in χmT at lower tem-
peratures are mainly due to the zero-field splitting of com-
plex 2. Until now, only a few CoII complexes bridged by
carboxylate groups in a syn-syn mode have been rigorously
studied from a magnetic point of view due to inherent diffi-
culties resulting from strong spin-orbit coupling and mag-
netic anisotropy orbital degeneracy. Antiferromagnetic in-
teractions are generally observed in these complexes.[22] The
complex magnetic behaviour of CoII ions did not allow us
to accurately simulate the magnitude of the magnetic inter-
action taking into account all factors, thus the value of D
obtained for 2 is larger than that for 1.

Figure 6. (a) Temperature-dependent molar magnetic susceptibilit-
ies of 2 measured at different external fields; (b) field-dependent
magnetisations of 1 and 2 at 2 K. The inset shows the dM/dH de-
rivative curves of 2 at 2 K and 3.5 K.

In fact, the Fe1–O1 (2.387 Å) and Co1–O1 (2.333 Å)
bonds are much longer than the others in the equatorial
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planes in the structures of 1 and 2. Ignoring these bonds, we
can think of the FeII and CoII centres as being in distorted
trigonal-bipyramidal rather than distorted octahedral envi-
ronments. The idealised trigonal-bipyramidal geometry be-
longs to the D3h point group and the orbital momentum is
quenched except for the E� and E�� terms. However, when
the structure is distorted and the symmetry deviates from
pure D3h, the quenching of the ground 4A2� term may not
be sufficient and an admixture of the upper 4E�� term may
bring the orbital momentum into the ground term, re-
sulting in an obviously high µeff value and a deviation of g
from 2.0.[23] In 2, the µeff value (5.02 µB) is much higher
than the spin-only value (3.87 µB) but lies in the range of
4.26–5.03 µB for trigonal-bipyramidal cobalt(II) com-
plexes.[24]

In comparison with 1, the magnetic behaviour of 2 is
more complex in the low-temperature range. The small
maximum of χm at around 2.5 K only appears at low field.
When the external field is increased, this maximum vanishes
above 10 kOe (Figure 6a). Furthermore, the field-depend-
ent magnetisation of 1 exhibits a smooth increase at 2 K,
reaching 3.1 Nβ at 80 kOe which is less than the expected
saturation value of 4 Nβ for a magnetically isolated FeII

centre with g = 2.0, while the magnetisation of 2 shows a
sigmoid-like curve and gives a saturation value of 2.5 Nβ at
80 kOe (Figure 6b). For the CoII ion, an S = 1/2 ground
state is usually observed at low temperatures due to the
overall effect of the crystal field and spin-orbit coupling.
The saturation magnetisation value of 2 is within the range
expected for a free cobalt ion with an effective S = 1/2 and
large anisotropic g values ranging from 4.1 to 5.0.[25]

The disappearance of the χm maximum at higher fields
and the sigmoid-like magnetisation curve of 2 suggest the
occurrence of a field-induced magnetic transition. The tran-
sition field, determined by the dM/dH derivative curve is
ca. 12 kOe at 2 K (inset in Figure 6b). The AC isothermal
magnetisation measurements at 2 K with the DC field from
0 to 50 kOe display a peak value of the in-phase component
of the susceptibility (χ�) at 11 kOe, consistent with the tran-
sition observed in the dM/dH curve. It is worthy of note
that a nonzero out-of-phase component of the AC suscep-
tibility (χ��) appears at 17 kOe with a further increase in
the applied field, indicating the occurrence of the second
magnetic transition. Additional measurements at 3.5 and
5 K show the temperature dependence of the second mag-
netic transition, the H value increases slightly as the tem-
perature increases (Figure 7).

The magnetic behaviour of 2 is analogous to some obser-
vations in the complexes with field-induced spin-flop phase
transitions (SF), which is characteristic for antiferromag-
netic (AF) systems with weak anisotropy.[26] Although this
transition does not generally appear in a system with large
anisotropy such as the Ising mode, similar transition behav-
iour has been discussed for several CoII complexes.[27] In 2,
the spin-flop field (HSF) appears at 11 kOe, corresponding
to a transition from an antiferromagnetic to a spin-flop
state. The AF-SF transition is a first-order transition and
there is a discontinuity in the magnetisation on crossing the
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Figure 7. Field-dependent AC magnetic susceptibilities of 2 mea-
sured at different temperatures.

AF-SF phase boundary. Thus, an inflexion can be observed
in the M(H) curve and a peak also appears in the χ�(H)
plot.[26] Another critical field (HC) is not evident in χ�(H)
although an obvious peak around 17 kOe can be observed
in the χ��(H) curve, which can be identified as the second-
order transition field (HC) from a spin-flop to a ferromag-
netic-like state.[28,29] The lack of a sharp conversion in χ�(H)
suggests that this second phase-transition process is rather
gradual.[29] To further substantiate the spin-flop transition
in 2, additional temperature-dependent AC magnetic
susceptibility measurements at different DC fields were car-
ried out (Figure 8). The zero-field AC magnetic suscep-
tibility measurements exhibit a maximum value of χ� at
2.5 K and a negligible χ�� value, in agreement with the exis-
tence of antiferromagnetic ordering. The data measured at
12 kOe clearly show the disappearance of the χ� maximum,
indicating that an antiferromagnetic coupling has been
overcome. At an applied field of 17 kOe, χ� exhibits a new
broad peak around 6.9 K, accompanied by a maximum
peak of χ�� at somewhat lower temperatures. This feature is
quite consistent with a ferromagnetic-like state. It is also
notable that the similar small peaks around 6.9 K already
appear in χ�(T) and χ��(T) plots at 12 kOe, which is in ac-
cordance with the continuity and gradualness of this sec-
ond-order phase transition. With the above results, the an-
isotropy field HA � 0.71 kOe and the exchange field HE �
1.21 kOe were estimated based on the mean-field relation
HSF = (2HEHA – HA

2)1/2 and HC = 2HE – HA.[30] The an-

Figure 8. Temperature dependence of the AC magnetic suscep-
tibilities of 2 measured in a field amplitude of 3 Oe (711 Hz) and
a DC bias field of 0, 12 and 17 kOe.
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isotropy constant α = HA/HE is 0.59. Although no related
parameter can be found in CoII complexes for comparison,
a lower anisotropy field in 2 suggests that its magnetisation
process can possibly proceed through the spin-flop-like
transition.[31]

Conclusions

In summary, two novel 3D porous frameworks were hy-
drothermally synthesised and structurally characterised.
Metal ions are connected by chelating and bridging carbox-
ylate groups of Tdc groups to form 2D rectangle-grid layers
containing dinuclear subunits in an approximately perpen-
dicular orientation. The interconnection of the 2D layers by
the secondary metal linker (4,4�-Bpy) leads to the doubly
pillared-layered 3D architecture with twofold interpen-
etration. Variable-temperature magnetic susceptibility mea-
surements reveal weak antiferromagnetic coupling interac-
tions in both complexes and a field-induced magnetic tran-
sition can be observed in 2.

Experimental Section
General: All the syntheses were performed in Parr Teflon-lined
stainless steel autoclaves under autogenous pressure. All chemicals
were analytical reagent grade and were used as received. IR spectra
were recorded with a Spectrum One FT-IR spectrophotometer in
KBr pellets in the range 4000–400 cm–1. Elemental analyses were
determined with an Elementar Vario EL III elemental analyser.
The thermal analysis was performed under air with a Netzsch
STA449C thermal analyser at a heating rate of 20 °Cmin–1. Mag-
netic susceptibilities were measured using a Quantum Design
PPMS-9T system. Diamagnetic corrections were estimated from
Pascal’s constants. The pore-volume analysis was performed with
the PLATON software package.

Synthesis of [FeII(tdc)(bpy)]n (1): This compound was synthesised
by the hydrothermal method. A mixture of FeCl3·6H2O (65 mg,
0.24 mmol), H2Tdc (70 mg, 0.41 mmol), NaOH (33 mg,
0.83 mmol) and 4,4�-Bpy (74 mg, 0.47 mmol) in H2O (5 mL) was
homogenised at room temperature for 20 min. The resultant mix-
ture was transferred and sealed in a Teflon-lined steel autoclave
(23 mL) at 120 °C for 3 d and was then cooled to room temperature
at a rate of 1.7 Kh–1. The dark-red crystals were isolated in 35.9%
yield based on Fe. C16H10FeN2O4S (382.17): calcd. C 50.28, H 2.64,
N 7.33; found C 49.82, H 2.98, N 7.36. IR (KBr): ν̃ = 3434 (m),
1604 (s), 1570 (s), 1524 (m), 1490 (w), 1414 (s), 1384 (vs), 1221 (w),
1072 (w), 1046 (w), 1033 (w), 1008 (w), 818 (m), 769 (m), 731 (w),
684 (w), 631 (m), 475 (m) cm–1.

Synthesis of [CoII(tdc)(bpy)]n (2): This compound was obtained
using a procedure similar to that of 1, except that CoCl2·6H2O was
used instead of FeCl3·6H2O. The pink crystals were isolated in
27.6% yield based on Co. C16H10CoN2O4S (385.25): calcd. C
49.88, H 2.62, N 7.27; found C 49.56, H 3.04, N 7.54. IR (KBr): ν̃
= 3435 (m), 1607 (s),1564 (s),1524 (m),1491 (w),1416 (s),1385
(vs),1221 (w), 1075 (w), 1045 (w), 1029 (w), 1011 (w), 821 (m), 767
(m), 732 (w), 682 (w), 634 (m), 477 (m) cm–1.

X-ray Crystallographic Study: The intensity data of 1 were collected
with a Rigaku CCD diffractometer with graphite-monochromated
Mo-Kα radiation (λ = 0.71073 Å) at room temperature. An empiri-
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Table 1. Crystallographic data for complexes 1 and 2.

1 2

Empirical formula C16H10FeN2O4S C16H10CoN2O4S
Formula mass 382.17 385.25
Crystal system orthorhombic orthorhombic
Space group Pccn Pccn
a [Å] 18.2626(13) 17.9459(5)
b [Å] 11.4913(9) 11.4012(3)
c [Å] 16.0515(10) 16.2390(5)
V [Å3] 3368.6(4) 3322.58(16)
Z 8 8
Dcalcd. [g cm–3] 1.507 1.540
F(000) 1640 1560
Crystal size [mm] 0.30×0.10×0.03 0.45×0.18×0.10
Range for data collection [°] 3.10–27.48 2.12–25.66
Reflections collected 24699 16819
Independent reflections 3858 3140
Number of parameters 217 217
Refinement method full-matrix least squares on F2 full-matrix least squares on F2

Goodness-of-fit on F2 1.029 1.001
R1 [I � 2σ(I)] 0.0713 0.0656
wR2 (all data) 0.1410 0.1295

cal absorption correction for 1 was performed using the Crys-
talClear program.[32] The crystal structure determination of 2 was
performed with a Siemens SMART CCD diffractometer with
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at
room temperature. An empirical absorption correction for 2 was
applied using the SADABS program.[33] The structure was solved
by direct methods and refined by full-matrix least-squares fitting
on F2 using the SHELXS-97[34] and SHELXL-97[35] programs. All
non-hydrogen atoms were refined with anisotropic thermal param-
eters. Hydrogen atoms were located by geometric calculations.
Crystallographic data and structural refinements for 1 and 2 are
summarised in Table 1. Selected bond lengths and angles for 1 and
2 are listed in Table 2. CCDC-298904 (1) and -298903 (2) contain
the supplementary crystallographic data for this paper. These data

Table 2. Selected bond lengths [Å] and angles [°] for 1 and 2.

Complex 1

Fe1–O1 2.387(3) Fe1–O4Bi 1.999(3)
Fe1–O2 2.116(3) Fe1–N2Diii 2.195(3)
Fe1–N1 2.198(3) Fe1–O3Aii 2.090(3)
O1–Fe1–O2 58.07(10) O1–Fe1–N1 92.09(12)
O2–Fe1–N2Diii 91.30(13) O2–Fe1–N1 90.25(13)
O3Aii–Fe1–O2 91.29(11) O3Aii–Fe1–N2Diii 91.27(12)
O3Aii–Fe1–N1 90.37(12) O3Aii–Fe1–O2 91.29(11)
O4Bi–Fe1–N1 87.64(14) O4Bi–Fe1–O3Aii 117.90(12)
O4Bi–Fe1–O1 92.82(12) O4Bi–Fe1–O1 92.82(12)
O4Bi–Fe1–N2Diii 90.19(14) N2Diii–Fe1–N1 177.71(13)
N2Diii–Fe1–O1 87.31(12)

Complex 2

Co1–O1 2.333(4) Co1–O4Bi 1.999(3)
Co1–O2 2.110(4) Co1–N2Diii 2.141(4)
Co1–N1 2.154(4) Co1–O3Aii 2.050(3)
O1–Co1–O2 59.03(13) O1–Co1–N1 92.75(16)
O1–Co1–N2Diii 85.75(16) O2–Co1–N1 88.73(16)
O3Aii–Co1–O1 152.45(14) O3Aii–Co1–N2Diii 91.88(16)
O3Aii–Co1–N1 90.21(16) O3Aii–Co1–O2 93.69(14)
O4Bi–Co1–N1 85.99(17) O4Bi–Co1–O3Aii 113.67(15)
O4Bi–Co1–O2 152.11(15) O4Bi–Co1–O1 93.87(14)
O4Bi–Co1–N2Diii 92.44(17) N2Diii–Co1–N1 177.76(17)
N2Diii–Co1–O2 91.93(17)

(i) 1.5 – x, y, –0.5 + z; (ii) –0.5 + x, 1 – y, 0.5 – z; (iii) x, –1 + y, z
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can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Additional two plots including IR spectrum and TGA curve
(Figures S1 and S2).
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