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Abstract

The hydrothermal synthesis, structures and magnetic properties of the isostructural coordination polymers 3[M;I(pm)]7 M = Co,
Fe or Mn and pm = pyromellitate, 1,2,4,5-benzenetetracarboxylate, are described. The structure consists of 1D chains of edge-
sharing MO octahedra that are connected into layers via O—C—O bridges. The layers are held together by the pyromellitate (pm* ™)
backbone to give a 3D structure where each ligand participates in an unprecedented 12 coordination M—O bonds to ten metal
atoms. The Fe and Mn analogues are antiferromagnets whereas the Co compound displays a more complex behaviour, existing in
one of three magnetic ground states at low temperature (collinear antiferromagnetism, canted antiferromagnetism and field induced

ferromagnetism).
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Metal-organic hybrid materials containing open-shell
transition metals and connecting polycarboxylates are
attracting much interest for their structural and mag-
netic properties [1,2]. On the one hand, the potential
application of these materials in selective separations
and catalysis is due to porosity that can be tuned by
variation of the chemical functionality and of the
dimensions and topology of the coordination network.
[3]. On the other hand, the various structural motifs
observed for a range of compounds provide good
examples for various theoretical magnetic models of
low dimensionality to be verified; in particular, one can
obtain information on the balance between through-
bonds and through-space exchange interactions. In
addition, the metal-organic hybrids present the unique
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possibility to combine the properties associated with the
individual components in one hybrid compound, e.g.,
the presence of through-space magnetic exchange may
permit one to combine magnetism with porosity [4]. In
view of the latter combination, our recent search for
long-range magnetic ordering in low-dimensional tran-
sition metal complexes has focused on metal—carbox-
ylate hybrid materials. In previous studies, we have
characterised compounds with aromatic polycarboxy-
lates (BDC = 1,4-benzenedicarboxylate [5] and BTC =
1,3,5-benzenetricarboxylate [6]) and saturated polycar-
boxylates (CHDC = 1,4-cyclohexane-dicarboxylate and
CHTC = 1,3,5-cyclohexane-tricarboxylate [7]). We pre-
sent a study of three transition metals pyromellitate
(pm = 1,2,4,5-benzenetetracarboxylate) salts with the
tetracarboxylate as the structural building block. The
structure and magnetic properties of the Co(II)-pyro-
mellitate has been reported recently [8] and here we
compare its structural and magnetic properties to those
of the isostructural Mn and Fe compounds.

As is common for most carboxylates, pyromellitate
provides several possible coordination modes, viz: uni-
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dentate, bis-unidentate, bidentate and tridentate, of the
independent carboxylate groups. Its known multitopi-
city, that is the number of coordinate bonds to the
number of metals, can vary from 2 to 10 coordination
bonds and it can coordinate to up to ten metals as in the
case of Ca and Ag or six in the Zn salt [9]. In the present
study we found one example that extend these limits; it
has an unprecedented 12 bonds to ten metals (Fig. 1).

2. Experimental
2.1. Synthesis

All chemicals were obtained from Aldrich and Fluka
and used without further purification.

2.2. Preparation of M>(pm)

Co(OH); (0.12 g, 1.3 mmol) was suspended in distilled
water (&30 ml) and a solution of Hypm (0.25 g, 1.3
mmol) in distilled water (~30 ml) was added. The
mixture was placed in the Teflon liner of an autoclave,
sealed and heated to 170 °C for 6 days. It was then
quenched in a water bath and allowed to cool to room
temperature for 2—3 h. Violet crystals were obtained
which were filtered off and washed with water and
acetone and dried in air. Yield 60%. This compound was
also obtained from CoCl,-6H>O and Co(NOs),-6H,O
as starting materials.

IR bands for Co,(pm): 447m, 470m, 553s, 620s, 637s,
772s, 805s, 842m, 862m, 940m, 1136w, 1163w, 1272sh,
1305m, 1360vs, 1402ssh, 1487s, 1572sbr, 1880w.

Similar procedures using FeSO4-7H,O or MnCly-
4H,0 as starting materials in similar molar ratios and
at a temperature of 200 °C resulted in dichroic (brown
and yellow) plate crystals of Fe,(pm) and transparent
white microcrystals of Mny(pm), respectively. These
compounds were also obtained by digesting the pure
metals in a boiling aqueous solution of pyromellitic acid
under nitrogen. The resulting solutions were filtered hot
and placed in the pressure bombs at 200 °C for 16 h.

Satisfactory chemical analyses were obtained for all
three compounds.

IR bands for Fey(pm): 440m, 460m, 550m, 614m,
636m, 770s, 804s, 838w, 862m, 938m, 1132w, 1300sh,
1360vs, 1390ssh, 1490s, 1567sbr.

IR bands for Mn,(pm): 543m, 606m, 636m, 768s,
803s, 838w, 860m, 938m, 1132w, 1298sh, 1362vs,
1399ssh, 1488s, 1570sbr.

2.3. General characterization

X-ray powder diffraction data were recorded at room
temperature on two Siemens D-500 diffractometers, one
equipped with monochromatized Co Kol (1 =1.789 A)
and the other with Cu Kal (1 =1.541 A) radiation.
Infrared spectra were recorded on a MATTSON FTIR
by transmission through fine particles, prepared by
crushing selected crystals, deposited on a KBr plate.

2.4. Magnetic measurements

Magnetic data were collected on a Quantum Design
MPMS-XL SQUID magnetometer in the temperature
range 2-300 K with fields up to 5 T. Isothermal
magnetization after zero-field cooling was measured by
use of a Princeton Applied Research Vibrating Sample
magnetometer model 155, equipped with a continuous
flow cryostat and an I'TC4 temperature controller. Heat
capacity was measured on pressed pellets of the com-
pounds (~ 200 mg) wrapped in aluminium foil in the
range 1.6-38 K. Data were taken by employing a
pseudo adiabatic technique and corrected for the sample
holder. >"Fe-Mdssbauer spectra were recorded by trans-
mission in a bath cryostat at 77 and 4.2 K.

2.5. X-ray crystallography and structure solution

The crystals of My(pm), M = Co or Fe, were mounted
in a thin film of perfluorpolyether oil on mohair fibers.
Data were collected at 150(2) K on a Bruker SMART
1000 CCD diffractometer equipped with graphite-
monochromated Mo Ko radiation (1=0.7017 A).

Fig. 1. Schematic representation (left) and the observed coordination mode (right) of the pyromellitate ion showing 12 coordination bonds to ten

metal atoms.



H. Kumagai et al. | Polyhedron 22 (2003) 1921-1927 1923

Diffraction data analysis and reduction for Co,(pm)
were performed within SMART and SAINTPLUS. The
data set of the Fe,(pm) crystal showed non-merohedral
twinning with two crystal domains of similar intensities
rotated by approximately 180°. Indexing was achieved
using GEMINI, and the individually integrated and
reduced twin components were combined within GE-
MINI for refinement. Systematic errors in the spot
integration caused by the twinning restrict the quality of
this data set. The structures were solved by direct
methods and expanded using Fourier techniques within
SHELX-97 [10]. All non-hydrogen atoms were refined
anisotropically with the carboxylate carbon in Fe,(pm)
restained to be approximately isotropic. No extinction
corrections were applied. Full-matrix least-squares re-
finement on Fg converged to R = X||F,|—|F||[/Z|F,|,
Ry, = [Ew(|Fy| —|Fo)’/Zw|Fo|71"? with R, =0.0292 and
wR; =0.0714; and R; =0.0572, wR, =0.1597 for (I >
20) Co and Fe phases, respectively.

3. Results

3.1. Structure of M>(pm)

Co,(pm) crystallizes in the monoclinic system, C2/m,
a=6.1269(12), b=17.476(3), ¢=4.554109) A, p=
115.531(3)°, V' =440.0(2) A3, Z=4. The asymmetric
unit of Co,(pm) consists of one Co(Il) and one quarter
of the pyromellitate ligand, the latter having 2/m
symmetry. The repeating structural motif is a uniform,
zig-zag 1D chain along the a-axis consisting of edge-
sharing, equivalent Co(II) ions that are bridged by
oxygen atoms of pyromellitate (Fig. 2). Of the six
separate pyromellitate carboxylate groups bound to
each Co atom, four are involved in M—-O—-M bridges
within the 1D chains and all six are involved in M—O-

Fig. 2. View of the structure of Co,(pm) along the (a) a-axis and (b) c-
axis showing the connection between chains and layers.

C—-O-M bridges between neighbouring 1D chains. The
latter, three-atom connectivity generates layers that are
parallel to the ac-plane. The structure is formed of 1D
zigzag chains of these edge-sharing chains of octahedral
cobaltous, parallel to the a-axis. The benzene rings of
the pyromellitate units connect the layers into a 3D
framework through six-atom M-O-C4—O-M bridges.
The Co(Il) ion has three independent Co—O bond
lengths (2.029, 2.077 and 2.195 A). The octahedra are
not only distorted with regards to the distance of the
oxygen atoms but also in bond angles. This distortion is
characterized by bond angles of O(1)-Co(1)-0(2"),
O(1")—-Co(1)-0(2"")  (159.0(1)°) and O(1")—Co(1)—
O(1") (170.6(1)°). The 3D structure is reinforced by the
presence of the strong Co—O coordination bonds with
the pyromellitate units. The pyromellitate in the present
case is completely deprotonated and thus carries four
charges, as already found in its chemistry with transition
metals that consists of various stable charges, geometries
and modes of coordination. Each carboxylate unit is
bonded to three cobalt atoms, as found in two other
cases [5,7]. The pyromellitate ion is bonded to 10 cobalt
atoms through twelve coordination bonds.

Co,(pm) exhibits a pseudo triangular topology of the
magnetic ions within a layer. The nearest distance
between Co atoms are 3.368 A between those in a chain
and connected via an oxygen atom, 4.475 and 4.554 A
for those between chains and connected via O-C-O
bridges. The distance between the layers is 8.788 A and
the connection is via the pyromellitate backbone.

The single crystal structure determination of Fe,(pm)
showed it to be isostructural to the Co compound with
a=06.1913(17), b=17.544(5), ¢=4.6009(13) A, p=
115.61(2)°, V'=450.7(2) A3, Mn,(pm) is inferred to
have a similar structure from the powder diffraction
pattern, though the severe fluorescence background
prevented a full Rietveld analysis to be carried out.
The expanded cell dimensions of Fe,(pm) relative to
Coy(pm) reflects the increased M—-O bond lengths
(2.053(3), 2.123(3) and 2.223(3) A) consistent with the
larger Fe(Il) ion. The octahedral distortion apparent in
the Co phase is exaggerated with characteristic bond
angles of 158.24(12)° and 170.69(17)°. The tilting of the
edge-sharing MOyg octahedra forming the 1D chains is
more pronounced in the Fe phase with angles of
94.25°(85.75°) compared to 93.89°(86.11°) in the Co
phase.

3.2. Magnetic properties

The temperature dependence of the magnetic suscept-
ibilities of the compounds is shown in Fig. 3. Analyses
of the high temperature data are given in Table 1. The
Curie constants of all three compounds lie within the
limits for known divalent paramagnetic complexes [11].
The behaviour of the cobalt analogue is quite different
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Fig. 3. Temperature dependence of the magnetic susceptibility in 100
Oe for Co,(pm) (open circles), Fe,(pm) (crosses), Mn,(pm) (diamonds)
and in 3000 Oe for Co,(pm) (filled circles).

from those of the other two compounds. The dominant
exchange interaction for Co,(pm) is ferromagnetic while
it is antiferromagnetic for Fe,(pm) and Mn,(pm). All
three compounds exhibit long range antiferromagnetic
ordering (Table 1) at low temperatures.

The magnetization measured in an applied field of 1
Oe and 10 kOe for Fe,(pm) and Mn,(pm) is similar to
that measured in 100 Oe. However, for Co,(pm) the
zero-field-cool (ZFC) and field-cool (FC) magnetization
in 1 Oe reveals a different behaviour and history
dependence. Above 13 K the magnetization is reversible
and behaves similarly to that in 100 Oe. Below 13 K
there is non-reversibility and bifurcation, consistent with
a weak spontaneous magnetization below the Ne¢el
transition (16 K). The weak magnetization appears to
be saturated in this low field of 1 Oe and from the
saturation value in 1 Oe at 2 K we estimate the canting
angle to be 0.002°. For applied fields exceeding 1500 Oe,
the magnetization increases below 13 K while it remains
reversible above this temperature (Fig. 3). This suggests
that the moments of the sublattices rotate proportion-
ally to the strength of the applied field up to about 3000
Oe, where it starts to saturate to a value approaching the
expected moment per cobalt(II).

The a.c.-magnetization for Fe,(pm) and Mny(pm)
measured in 1 Oe and 20 Hz is similar to the d.c.-

Table 1
Summary of magnetic data for M(pm)

magnetization in 100 Oe. However, that for Co,(pm) is
more complex. The in-phase component of the suscept-
ibility (y”) exhibits a maximum at 16 K and a weak
shoulder at approximately 12 K. The out of phase
component (y”) exhibits only one peak at 12 K.
Measurements performed in zero d.c. bias field and an
a.c. field of amplitude of 1 Oe oscillating at different
frequencies (1-1000 Hz) show no frequency depen-
dence, confirming the absence of any glassiness of the
moments (Fig. 4).

The isothermal magnetization was measured at sev-
eral temperatures and field ranges, employing different
experimental protocols. Data taken after ZFC are
shown in Fig. 5. Above 25 K the magnetization is
almost linear and for 16 < T <25 K superparamagnet-
ism is observed due to short-range correlation. Between
T'n and Teanting (12 <T <16 K) a characteristic rever-
sible metamagnetic behaviour is observed with a critical
field increasing as the temperature is lowered. Below
Tcanting, hysteresis sets in and its width widens as the
temperature is lowered (Fig. 5); two different loops are
observed, one around zero-field and the other around
the critical metamagnetic field [12]. The phase diagram,
characterized by the temperature dependence of the
critical field after zero-field-cooling, is shown in Fig. 6.
Its form, characteristic of most metamagnets, [12] is the
same as those we have observed for Co,(OH),L, where
L is terephthalate, carboxycinnamate, 4,4’-biphenyldi-
carboxylate, [5] but are noticeably different from those
reported by others for related materials [13]. We believe
that these dissimilarities may reflect different experi-
mental protocols, in our case involving no prior
magnetization of the sample in a high field, rather
than fundamentally different behaviours. In the absence
of hysteresis, the phase diagram derived from ZFC and
FC critical fields would have been similar. The magne-
tization data for Fe,(pm) and Mn,(pm), in contrast, do
not show such a rich behaviour and are as expected for
classical antiferromagnets.

3.3. Heat capacity

The heat capacities (Cp) of the compounds are shown
in Fig. 7. They all exhibit a sharp lambda peak
consistent with the long range antiferromagnetic order-
ing. The sharp peaks suggest these compounds have
either a 2D- or 3D-magnetic dimensionality. The

M  Electronic configuration Curie constant (cm® mol ~ ')

Effective moment (up)

Weiss constant (K) Neéel temperature (K)

Co d’ 5.99
Fe d° 7.31
Mn d&° 8.00

+16.4 16
-9.0 26
-2.8 18
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Fig. 4. Temperature dependence of the real (a) and imaginary (b) a.c.-
susceptibilities for Coy(pm).

calculated magnetic entropies (2R In(2s+1)) derived by
integration of the C,/T versus T plot up to 40 K are
consistent with an s = 1/2 for M = Co, s =2 for M = Fe,
and s =5/2 for M = Mn. An important point regarding
the dimensionality of these compounds is that only 50—
60% of the entropy is acquired up to the transition
temperature. This is consistent with a 2D- rather than a
one 1D- or 3D-magnetic system.

3.4. Mdssbauer spectroscopy

The spectra of a polycrystalline sample of Fe,(pm) at
77 and 4.2 K are shown in Fig. 8. In the paramagnetic
region, the material displays two doublets (92 and 8%)

centred at isomer shifts of 1.21 and 0.39 mm s~ ! as

60 T T T T T T T T

4.0

2.0

n
(]

0.0

M (Nug )

Field/kOe

Fig. 5. Isothermal magnetization of Co,(pm) (circles) at 18, 13 and 2
K, Fey(pm) (diamonds) at 2 K and Mn,(pm) (crosses) at 2 K. The data
at 18 and 13 K are offset by 20 and 10 kOe, respectively.

expected for high spin octahedral Fe** [14]. The
quadrupole coupling constant is 1.44 and 1.37 mm
s~ !, respectively. On cooling to the ordered antiferro-
magnetic state, the strong doublet splits into an unusual
four lines of similar width centred at 0.8 mm s~ ' with
the quadrupole splitting of the outer pair being 4.85 mm
s~ '. We estimate an internal field of 16 T at 4.2 K.

4. Discussion

The most striking structural feature of the compounds
is the large number of coordination bonds the pyro-
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Fig. 6. Phase diagram for Co,(pm) showing the different ground
states.
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Fig. 7. Heat capacity of M,(pm).

mellitate ligand makes with the metal ions. As such, the
pm ligand may be considered as a good metal scavenger
and indeed it is used for eluting metal ions in chromato-
graphy [15]. Although there appears to be some small
voids visually, calculation shows no void space with
contacts larger than 1.2 A [16]. From a magnetic view-
point, the structure may be considered as consisting of
edge-shared 1D chains of MOg units that lie parallel to
the a-axis, as are evident in Fig. 2(b). These chains are
linked together by carboxylate bridging in the c-direc-
tion through all six vertices of the octahedra (Fig. 2(a))
to give a layer in the ac-plane. The layers are linked
together through the benzene backbone of the pm ligand
to give a 3D framework structure.

The difference in magnetic properties of the three
compounds as well as the unusual magnetic behaviour

TT T [T T P [T T T [T T T [T T[T F T [T T T TTT
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N
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T T T
8.1 111 18
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Fig. 8. Mossbauer spectra of Fey(pm) in the (a) paramagnetic region
at 77 K and (b) ordered antiferromagnetic region at 4.2 K. The lines
are fits to the data.

of Co,(pm) (collinear antiferromagnetism, canted anti-
ferromagnetism and field-induced ferromagnetism) de-
serves some comment. To rationalize these observations
we can use the Goodenough and Kanamori rules for the
superexchange mechanism as a starting point [17]. Three
magnetic exchange pathways can be defined for this
structure. The first, and possibly the strongest, is the
exchange between neighbouring atoms in the chains
(3.37 A apart) and are connected by two single bridges
consisting of an oxygen atom each. The M-O-M angle
of 104° can give rise to either ferromagnetic or
antiferromagnetic interactions depending on the electro-
nic configurations of the metal atoms. From the
observed signs of the Weiss constant, we assign this
exchange to be ferromagnetic for Coy(pm) and anti-
ferromagnetic for Fe,(pm) and Mn,(pm). The second in
the hierarchy is the exchange between the chains via the
O-C-O bridges at distance 4.48 A for M—O-C-O-M.
From previous observations in other known compounds
[8,18] we know that this exchange is weak and possibly
antiferromagnetic in character. The last is that between
the layers that involved the benzene backbone. The
distance is 8.8 A and the path is via O—C4—O bridges.
This interaction is therefore weaker than the second one.
Anti-parallel alignment of ferromagnetic (Co) and
antiferromagnetic (Fe and Mn) layers would account
for the collinear long range antiferromagnetic ordering.
The present observations together with those for the
series Co,(OH),(dicarboxylate) (where the dicarboxylate
is terephthalate, naphthalenedicarboxylate, carboxycin-
namate, or biphenyldicarboxylate in increasing length)
tend to support this conclusion. For the hydroxide
compounds, [5] the Néel temperature is weakly depen-
dent on the interlayer distance while the critical meta-
magnetic field is very dependent. An interpretation of
this observation is that the Néel temperature is inde-
pendent due to the similarity of the layers, where only
one exchange pathway is defined by Co—O—-Co in the
different compounds while the critical field scales with
the interlayer exchange interactions. In the present case,
the exchange interactions within the layers are slightly
weakened due to the presence of two different pathways,
Co-0O-Co and Co-O-C-0O-Co, which results in a
lowering of Ty to 16 K compared to approximately 40
K for the Co—OH layered compounds.

In conclusion, pyromellitate is found to be an
excellent ligand to bring together many metal atoms
and for propagating efficient magnetic exchange inter-
actions. The three compounds provide a rich variety of
magnetic properties where those of the Fe and Mn
compounds are easily understood but those of Co
remains to be unravelled properly. Neutron diffraction
and theoretical studies are needed to understand the
phase diagram and the various magnetic ground states.
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5. Supplementary material

Crystallographic data for the structural analysis of
Cos(pm) and Fe,(pm) have been deposited with the
Cambridge Crystallographic Data Centre, CCDC Nos.
CCDC 177567 and 198710, respectively. Copies of this
information may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK (fax: +44-1223-336033; e-mail: deposit@
ccde.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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