
Anion-Directed Synthesis of Metal −Organic Frameworks Based on
2-Picolinate Cu(II) Complexes: A Ferromagnetic Alternating Chain and
Two Unprecedented Ferromagnetic Fish Backbone Chains

Chaitali Biswas, † Pampa Mukherjee, † Michael G. B. Drew, ‡ Carlos J. Gó mez-Garcı́ a,*,§
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Three new polynuclear copper(II) complexes of 2-picolinic acid (Hpic), {[Cu2(pic)3(H2O)]ClO4}n (1), {[Cu2(pic)3-
(H2O)]BF4}n (2), and [Cu2(pic)3(H2O)2(NO3)]n (3), have been synthesized by reaction of the “metalloligand” [Cu-
(pic)2] with the corresponding copper(II) salts. The compounds are characterized by single-crystal X-ray diffraction
analyses and variable-temperature magnetic measurements. Compounds 1 and 2 are isomorphous and crystallize
in the triclinic system with space group P1h, while 3 crystallizes in the monoclinic system with space group P21/n.
The structural analyses reveal that complexes 1 and 2 are constructed by “fish backbone” chains through syn−anti
(equatorial−equatorial) carboxylate bridges, which are linked to one another by syn−anti (equatorial−axial) carboxylate
bridges, giving rise to a rectangular grid-like two-dimensional net. Complex 3 is formed by alternating chains of
syn−anti carboxylate-bridged copper(II) atoms, which are linked together by strong H bonds involving coordinated
nitrate ions and water molecules and uncoordinated oxygen atoms from carboxylate groups. The different coordination
ability of the anions along with their involvement in the H-bonding network seems to be responsible for the difference
in the final polymeric structures. Variable-temperature (2−300 K) magnetic susceptibility measurement shows the
presence of weak ferromagnetic coupling for all three complexes that have been fitted with a fish backbone model
developed for 1 and 2 (J ) 1.74 and 0.99 cm−1; J′ ) 0.19 and 0.25 cm−1, respectively) and an alternating chain
model for 3 (J ) 1.19 cm−1 and J′ ) 1.19 cm−1).

Introduction

In recent years, studies on the synthesis of metal-organic
frameworks (MOFs) with transition metals and organic
ligands have been extensively developed for their crystal-
lographic diversity and potential applications in catalysis,1

absorption processes,2 photochemistry,3 and magnetism.4 The
carboxylate group is one of the most widely used bridging
ligands for designing polynuclear complexes with interesting

structures and magnetic properties. Its versatility as a ligand
is illustrated by the variety of its coordination modes when
acting as a bridge,5-8 the most common being the so-called
syn-syn, syn-anti, andanti-anti modes (Scheme 1).
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Magnetic studies on structurally characterized carboxylato-
bridged copper(II) complexes reveal that strong antiferro-
magnetic interactions are mediated by theanti-anti and
syn-synbridging modes,8 whereas weak either ferromagnetic
or antiferromagnetic interactions5,8b occur in thesyn-anti
mode. The structure and physical properties of polynuclear
coordination compounds of Cu(II) with different carboxylate-
bridging ligands, such as malonate,5 phthalate,6 biphenyl-
carboxylate,7 phenylmalonate,8a cyclobutanedicarboxylate,8b

etc., have been the subject of recent reports.

The three isomers of pyridine-carboxylic acid (2-picolinic
acid, 3-picolinic acid, and 4-picolinic acid (Scheme 2), which
contain both O- and N-donors, exhibit versatile coordination
modes to metal ions. Among them, 2-picolinic acid (Hpic)
is the most commonly used to obtain metal complexes,
where, despite its different coordination modes, a chelating
five-membered ring is invariably formed. A number of
transition-metal-2-picolinate complexes with high nuclearity
have been reported in the past two decades.9 Interestingly,
with Cu(II) it usually produces the discrete, mononuclear
‘inner metallic complex’ [Cu(pic)2], and to our knowledge,
there is no report where a carboxylate-bridged polymeric
copper(II) network is obtained by self-assembly. However,
there are a few examples where some alkali-10 or lanthanide-
metal ions11 link the copper-picolinate units, and in one case
the carboxylate group links the copper(II) ion in conjunction
with a bridging chloride ion.12

Here we illustrate the versatility of the 2-picolinic acid
(Hpic) as a carboxylate bridging ligand toward copper(II)
and the important role played by the apparently “innocent”
counterions such as ClO4-, BF4

-, and NO3
- on the polymeric

structure. From the magnetic point of view equatorial-
equatorial carboxylate-bridged Cu(II) complexes are of
special importance because they provide strong magnetic
interactions between the metal centers. The structure of the
monomer, [Cu(pic)2], shows that it has two uncoordinated
oxygen atoms of two equatorially coordinated carboxylate
groups (Scheme 3) which may coordinate to other Cu(II)
ions in suitable conditions to form high-nuclearity copper
complexes, i.e., it can potentially be used as a “metallo-
ligand” building block to construct equatorial-equatorial
carboxylate-bridged Cu(II) systems. In this paper, we report
the synthesis and structural and magnetic characterization
of three new polynuclear Cu(II) complexes:{[Cu2(pic)3-
(H2O)]ClO4}n (1), {[Cu2(pic)3(H2O)]BF4}n (2), and [Cu2-
(pic)3(H2O)2(NO3)]n (3). All three compounds have been
prepared by taking advantage of the carboxylate bridge of
the “metalloligand” [Cu(pic)2] building block. Crystal struc-
ture analyses show that compounds1 and2 are isomorphous,
but 3 possesses a very different polymeric network. There-
fore, these compounds provide very interesting examples of
the anion-directed template synthesis of metal-organic
frameworks. The cation-templated reactions have been
known for many years, but use of anions as templates is
still a relatively recent area of research.13 In the template
synthesis of coordination polymers the anions can influence
the final structure by either being directly coordinated to the
metal center or remaining as a noncoordinating part of the
network.8c,14 It is usually very difficult to separate the two
phenomena (i.e., negative ligands or noncoordinating coun-
terions) when studying the influence that anions have in
determining the final structure of a coordination network.
The present work shows how a slight change in coordination
ability of the anion along with the difference in the
H-bonding network can play a crucial role in determining
the overall structure of the coordination network.

Experimental Section

Materials. The reagents and solvents used were of commercially
available reagent quality unless otherwise stated.

Caution! Perchlorate salts of metal complexes with organic
ligands are potentially explosive. Only a small amount of material
should be prepared, and it should be handled with care.

Synthesis of Bis(2-picolinate)copper(II) Dihydrate.This was
prepared as previously described method.15
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Synthesis of{[Cu2(pic)3(H2O)]ClO4}n (1). A methanol (20 mL)
suspension of bis(2-picolinate)copper(II) dihydrate (1.02 g, 3 mmol)
was mixed with a methanol solution (20 mL) of copper(II)
perchlorate hexahydrate, Cu(ClO4)2‚6H2O (0.74 g, 2 mmol). An
aqueous solution of perchloric acid (5%) was added dropwise to
this mixture to bring the pH of the solution to about 2 with constant
stirring. The resulting suspension was then put under reflux for 1
h, when most of the bis(2-picolinate)copper(II) dihydrate complex
dissolved. The solution was then cooled and filtered to remove a
small amount of undissolved bis(2-picolinate)copper(II) dihydrate.
The dark blue solution was left at room temperature. Blue single
crystals suitable for X-ray diffraction were obtained by slow
evaporation of the mother liquor for several days. Yield was 42%
based on [Cu(pic)2]. Anal. Calcd for C18H14ClCu2N3O11: C, 35.39;
H, 2.31; N, 6.88. Found: C, 35.22; H, 2.39; N, 6.75. IR (KBr pellet,
cm-1): 1628νas(COO-), 1412νsys(COO-), and 1103ν(ClO4-). λmax

(solid, reflectance): 675 nm.
Synthesis of {[Cu2(pic)3(H2O)]BF4}n (2). Compound2 was

obtained by following a similar procedure to that of1, but copper-
(II) tetrafluoroborate hexahydrate Cu(BF4)2‚6H2O (0.70 g, 2 mmol)
and fluoroboric acid were used in place of copper(II) perchlorate
hexahydrate and perchloric acid, respectively. Deep-blue single
crystals suitable for X-ray diffraction were obtained after a few
days of storage of the filtrate. Yield was 48% based on [Cu(pic)2].
Anal. Calcd for C18H14BCu2F4N3O7: C, 36.14; H, 2.36; N, 7.02.
Found: C, 36.18; H, 2.39; N, 6.98: IR (KBr pellet, cm-1): 1630
νas(COO-),1413 νsys(COO-), and 1055 ν(BF4

-). λmax (solid,
reflectance): 680 nm.

Synthesis of [Cu2(pic)3(H2O)2(NO3)]n (3).Compound3 was also
obtained by following a similar procedure to that of1, but copper-

(II) nitrate trihydrate, Cu(NO3)2‚3H2O (0.48 g, 2 mmol), and nitric
acid were used instead of copper(II) perchlorate hexahydrate and
perchloric acid, respectively. Single crystals suitable for X-ray
diffraction were obtained from the undisturbed solution after several
days. Yield was 45% based on [Cu(pic)2]. Anal. Calcd for C18H16-
Cu2N4O11: C, 36.55; H, 2.73; N, 9.47. Found: C, 36.58; H, 2.79;
N, 9.40. IR (KBr pellet, cm-1): 1596νas(COO-), 1479νsys(COO-),
and 1384ν (NO3

-). λmax (solid, reflectance): 710 nm.
Alternative Method for the Synthesis of Compounds 1-3.

All three compounds have also been synthesized by reacting 2 mmol
of CuX2 (X ) ClO4, BF4, NO3) in methanol (10 mL) with 3 mmol
of 2-picolinic acid (dissolved in 10 mL of methanol) in the presence
of the respective acid (HX) that was added to bring the pH to about
2 or in the presence of weak dibasic acids, e.g., oxalic or malonic
acid (5 mmol) in the solution. In all cases, initially a small amount
of bis(2-picolinate)copper(II) dihydrate separated out. It was filtered
off. The desired compounds were separated as crystalline solid on
keeping the filtrate at room temperature for several days.

Physical Measurements.Elemental analyses (C, H, and N) were
performed using a Perkin-Elmer 240C elemental analyzer. IR
spectra in KBr (4500-500 cm-1) were recorded using a Perkin-
Elmer RXI FT-IR spectrophotometer. Electronic spectra in the solid
state (1000-250 nm) were recorded in a Hitachi U-3501 spectro-
photometer. Thermal analyses (TG-DTA) were carried out on a
Mettler Toledo TGA/SDTA 851 thermal analyzer in a dynamic
atmosphere of dinitrogen (flow rate) 30 cm3min-1). The samples
were heated in an alumina crucible at a rate of 10°C min-1.
Variable-temperature susceptibility measurements were carried out
in the temperature range 2-300 K with an applied magnetic field
of 0.1 T on powdered samples of the three compounds (with masses

Scheme 3

2-Picolinate Cu(II) Complexes
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of 18.59, 36.95, and 36.01 mg for1, 2, and3, respectively) with a
Quantum Design MPMS-XL-5 SQUID magnetometer. The sus-
ceptibility data were corrected for the sample holders (sealed plastic
bags of 7.84, 11.16, and 10.55 mg for1, 2, and3, respectively)
previously measured using the same conditions and for the
diamagnetic contributions of the salts as deduced using Pascal’s
constant tables (ødia ) -283× 10-6, -303.2× 10-6, and-281.5
× 10-6 emu‚K‚mol-1 for 1, 2, and3, respectively).

Crystal Data Collection and Refinement.Crystal data for the
three crystals are given in Table 1. Intensity data were measured
via the Oxford X-Calibur CCD System using Mo KR radiation.
The crystals were positioned at 50 mm from the CCD. Three
hundred twenty one frames were measured with a counting time
of 3 s togive 6024, 5854, and 5946 independent reflections for1,
2, and 3, respectively. Data analyses were carried out with the
Crysalis program.16 The structures were solved using direct methods
with the Shelxs97 program.17 The non-hydrogen atoms were refined
with anisotropic thermal parameters. The hydrogen atoms bonded
to carbon were included in geometric positions and given thermal
parameters equivalent to 1.2 times those of the atom to which they
were attached. Empirical absorption corrections were carried out
using the ABSPACK program.18 The structures were refined on
F2 using Shelxl9717 to give R1 ) 0.0462, 0.0585, and 0.0626 and
wR2 ) 0.1298, 0.1679, and 0.1034 for 3532, 2941, and 3577
independent reflections, respectively, withI > 2σ(I) for 1, 2, and
3, respectively.

Results and Discussion

Synthesis and General Characterization.The compound
[Cu(pic)2] is only slightly soluble in methanol. At low pH
and in the presence of Cu(II) salt it is progressively dissolved
as it reacts to form compounds1, 2, and3, depending on
the anion of the used Cu(II) salt. When copper(II) perchlorate
or fluoroborate was allowed to react with the suspension of
[Cu(pic)2], a two-dimensional, rectangular grid-like poly-
meric structure (compounds1 and2) resulted (Scheme 3).
This grid-like structure results from the union of Cu(II) chains

with a very unusual ‘fish backbone’ structure. On the other
hand, when copper(II) nitrate was added to [Cu(pic)2], a one-
dimensional polymer (compound3) having the same metal
to ligand ratio (3:2) but with very different carboxylate-
bridging connections than those in1 and 2 was formed
(Scheme 3). It is to be noted that the amount of added Cu-
(II) salt is higher than the stoichiometric requirement. When
we added [Cu(pic)2] and the copper salt in a stoichiometric
3:1 ratio, a considerable amount of the former remained as
an insoluble product and the yield became very low. For
the alternative method of synthesis (see Experimental Sec-
tion) when we increased the copper salt:picolinic acid ratio
from 2:3 to 1:1 the amount of initial separation of [Cu(pic)2]
decreased and consequently the yield of the products was
higher. Besides elemental analysis all three complexes were
initially characterized by IR spectra and thermogravimetric
analysis. The compound [Cu(pic)2] is a ‘inner metallic’
neutral complex and does not contain any anion, whereas
all three compounds,1, 2, and3, contain the corresponding
counteranions and their characteristic intense peak in the IR
spectra can easily be detected (1102, 1071, and 1384 cm-1

for ClO4
-, BF4

-, and NO3
-, respectively). The TG curves

of the three complexes show a mass loss corresponding to
the water molecules present in the structure (for1 calcd 3.0%,
found 2.86% in the temperature range 120-180 °C; for 2
calcd 3.0%, found 2.99% in the temperature range 120-
170 °C; for 3 calcd 6.0%, found 6.23% in the temperature
range 100-200 °C).

Description of the Structures of {[Cu2(pic)3(H2O)]-
ClO4}n (1) and {[Cu2(pic)3(H2O)]BF4}n (2). The structures
of 1 and2 are isomorphous, the only difference being that
of the anion, ClO4

- for 1 and BF4
- for 2. The structure of

the [Cu2(pic)3(H2O)]nn+ cation is shown in Figure 1 together
with the atomic numbering scheme. Selected bond distances
and angles are listed in Table 2. The structures of1 and2
contain polymeric cations and discrete anions. The cations
are two-dimensional polymers containing three independent
copper atoms and three ligands. All possible donor atoms in
the ligands are bonded to a metal atom with formation of
five-membered chelate rings from the pyridine nitrogen atom
and one oxygen atom of the carboxylic acid group to one
copper atom with the other oxygen atom bonding to a

(16) Crysalis, Version 1; Oxford Diffraction Ltd.: Oxfordshire, UK, 2005.
(17) Sheldrick, G. M.Shelx97, Program for Crystal Structure calculations;

University of Gottingen: Gottingen, 1997.
(18) Abspack; Oxford Diffraction Ltd.: Oxfordshire, UK, 2005.

Table 1. Crystal Data and Structure Refinement of Complexes1-3

1 2 3

formula C18H14Cl Cu2N3O11 C18H14BCu2F4N3O7 C18H16Cu2N4O11

Mw 610.87 598.23 591.45
cryst syst triclinic triclinic monoclinic
space group P1h P1h P21/n
a/Å 8.576(1) 8.549(1) 6.960(1)
b/Å 10.281(2) 10.222(1) 15.770(1)
c/Å 12.933(2) 12.851(2) 19.233(1)
R/deg 101.69(1) 102.13(1) 90
â/deg 100.89(1) 101.18(1) 99.10(1)
γ/deg 98.16(1) 97.95(1) 90
V/Å3 1077.2(3) 1058.1(3) 2084.4(2)
Z 2 2 4
Dc/g cm-3 1.883 1.878 1.885
µ/mm-1 2.167 2.093 2.1
F(000) 612 596 1192
R(int) 0.034 0.056 0.056
total reflns 7666 7436 13 449
unique reflns 6024 5854 5946
I > 2σ(I) 3532 2941 3577
R1, wR2 0.0462, 0.1298 0.0585, 0.1679 0.0626, 0.1034
T/K 150 150 150

Figure 1. Metallocycle formed in complexes1 and2. Ellipsoids are drawn
at the 50% probability level.
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different copper atom with asyn-anti coordination mode.
Two of the three independent copper atoms, namely, Cu1
and Cu3, are situated on inversion centers and are six and
four coordinate, respectively, while Cu2 occupies a general
position and is five coordinate. Cu1 is six-coordinate with a
distorted octahedral environment. The equatorial plane
contains two equivalent bidentate ligands with Cu1-O(41)
and Cu1-N(48) bond distances of 1.985(3) and 1.977(4) Å
in 1 and 1.952(3) and 1.965(5) Å in2, respectively. The
axial positions are occupied by two symmetry-related oxygen
atoms, O(23) at a distance of 2.346(3) Å in1 and 2.354(4)
Å in 2. These long axial bonds (almost 0.4 Å longer that the
equatorial ones) indicate the presence of a large Jahn-Teller
effect. The other centrosymmetric copper atom, Cu3, is four
coordinate with a square-planar geometry formed by four
monodentate oxygen atoms from four different ligands with
Cu-O bond distances in the range 1.94-1.96 Å in both
compounds (Table 2). The Cu2 atom, which occupies a
general position, exhibits a slightly distorted square-
pyramidal environment (τ ) 0.08). The axial site is occupied
by a water molecule O(100) at 2.372(3) and 2.354(4) Å in
1 and 2, respectively. The equatorial plane contains two
bidentate ligands with Cu-O and Cu-N bond distances in
the range 1.95-1.99 Å in both compounds (Table 2). These
four donor atoms around Cu2 are approximately coplanar
with rms deviations of 0.04 and 0.05 Å in1 and 2,
respectively, with the Cu2 atom 0.12 Å above the mean plane
in both compounds in the direction of the water molecule.
Each 2-picolinate ligand forms a five-membered chelate ring
at the Cu1 and Cu2 atoms; the value of the chelating angles
subtended at the metal atom are 83.2 (1)° for Cu1 and 84.3-
(1)° and 82.5(1)° for Cu2 in complex1, very similar to those
of compound2: 83.6(2)° for Cu1 and 83.9(2)° and 82.6(2)°
for Cu2. The Cu1‚‚‚Cu2, Cu1‚‚‚Cu3, and Cu2‚‚‚Cu3 dis-
tances within the chain are, respectively, 5.374, 5.141, and

4.762 Å for compound1 and 5.345, 5.111, and 4.745 Å for
compound2.

Thus, the two compounds can be characterized as a chain
of alternating Cu1 and Cu3 ions connected throughsyn-
anti equatorial-equatorial carboxylate bridges. The Cu1
atom of one chain is linked to the Cu3 of a neighboring chain
via the oxygen atoms of another [Cu(pic)2] unit (the one
containing the Cu2 atom). The result is a two-dimensional
rectangular grid-like sheet structure (Figure 2). The anions
(ClO4

- in 1 and BF4
- in 2) are located between these two-

dimensional cationic sheets as shown in Figure 3a and 3b.
The water molecule in1 forms two hydrogen bonds with

O‚‚‚O distances of 2.82 Å to O(11) and 2.82 Å to O(31)ii (ii
) 1 - x,1 - y,1 - z). However, in2 one hydrogen bond is
different, being formed to F(11) at 2.76 Å rather than O(11),
while the other is equivalent to O(31)ii (ii ) 1 - x,1 - y,1
- z) at 2.82 Å (Table 4).

Description of the Structure of [Cu2(pic)3(H2O)2(NO3)]n

(3). The structure of3 consists of one-dimensional polymeric
chains (Figure 4) formed by two alternating five-coordinate
and six-coordinate independent copper(II) ions. The two
carboxylate groups of the ‘metalloligand’ [Cu(pic)2] building
block containing the Cu2 atom bridge the Cu1 atoms, which
contain one chelating picolinate ligand. As in1 and 2 the
bridging mode of the carboxylate issyn-anti, and all atoms
in the ligands participate in bonding to copper atoms with
the exception of O(13). There is one nitrate anion in the
asymmetric unit, and it is coordinated weakly to the axial
position of Cu2.

The coordination geometry of Cu1 is intermediate between
trigonal bipyramid and square pyramid as is evident from
its Addison parameter (τ ) 0.47).24a For an ideal square-
pyramid geometryτ is equal to zero, while it becomes unity
for ideal trigonal-bipyramidal geometry. When it is consid-
ered as a square pyramid, the axial site is occupied by a

(19) (a) Pasan. J.; Sanchiz, J.; Ruiz-Perez, C.; Lloret, F.; Julve, M.Eur. J.
Inorg. Chem.2004, 4081 and references therein. (b) Dey, S. K.; Bag.
B.; Malik, K. M. A.; El Fallah, M. S.; Ribas, J.; Mitra, S.Inorg. Chem.
2003, 42, 4029.

(20) Coronado, E.; Drillon, M.; Georges, R. InResearch Frontiers in
Magnetochemistry; O’Connor, C., Ed.; World Scientific Publishing:
Singapore, 1993; pp 27-66.

(21) (a) Borrás-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.;
Tsukerblat, B. S.Inorg. Chem.1999, 38, 6081. (b) Borra´s-Almenar,
J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, B. S.J. Comput.
Chem.2001, 22, 985.

Table 2. Bond Lengths (Å) and Angles (deg) in the Cu(II)
Coordination Spheres in1and2a

atoms 1 2

Cu1-O41 1.985(3) 1.952(3)
Cu1-N48 1.977(4) 1.965(5)
Cu1-O23i 2.346(3) 2.354(4)
Cu2-O100 2.372(3) 2.354(4)
Cu2-O21 1.951(3) 1.947(4)
Cu2-O31 1.980(3) 1.968(4)
Cu2-N28 1.981(4) 1.970(5)
Cu2-N38 1.989(4) 1.970(5)
Cu3-O33 1.959(3) 1.946(4)
Cu3-O43 1.953(3) 1.938(4)
O41-Cu1-N48 83.21(12) 83.53(17)
O41-Cu1-O23i 91.15(11) 91.15(16)
N48-Cu1-O23i 87.74(12) 88.37(16)
O21-Cu2-N28 84.29(12) 83.81(18)
O21-Cu2-O31 170.17(12) 169.78(17)
N28-Cu2-O31 95.21(12) 95.47(18)
O21-Cu2-N38 97.20(12) 97.42(17)
N28-Cu2-N38 175.03(15) 175.6(2)
O31-Cu2-N38 82.51(12) 82.57(17)
O21-Cu2-O100 89.06(12) 88.79(16)
N28-Cu2-O100 91.70(12) 91.85(17)
O31-Cu2-O100 100.78(12) 101.43(14)
N38-Cu2-O100 93.07(12) 92.38(16)
O43-Cu3-O33 95.52(11) 95.61(17)

a Symmetry code: i) (1 - x, -y, 1 - z).

Figure 2. Two-dimensional layer (110) of the copper(II)-picolinate-
bridged structure in complexes1.

2-Picolinate Cu(II) Complexes

Inorganic Chemistry, Vol. 46, No. 25, 2007 10775



monodentate picolinate oxygen atom O(33)i [i ) x + 1/2,
-y + 1/2, z + 1/2] at 2.132(3) Å. The equatorial plane is

formed by one chelating picolinate ligand (with an oxygen
atom, O(11), at 1.936(3) Å and a nitrogen atom, N(18), at
2.031(3) Å), one water molecule O(100) at 1.943(3) Å, and
a monodentate picolinate ligand (with an oxygen atom,
O(23), at 2.078(3) Å). Deviations of the coordinating atoms
O11, N18, O100, and O23 from the least-square mean
plane through them are 1.348(3),-1.189(3),-1.146(3), and
1.287(3) Å, respectively, and that of the copper atom from

(22) (a) Nanda, K. K.; Addison, A. W.; Sinn, E.; Thompson, L. K.Inorg.
Chem.1996, 35, 5966. (b) Bakalbassi, E.; Tsipis, C.; Bozopoulos,
A.; Dreissing, W.; Harti, H.; Mrozinski, J.Inorg. Chim. Acta1991,
186, 113. (c) Colacio, E.; Domı´nguez-Vera, J. M.; Kiveka¨s, R.;
Moreno, J. M.; Romerosa, A.; Ruiz, J.Inorg. Chim. Acta1993, 212,
115. (d) Ruiz-Perez, C.; Sanchiz, J.; Molina, M. H.; Lloret, F.; Julve,
M. Inorg. Chem.2000, 39, 1363 and references therein. (e) Ruiz-
Perez, C.; Hernandez-Molina, M.; Lorenzo-Luis, P.; Lloret, F.; Cano,
J.; Julve, M.Inorg. Chem. 2000, 39, 3845 and references therein. (f)
Rodriguez-Martı´n, Y.; Ruiz-Perez, C.; Sanchiz, J.; Lloret, F.; Julve,
M. Inorg. Chim. Acta2001, 318, 159. (g) Colacio, E.; Costes, J. P.;
Kivekäs, R.; Laurent, J. P.; Ruiz, J.Inorg. Chem.1990, 29, 4240. (h)
Colacio, E.; Domı´nguez-Vera, J. M.; Costes, J. P.; Kiveka¨s, R.;
Laurent, J. P.; Ruiz, J.; Sundberg, M.Inorg. Chem.1992, 31, 774. (i)
Murugesu, M.; Cle´rac, R.; Pilawa, B.; Mandel, A.; Anson, C. E.;
Powell, A. K. Inorg. Chim. Acta2002, 337, 328. (j) Towle, D. K.;
Hoffmann, S. K.; Hatfield, W. E.; Singh, P.; Chaudhuri, P.Inorg.
Chem.1988, 27, 394. (k) Colacio, E.; Ghazi, M.; Kiveka¨s, R.; Moreno,
J. M. Inorg. Chem. 2000, 39, 2882 and references therein. (l) Carling,
R. L.; Kopinga, K.; Kahn, O.; Verdaguer, M.Inorg. Chem.1986, 25,
1786.

(23) Rodriguez-Fortea, A.; Alemany, P.; Ruiz, E.Chem. Eur. J.2001, 7,
626.

(24) (a) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor,
G. C. J. Chem. Soc., Dalton Trans.1984, 1349. (b) Pasa´n, J.; Delgado,
F. S.; Rodrı´guez-Martı´n, Y.; Hernández-Molina, M.; Ruiz-Pe´rez, C.;
Sanchiz, J.; Lloret, F.; Julve, M.Polyhedron2003, 22, 2143.

Figure 3. Side view of the stacking of 2-D porous layers of2 along the
010 direction: (a) ball and stick perspective and (b) space-filling model
{Cu(II) deep blue; B, black; F, purple; O, red; N, light blue; C, gray; H
omitted for clarity}.

Table 3. Bond Lengths (Å) and Angles (deg) in the Cu(II)
Coordination Spheres in3a

atoms distance

Cu1-N18 2.031(3)
Cu1-O11 1.936(3)
Cu1-O23 2.078(2)
Cu1-O33i 2.132(3)
Cu1-O100 1.942(2)
Cu2-N28 1.964(3)
Cu2-N38 1.960(3)
Cu2-O21 1.969(2)
Cu2-O31 1.958(2)
Cu2-O54ii 2.544(3)
Cu2-O200 2.401(3)

atoms angle

O11-Cu1-O100 171.99(11)
O11-Cu1-N18 82.64(13)
O100-Cu1-N18 96.47(13)
O11-Cu1-O23 88.79(11)
O100-Cu1-O23 87.30(10)
N18-Cu1-O23 144.01(11)
O11-Cu1-O33i 95.98(10)
O100-Cu1-O33i 90.93(11)
N18-Cu1-O33i 126.79(11)
O28-Cu1-O33i 88.76(10)
O31-Cu2-N38 83.26(12)
O31-Cu2-N28 96.82(11)
N38-Cu2-N28 175.13(14)
O31-Cu2-O21 175.69(11)
N38-Cu2-O21 96.02(12)
N28-Cu2-O21 83.53(11)
O31-Cu2-O200 100.82(11)
N38-Cu2-O200 91.94(13)
N28-Cu2-O200 92.86(11)
O21-Cu2-O200 83.43(10)
O31-Cu2-O54ii 88.95(10)
N38-Cu2-O54ii 86.20(12)
N28-Cu2-O54ii 88.93(11)
O21-Cu2-O54ii 86.77(10)
O200-Cu2-O54ii 169.78(9)

a Symmetry code: i) (0.5 + x, 0.5 - y, 0.5 + z), ii ) (x + 1, y,
z - 1).

Table 4. Hydrogen-Bond Geometries in Compounds1-3 (in Å and
deg)a

D-H‚‚‚A d(D-H) d(H‚‚‚A) d(D‚‚‚A) ∠(D-H‚‚‚A)

compound1
O100-H1‚‚‚O11 0.85(3) 1.99(3) 2.815(5) 163(4)
O100-H2‚‚‚O31ii 0.85(3) 2.00(3) 2.818(4) 162(3)

compound2
O100-H1‚‚‚F11 0.86(4)s 1.92(4) 2.757(5) 164(4)
O100-H2‚‚‚O31ii 0.86(3) 2.13(4) 2.816(5) 136(4)

compound3
O100-H1‚‚‚O52iii 0.86(2) 1.80(2) 2.658(4) 172(3)
O100-H2‚‚‚O13iv 0.86(3) 1.88(3) 2.727(4) 170(3)
O200-H3‚‚‚O13iv 0.88(2) 2.08(3) 2.928(4) 161(4)
O200-H4‚‚‚O54v 0.86(3) 2.00(3) 2.845(4) 169(3)

a Symmetry code: ii) (1 - x, 1 - y, 1 - z), iii ) (0.5 + x, 0.5 - y,
z - 0.5), iv ) (x - 1, y, z), v ) (x, y, z - 1).
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the same plane is-0.0793(5) Å, in the direction of the
coordinated water molecule. On the other hand, its geometry
can also be described as a trigonal bipyramid with O(100)
and O(11) in axial positions. The equatorial plane is made
up of N(18) (which forms a chelate ring with the axial O(11)
atom) and two monodentate oxygen atoms O(23) and O(33)i.
In contrast, the Cu2 atom forms nearly an elongated
octahedral environment with two bidentate rings in the
equatorial plane with very similar Cu-O and Cu-N bond
lengths in the range 1.96-1.97 Å (Table 3). The four basal
atoms are coplanar with an rms of 0.01 Å with the Cu2 atom
located 0.28 Å above the basal plane toward the water
molecule. The axial positions are occupied by a weakly
bound water molecule at 2.401(3) Å and a very weakly
coordinated nitrate oxygen atom O54 (x + 1, y, z - 1) at
2.544(3) Å.

The one-dimensional chains run parallel to thex axis, and
they are interconnected through hydrogen bonds involving
two coordinated water molecules, namely, O(100) and
O(200), coordinated nitrate ions, and the noncoordinated
picolinate oxygen (O13) atom (Figure 5, Table 4). Both
hydrogen atoms of O(100) are strongly H bonded, one to
the oxygen atom O(52)iii (iii ) 0.5+ x, 0.5- y, z - 0.5) of
a nitrate ion (O‚‚‚O ) 2.658(4) Å) and the other to a
noncoordinated picolinate oxygen atom, O(13)iv (iv ) x -
1, y, z) from another chain (O‚‚‚O ) 2.727(4) Å). One of
the hydrogen atoms of O(200) is also H bonded to the same
noncoordinated picolinate oxygen atom, O(13)iv (iv ) x -
1, y, z) (O‚‚‚O ) 2.928(4) Å) while the other is H bonded
to an oxygen atom of a nitrate anion, O(54)v (v ) x, y, z -
1) (O‚‚‚O ) 2.845(4) Å) to complete a two-dimensional
H-bonded supramolecular network. The two intrachain

copper-copper separations are 4.721 Å for Cu1‚‚‚Cu2 and
5.038 Å for Cu2‚‚Cu1i [i ) x - 1/2, -y + 1/2, z - 1/2],
whereas the shortest interchain copper-copper separations
are 6.960 Å [Cu1‚‚‚Cu1iii and Cu2‚‚‚Cu2iii (iii ) x + 1, y,
z)] and 7.445 Å for Cu1‚‚‚Cu2iii [iii ) x + 1, y, z].

Anionic Influence in the Polymeric Structures of the
Complexes.The polymeric fish-backbone chain structure of
1 and 2 is formed simply by coordination of free oxygen
atoms of bis(picolinate)copper(II) (Cu1 and Cu2) to the
equatorial positions of the added copper ion (Cu3). One of
the oxygen atoms of the carboxylate group of picolinate in
Cu2 that remains still free (O23) coordinates weakly to the
axial position of Cu1 of another chain to complete the final
grid-like polymeric sheet structure of the compounds (Scheme
3, Figure 2). On the contrary, when copper(II) nitrate is added
to bis(picolinate)copper(II), one-third of the molecules react
with the added Cu(II) to form a monopicolinate entity which
is subsequently coordinated by the two free oxygen atoms
(O23 and O33) of the remaining bis(picolinate)copper(II)
moiety to form the final one-dimensional chain. The interest-
ing difference in the structure of3 from that of1 and2 is
that the nitrate anion is coordinated weakly to the axial
position of the copper ions (Cu2) and one oxygen atom of
the carboxylate group (O13) remains free, presumably to
participate in the strong H-bonding network, instead of being
weakly coordinated to the axial position of copper atom as
in 1 and 2. The nitrate ion has a planar structure and can
orient itself easily to be a favorable acceptor for strong H
bonds. The perchlorate and fluoroborate ions in1 and2 do
participate in H bonding but not as strongly as the nitrate
ion in compound3. The present examples, thus, demonstrate
an intricate competition between the weak coordinate bond-
ing and H bonding to join the polymeric chains to form the
final supramolecular assembly. It is usual that in most cases
the coordinating bond wins the competition, but in cases like
this, where the coordinating bond is weaker for any constraint
(e.g., axial bond in the d9 system due to the Jahn-Teller
effect), a favorable H-bonding network formation can be the
determining factor for the final polymeric structure as in
compound3.

Magnetic Properties.Compounds1 and2. The magnetic
properties of complexes1 and2 in the form of aømT vs T
plot (øm is the molar susceptibility per two copper(II) ions)
are shown in Figures 6 and 7, respectively. As expected from
the structural similarities, both complexes show very similar

Figure 4. View of the alternating Cu(II) chain in3. Ellipsoids are drawn
at the 50% probability level.

Figure 5. Two-dimensional hydrogen-bonded sheet architecture in3.

Figure 6. Thermal variation of the product of the molar magnetic
susceptibility and temperature (ømT) for compound1. Solid line is the best
fit to the model (see text).
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magnetic behavior. Thus, the room temperatureømT values
are 0.78 and 0.79 emu‚K‚mol-1 for 1 and 2, respectively.
These values are the expected ones for two magnetically
quasi-isolated spin doublets. On cooling, theømT values
increase gradually in the temperature range 300-50 K and
then abruptly below 50 K, reaching a value of 0.96
emu‚K‚mol-1 for both1 and2 at 2 K. This behavior indicates
the presence of overall weak ferromagnetic exchange inter-
actions between the Cu(II) ions in both compounds.

As described in the structural section, compounds1 and
2 are isomorphous and the structure can be described as a
two-dimensional net in which the Cu1-Cu3 and Cu2-Cu3
ions are connected through equatorial-equatorial carboxylate
bridges whereas Cu1 and Cu2 are linked by an equatorial-
axial bridge. It has been shown previously that when
carboxylate groups link copper(II) in asyn-anti, equatorial-
(short)-axial(long) fashion, the coupling is always very small
as this exchange pathway produces a very poor overlap of
the magnetic orbitals due to the weak spin density at the
axial site.19 Therefore, to a first approximation, the coupling
between Cu1 and Cu2 through this equatorial-axial bridge
can be neglected. Consequently, from a magnetic point of
view, these two compounds can be seen as a chain of
alternating Cu1 and Cu3 ions connected through asyn-anti
O41-C42-O43 equatorial-equatorial carboxylate bridge
(J) with side connections from the Cu3 ions to the Cu2
ions through a similar, but not identical,syn-anti O31-
C32-O33 equatorial-equatorial carboxylate bridge (J′)
(Figure 8).

To our knowledge, this kind of “fish backbone” structure
has not been reported previously, and therefore, there is no
model to fit the corresponding magnetic behavior of such a
chain. Accordingly, we developed a model that considers
the isotropic exchange interactions between first neighbors.
We can calculate the magnetic susceptibility of this Heisen-
berg chain using a closed chain computational procedure20

as a function of the ratio between both types of interactions,

J/J′, whereJ is the exchange interaction inside the chain
and J′ is the side interaction (Figure 8). The exchange
Hamiltonian can be written as

where 4N is the number of interacting spins.
We assumed that theN ) 4 calculation is close to the

exact solution in the full experimental temperature range.
Calculations were performed with the magnetism package
MAGPACK.21 This model very satisfactorily reproduces the
magnetic data in the whole temperature range with the
following parameters:g ) 2.034,J(chain) ) 1.74 cm-1,
andJ′(side)) 0.19 cm-1 for 1 andg ) 2.044,J(chain))
0.99 cm-1, and J′(side) ) 0.25 cm-1 for 2 (solid lines in
Figures 6 and 7). The values of the superexchange parameters
(J) for these two complexes are within the normal range
observed for this kind of singlesyn-anti, equatorial-
equatorial carboxylate-bridged copper(II) complexes with
dx2-y2 magnetic orbitals.8,22 It has been stated by several
authors22k,l and also substantiated by DFT calculations23 that
for syn-anti Cu-O-C-O-Cu bridges the contributions
from the 2p orbitals of O atoms belonging to the magnetic
orbitals centered on Cu(II) ions are unfavorably oriented to
give a significant overlap. The nonplanarity of the Cu-O-
C-O-Cu bridge, measured by the dihedral angle, is also
very important for the extent of the coupling. Thus, for high
dihedral angles the overlap of the magnetic orbitals is
reduced, which implies a reduction of the antiferromagnetic
contribution and, consequently, the ferromagnetic term
becomes dominant.22c-k Thus, the strongest ferromagnetic
coupling is expected for a dihedral angle of 90°. In
complexes1 and 2, although both carboxylate bridges are
very similar, the dihedral angles between the equatorial
planes of the Cu ions are slightly different. For complex1
the dihedral angle between the Cu1 and Cu3 mean equatorial
planes, connected through the O41-C42-O43 carboxylate
bridge (J), is 48.5°, whereas the dihedral angle between the
Cu2 and Cu3 mean equatorial planes, connected through the
O31-C32-O33 carboxylate bridge (J′), is 31.6°. This
difference in the dihedral angles may explain the different
magnitude and assignment of the two exchange coupling
constants. Thus, the stronger ferromagnetic coupling (J )
1.74 cm-1) may be assigned to the interaction between Cu1
and Cu3 in the backbone of the chain (J) having a greater
dihedral angle, whereas the lower coupling constant value
(J′ ) 0.19 cm-1) is assigned to the interaction between Cu2
and Cu3 in the side chain since it has a smaller dihedral
angle. Following the same arguments we assigned the
stronger exchange interaction (J ) 0.99 cm-1) to the
backbone of the chain (dihedral angle) 48.0°) and the
weaker one (J′ ) 0.25 cm-1) to the side chain (dihedral angle
) 31.8°) in complex2.

It is to be noted that as mentioned in the structure
description (see above) both compounds1 and 2 can also
be described as a two-dimensional rectangular array of Cu-

Figure 7. Thermal variation of the product of the molar magnetic
susceptibility and temperature (ømT) for compound2. Solid line is the best
fit to the model (see text).

Figure 8. Magnetic exchange scheme used for compounds1 and2.

Ĥ ) -2∑
i)1

N

[J(Ŝ2iŜ2i+1 + Ŝ2iŜ2i-1) +

J′(Ŝ2iŜ2(N+i)-1 + Ŝ2iŜ2(N + i))]
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(II) ions connected through threesyn-anti carboxylate
bridges. This description assumes that the long Cu1-O23
bonds (2.35 Å on average, much longer than the other Cu-O
bonds whose average distance is 1.97 Å) can promote a non-
negligible magnetic interaction. Previous examples8a,22,24

clearly show that this interaction is definitely small although
it may be not negligible. Accordingly, we examined a
rectangular model with the magnetic exchange pathway as
described in Figure 9. Since the three carboxylate bridges
are very similar (syn-anti), in order to reduce the number
of adjustable parameters we assumed that the three coupling
constants are equal (J ) J′ ) J′′ in Figure 9). With this
approximation we developed a model where we take into
account two chains withN ) 2 as we described before but
now interacting throughJ′′. Again an exact evaluation of
the energy levels for the 16 spin system has been performed
and the magnetic susceptibility curve calculated.

This model also very satisfactorily reproduces the magnetic
data of both compounds in the whole temperature range (not
shown) with the following parameters:g ) 2.03 andJ )
0.64 cm-1 for compound1 andg ) 2.05 andJ ) 0.37 cm-1

for compound2. As expected, the average coupling constant
in compounds1 and 2 is weak and ferromagnetic, as also
observed in compounds1 and2 with the chain model. Note
that with this model we obtained an averageJ value since
the complexity of the model precludes a precise determina-
tion of each of the coupling constants since they are
correlated and, therefore, are not independent in the fitting
procedure (there are many sets of different values that
reproduce the magnetic data).

Compound3. The magnetic properties of complex3 are
shown in Figure 10 in the form ofømT vs T (øm is the molar
susceptibility per two copper(II) ions). It shows a room-
temperature value of 0.81 emu‚K‚mol-1 that remains constant
in the temperature range 300-100 K. Below ca. 100 K the
ømT product shows a smooth increase to reach a value of
ca. 1.3 emu‚K‚mol-1 at 2 K (Figure 10). This behavior

indicates, as in compounds1 and 2, the presence of
ferromagnetic exchange interactions between the Cu(II) ions.
Since the structure of compound3 shows a chain of Cu(II)
ions connected through alternatingsyn-anti carboxylate
bridges we used a chain model with two alternating (J and
J′) exchange coupling constants (Figure 11).

Using the same approximation as before, we used the
following Hamiltonian for complex3

where 2N is the number of interacting spins. We assumed
that theN ) 9 calculation is close to the exact solution in
the full experimental temperature range. This model leads
to equal values, within experimental error, for both exchange
coupling constants, and therefore, we fitted the experimental
data with a single coupling constant (J ) J′).

This model very satisfactorily reproduces the magnetic data
in the whole temperature range with the following param-
eters: g ) 2.05; J ) J′ ) 1.99 cm-1 (as before, the
Hamiltonian is written as-2JS1S2) (solid line in Figure 10).
As expected, theJ value is very close to that observed for
compounds1 and2, where very similarsyn-anti carboxylate
bridges are present. The most significant difference may be
the fact that in compound3 the carboxylate bridge (Cu2-
O31-C32-O33-Cu1) connects Cu1 in the apical position
if we consider the geometry of Cu1 as square pyramidal.
However, its τ value (0.47) indicates that there is a
considerable amount of mixing of the dz2 orbital with the
magnetic dx2-y2 orbital to result in significant spin density
along the apical direction which accounts for the rather high
value of J compared to other basal-apical carboxylate-
bridged systems.8 Alternatively, the geometry of Cu1 is closer
to a trigonal bipyramid, and for such consideration thesyn-
anti carboxylate bridges connect equatorial positions on
both Cu(II) ions (Figure 11). Therefore, both coupling
constants are expected to be very similar as in compounds1
and2.

Conclusions

The present study demonstrates a facile method for the
synthesis of metal-organic frameworks of copper(II) and
2-picolinate. The bridging properties of the carboxylate group
of the simple building block [Cu(pic)2] have been utilized
to construct these supramolecular aggregates. When studying
the ability of anions to direct formation of a specific
polymeric structure the different coordinating capabilities of
specific anions are known to play a very important role. In
the present study, the differences in coordination behavior
of the corresponding anions are not remarkable; in1 and2
they are noncoordinated and in3 only very weakly coordi-
nated. Therefore, other factor such as H-bond formation

Figure 9. Alternative magnetic exchange scheme in compounds1 and2.

Figure 10. Thermal variation of the product of the molar magnetic
susceptibility and temperature (ømT) for compound3. Solid line is the best
fit to the model.

Figure 11. Magnetic exchange scheme in compound3.
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should also be taken into account for the control over the
coordination sphere of the metal center and nature of the
final assembly. The nitrate ion being triangular and planar
is found to be more efficient than the tetrahedral perchlorate
or fluoroborate in forming an H-bonded network. Conse-
quently, one-dimensional chains of compound3 are joined
by H bonds but those of1 and2 by weak coordinate bonds,
giving rise to the observed two-dimensional structures. The
magnetic studies reveal weak ferromagnetic interactions
between the metal centers for all three complexes, cor-
roborating earlier findings that forsyn-anti, equatorial-
equatorial carboxylate bridging ligands,J is positive when
the copper planes approach to perpendicular between them
(in 1 and 2). In complex3, although one of thesyn-anti
bridges connects the Cu(II) centers in basal-apical positions,

its high distortion toward a trigonal-bipyramid geometry
accounts for the comparatively largeJ value.
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