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The new copper() and cobalt() assembled compounds {(G)2[M(CA)2(H2O)2]}n (M = Cu2�, Co2�; H2CA =
chloranilic acid; G = 4-hydroxypyridinium cation (4-pyOH2

�), 3-hydroxypyridinium cation (3-pyOH2
�)) have

been synthesized and characterized. In every compound two chloranilate dianions and two water molecules are
coordinated to the metal ion making dianionic monomers, [M(CA)2(H2O)2]

2�. The coordination environment
around the metal ion is a distorted octahedron, where two water molecules sit in a trans position to each other.
[M(CA)2(H2O)2]

2� anions form anionic layer structures (1, 3) and an anionic chain structure (2) by using hydrogen
bonding interactions. The cations are introduced between the {[M(CA)2(H2O)2]

2�}l layers or chains, which are
supported by both the hydrogen bonding interaction and the electrostatic interaction between the organic cations and
the complexes. In compounds 1 and 3, the organic cations are stacked on each other to form a segregated columnar
structure between the {[M(CA)2(H2O)2]

2�}l layers. On the other hand, in compound 2, the cations are included in a
cage as a dimer. The cage is constructed by the chlorine atoms of CA2� dianions of the chains and the organic cations
are anchored to the chain by the hydrogen bonding interactions.

Introduction
Construction of assembled metal complexes with specific net-
work topologies is an important step to realize not only a new
magnetic and conductive phase,1–13 but also an inclusion or
intercalation system for ion- or molecule-exchange,14,15 adsorp-
tion 16–21 and catalytic properties 22 due to their fascinating
molecular structures.23–41 Intermolecular interactions that have
been used to produce such networks include coordination
bonding,42–44 hydrogen bonding,45–54,85 and van der Waals forces
such as stacking interactions.55–59 Especially, the hydrogen
bonding interaction is relevant to realize higher dimensional
metal complex assemblies with novel properties such as micro-
porosity,44,60 dynamic properties concerning proton-transfer-
mediated electron transfer through the hydrogen bond,61–63 non-
linear optics 64 and thermochromic properties of the crystal
forms. Thus one of the best strategies for the rational synthesis
of crystalline metal assemblies is to utilize the hydrogen bond-
ing capability of coordinated ligands in addition to their
coordination capability. On the other hand, compounds with
layer or chain structure can intercalate (include) small
molecules.65–69 On the basis that hydrogen bonding is also
the attractive force in cooperation with guest molecules,
the organic molecules having multihydrogen bonding sites
would be included into compounds having layer or chain
structure.

Very recently, taking advantage of the strong hydrogen bond-
ing ability of a pyridine hydroxyl group and an oxocarbon
hydroxyl group, we prepared the novel intercalation com-
pounds which consist of the straight 1-D chain, [M(CA)-
(H2O)2]k (M = Mn2�, Fe2�, Co2�, Cu2�; H2CA = chloranilic acid
(C6H2O4Cl2)) and uncoordinated guest molecules.70,71 The
chains are linked by hydrogen bonds between the coordinated
water and the oxygen atoms of the CA2� anion on the adjacent
chain, forming layers. The guest molecules are intercalated

between the {[M(CA)(H2O)2]k}l
86 layers, which are supported

by N � � � H2O hydrogen bonding. Although the layers are
flexible, only neutral and symmetrical guest molecules are
introduced between the layers. In spite of the importance of
hydrogen bonding between cations and anions for supra-
molecular assembly and molecular recognition in biological
systems and functional materials, to date only a small num-
ber of organic and metal–organic supramolecular hydrogen
bonded frameworks have been constructed using exclusively
ionic compounds.24,46,60,72,73 However, detailed control over the
assembly and arrangement of ions in solid materials proves
to be an illusory goal and further work is required in order
to increase the choice of reliable building blocks and, more
importantly, to allow us to rationalize and predict structural
arrangements and functionalities of such materials.74

In considering the remarkable hydrogen bonding properties
exhibited by the 1-D metal–chloranilate system, we are
reminded of two-dimensional hydrogen bond-supported sheets,
{[Fe(CA)2(H2O)2]

�}l which intercalate ferrocenium cations and
phenazinium cations.75,76 The charged molecule is introduced
between the {[Fe(CA)2(H2O)2]

�}l layers, and is supported by
the electrostatic interaction. The extension of this chemistry
would afford new hydrogen bonding assemblies if the layered
compounds are constructed using similar building blocks and
include charged molecules with functionalities such as con-
ducting and/or photosensitized properties by using hydrogen
bonding interactions. In this study, we propose a new synthetic
strategy to take advantage of the anionic complex, [M(CA)2-
(H2O)2]

m� as a hydrogen bonding module for constructing
various structures of assembled compounds. The monomer
complex has two oxygen atoms at axial sites and eight oxygen
atoms on the coordinated chloranilates in the equatorial plane,
thus it is an attractive functional module to use in designing the
lattice structure. The coordinated waters and terminal oxygen
on the chloranilates operate as hydrogen bonding donors and
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acceptor, respectively, to form two types of structural motif;
one-dimensional (tape) and two-dimensional (sheet) illustrated
as Scheme 1.37,45,77 The “tape” motif has a remaining hydrogen

bonding donor site on each coordinated water and hydrogen
bonding acceptor sites on the chloranilates and waters while the
“sheet” motif has only acceptor sites, suggesting that the inter-
action modes of the anionic motifs to the cations are different
from each other.

To develop the supramolecular chemistry of the metal–
chloranilate system, we describe here novel one- and two-
dimensional hydrogen bond-supported compounds which are
constructed from the monomer and charged organic cations,
{(G)m[M(CA)2(H2O)2]}n (M2� = Cu2�, Co2�; G = 4-hydroxy-
pyridinium (4-pyOH2

�), 3-hydroxypyridinium (3-pyOH2
�);

CA2� = chloranilate (C6Cl2O4)). The organic cations are intro-
duced between the {[M(CA)2(H2O)2]

2�}l chains or layers, which
are supported by both the hydrogen bonding interaction and
the electrostatic interaction between the cations and the anionic
complexes. We discuss the factors that determine the structures
of organic–inorganic molecular composites. In addition to the
crystal structures, magnetic and thermal properties are also
described.

Experimental
Synthesis of {(4-pyOH2)2[Cu(CA)2(H2O)2]}n (1)

An aqueous solution (3 ml) of copper sulfate pentahydrate
(1 mmol l�1) was transferred to a glass tube, then an ethanol–
water mixture (3 ml) of 4-pyOH (2 mmol l�1) and H2CA
(2 mmol l�1) was poured into the tube without mixing the two
solutions. Red-purple plate crystals began to form at ambient
temperature within a week. One of these crystals was used for
X-ray crystallography. Anal. Calcd. for CuCl4O12C22H16N2: C,
37.44; H, 2.29; N, 3.97%. Found: C, 37.41; H, 2.42; N, 3.93%.

Synthesis of {(3-pyOH2)2[Cu(CA)2(H2O)2]}n (2)

Compound 2 was synthesized from copper sulfate and 3-pyOH,
respectively, by a procedure similar to that employed for 1. Red-
purple plate crystals began to form within a week. One of these
crystals was used for X-ray crystallography. Calcd. for CuCl4O12-
C22H16N2: C, 37.44; H, 2.29; N, 3.97%. Found: C, 37.35; H,
2.21; N, 3.91%.

Synthesis of {(3-pyOH2)2[Co(CA)2(H2O)2]}n (3)

Compound 3 was synthesized from cobalt sulfate and 3-pyOH,
respectively, by a procedure similar to that employed for 2.
Red-purple plate crystals began to form within a week. One
of these crystals was used for X-ray crystallography. Calcd.
for CoCl4O12C22H16N2: C, 37.69; H, 2.30; N, 4.00%. Found:
C, 37.48; H, 2.32; N, 3.94%.

Physical measurements

IR spectra of the KBr discs were measured on a Hitachi I-5040

Scheme 1

FT-IR spectrophotometer. UV and visible spectra were meas-
ured on a Hitachi U-3500 spectrophotometer. EPR spectra
were recorded at the X-band frequency with a JEOL RE-3X
spectrometer operating at 9.1–9.5 GHz. Resonance frequency
was measured on an Anritsu MF76A microwave frequency
counter. Magnetic fields were calibrated by an Echo Electronics
EFM-2000AX NMR field meter. The EPR spectra were
measured with a modulation frequency of 100 kHz and a
modulation amplitude of 0.5 mT, throughout. X-Ray powder
diffraction data were collected on a MAC Science MXP18
automated diffractometer by using Cu-Kα radiation. Thermal
gravimetric (TG) analysis and differential scanning calorimetry
(DSC) were carried out with a Seiko Instruments SSC5200
thermo-analyzer in a nitrogen atmosphere (heating rates: 10 K
min�1 for TG; 2–5 K min�1 for DSC).

Crystallographic data collection and structure refinement

A suitable crystal was chosen and mounted on a glass fiber with
epoxy resin. Data collections for compounds 1 and 3 were
carried out on a Rigaku AFC7R with graphite-mono-
chromated Mo-Kα radiation. Data collections for compound 2
were carried out on a MAC Science MXC3 with graphite-
monochromated Mo-Kα radiation. Crystallographic data are
given in Table 1. The structures were solved by direct methods
(Rigaku TEXSAN crystallographic software package of
Molecular Structure Corporation). All the hydrogen atoms
were located in the Fourier difference maps. However, they were
not refined.

CCDC reference number 186/2010.
See http://www.rsc.org/suppdata/dt/b0/b001822h/ for crystal-

lographic files in .cif format.

Results and discussion
Crystal structure of {(4-pyOH2)2[Cu(CA)2(H2O)2]}n (1)

The structure of 1 consists of a mononuclear [Cu(CA)2-
(H2O)2]

2� dianion and 4-pyOH2
� cation. An ORTEP 87 drawing

of 1 is shown in Fig. 1a, and selected bond distances and
angles with their estimated standard deviations are listed in
Table 2. The geometry around the metal ion of the monomer
is a distorted octahedron involving the four oxygen atoms of
two CA2� anions and two water molecules which are trans to
each other. The environment of the copper atom consists of the
four short in-plane bonds and the two long axial bonds
(1.962(2) Å (Cu–O(1) and Cu–O(1�)), 1.937(2) Å (Cu–O(2),
Cu–O(2�)) and 2.623(3) Å (Cu–O(5), Cu–O(5�))), giving rise to a
“4 � 2” type of configuration, and the copper atom sits on the
equatorial plane. The axial bond distances are much longer
than the equatorial ones and are comparable with those of
[Cu2(oxalate)2(pyrazine)3]n (Cu–N distance: 2.670(8) Å), indi-
cative of weak coordination. Interestingly, [Cu(CA)2(H2O)2]

2�

dianions of 1 form a “tape” motif extended to the diagonal
between the a- and c-axes (Fig. 1b). The tapes are supported by
both the stacking interaction and the hydrogen bonding inter-
action: the adjacent [Cu(CA)2(H2O)2]

2� dianions are stacked on
each other with coordinated chloranilate, the distance of the
neighbor C(1)–C(3�) being 3.387(4) Å, to support the tape, and
hydrogen bonds (O(3)–O(5�); 2.684(3) Å) occur between the
coordinated water and the oxygen atom of CA2� on the nearest
neighbor complex. Moreover, the tape motifs, are fabricated
into a layer, {[Cu(CA)2(H2O)2]

2�}l spreading out along the
ac-plane (Fig. 1b). This “sheet” motif is supported by hydro-
gen bonds (O(4)–O(5�); 2.765(3) Å), which occur between
the coordinated water and the oxygen atom of CA2� on the
adjacent complex in the tape. The chlorine atoms of CA2�

project forward to the outside of the layer to create channels
along the c-direction. The 4-pyOH2

� cations are included
in the channel (Fig. 1c). This feature resembles the structures
of {[Fe(Cp)2][Fe(CA)2(H2O)2]}n and {(Hphz)[Fe(CA)2(H2O)2]-
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Fig. 1 (a) ORTEP drawing of a monomer unit of compound 1 with labeling scheme and thermal ellipsoids at the 50% probability level for Cu, Cl,
O, and C atoms. Spheres of the hydrogen atoms have been arbitrarily reduced. (b) Sheet structure of {[Cu(CA)2(H2O)2]

2�}l. (c) Projection of 1 along
the c-axis. (d) Columnar structure of 4-pyOH2

� cations in 1. The dashed lines denote the sites of hydrogen bonding between the ions.

(H2O)2}n (phz = phenazine), suggesting that the electrostatic
interaction between the complex and the cation plays an
important role to introduce the organic cation between the
layer. Moreover, two kinds of hydrogen bonding occur between
the uncoordinated 4-pyOH2 and the coordinated water on the
complex (O(5)–O(6�); 2.593(3) Å, N�–O(1); 3.049(4) Å). These
bonds interlink the nearest-neighbor sheets to afford a three-
dimensional structure and rivet the conformation/orientation
of the cations, in other words, provide a novel assemblage
stabilized by both hydrogen bonding interactions and electro-
static interactions between the ions. On the other hand, organic
cations, 4-pyOH2

� are stacked on each other along the c-axis
(nearest neighbor C(11)–C(11�) distance: 3.418(7) Å) to form a
columnar structure in the channel (Fig. 1d). Therefore, stacking
modes of the organic cations are affected by the assembled
structures of the anionic complexes (vide infra).

Crystal structure of {(3-pyOH2)2[Cu(CA)2(H2O)2]}n (2)

The structure of 2 consists of a mononuclear [Cu(CA)2-

(H2O)2]
2� dianion and a 3-pyOH2

� cation. An ORTEP drawing
of 2 is shown in Fig. 2a, and selected bond distances and
angles with their estimated standard deviations are listed
in Table 2. The symmetry around the copper ion of the mono-
mer is similar to that of 1 and slightly higher than that of 1
(1.946(3) Å (Cu–O(1), Cu–O(1�)), 1.944(3) Å (Cu–O(2), Cu–
O(2�)) and 2.499(4) Å (Cu–O(3), Cu–O(3�))). However, crystal
packing structure of 2 is different from that of 1, that is, the
[Cu(CA)2(H2O)2]

2� dianions of 2 do not form layers but tapes,
{[M(CA)2(H2O)2]

2�}k. The “tape” motif extends to the b-axis
and is supported by hydrogen bonds (O(3)–O(4�); 2.771(5) Å),
which occur between the coordinated water and the oxygen
atom of CA2� on the nearest neighbor complex (Fig. 2b).
Moreover, the adjacent [Cu(CA)2(H2O)2]

2� dianions are stacked
on each other with coordinated chloranilate, the distance of
the neighbor C(2)–C(4�) being 3.313(7) Å, to support the tape.
These features resemble those of 1 very closely. Interestingly,
four tapes surround the included 3-pyOH2

� cations. Each
cation has the same geometry as do the cations in related
compounds.43,78–81 The twelve chlorine atoms of the CA2�
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Table 1 Crystallographic data for {(4-pyOH2)2[Cu(CA)2(H2O)2]}n (1), {(3pyOH2)2[Cu(CA)2(H2O)2]}n (2), and {(3-pyOH2)2[Co(CA)2(H2O)2]}n (3)

Compound 1 2 3

Formula
FW
Dimensions/mm
Space group
Crystal system
a/Å
b/Å
c/Å
α/�
β/�
γ/�
V/Å3

Z
µ(Mo-Kα)/cm�1

Diffractometer
T/�C
Unique reflections
No. of observed reflections
R a

Rw
b

R(int)

CuCl4O12C22H16N2

705.73
0.20 × 0.10 × 0.10
P1̄ (no. 2)
Triclinic
9.028(2)
9.797(2)
8.764(2)
113.17(2)
117.23(1)
71.65(2)
625.0(2)
1
1.373
AFC7R
23.0
2873
1966
0.035
0.033
0.031

CuCl4O12C22H16N2

705.73
0.70 × 0.40 × 0.04
P21/n (no. 14)
Monoclinic
13.720(4)
9.562(5)
9.656(2)

90.533(2)

1266.9(6)
2
1.354
MXC3X
23.0
3087
1912
0.052
0.053
0.052

CoCl4O12C22H16N2

701.12
0.20 × 0.05 × 0.05
P1̄ (no. 2)
Triclinic
9.784(3)
17.088(6)
7.499(2)
94.83(2)
100.86(2)
95.77(2)
1218.2
2
1.217
AFC7R
23.0
5609
3762
0.082
0.044
0.070

a R = Σ Fo| � |Fc /Σ|Fo|. b Rw = [(Σw(|Fo| � |Fc|)
2/ΣwFo

2)]1/2, w = [σ2(Fo
2) � p2/4*Fo

2]�1.

Fig. 2 (a) ORTEP drawing of a monomer unit of compound 2 with labeling scheme and thermal ellipsoids at the 50% probability level for Cu, Cl,
O, and C atoms. Spheres of the hydrogen atoms have been arbitrarily reduced. (b) Tape structure of {[Cu(CA)2(H2O)2]

2�}k. (c) Projection of 2 along
the b-axis. The dashed lines denote the sites of hydrogen bonding between the ions. (d) Cage structure in 2.

dianions of the adjacent tapes project out as thorns to create a
cage, that is, eight Cl atoms on the monomer in two of the
neighbor tapes and four Cl atoms on the chloranilates which
stack with the cations (nearest neighbor C(3)–C(7�) distance:
3.366(8) Å) form a cage (Fig. 2c and 2d). Two 3-pyOH2

� cations

are included in the cage and stacked on each other to form a
dimer (nearest neighbor C(11�)–C(10�) distance: 3.348(8) Å)
and this interaction mode is different from that of 1. Therefore it
follows from a structural comparison between 1 and 2 that the
packing mode of the cations depends on the arrangement of
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the chlorine atoms on the CA2� dianions. On the other hand,
three types of hydrogen bonding occur between the uncoordin-
ated 3-pyOH2

� cation and the coordinated water. Two of them
are in the cage (O(5)–O(6�); 2.601(5) Å, N�–O(3); 2.861(6) Å)
and link the dimers and the chains to form a sheet spreading
out along the bc-plane. Another hydrogen bond (O(3)–O(6�):
2.914(5) Å), where the coordinated water is a hydrogen bonding
donor attached to the hydroxy group on 3-pyOH2

� cations,
interlink the nearest-neighbor layers to afford a three-
dimensional structure.

Crystal structure of {(3-pyOH2)2[Co(CA)2(H2O)2]}n (3)

The assembled structure of 3 consists of a layer constructed
from the [Co(CA)2(H2O)2]

2� dianions and 3-pyOH2
� cations

which are introduced between the layers. An ORTEP drawing
of the asymmetric unit and the symmetry-related fragments
for 3 is shown in Fig. 3a, and selected bond distances and
angles with their estimated standard deviations are listed
in Table 2. There are two kinds of monomer unit in the layer.
The geometries around the metal ions of the monomers are

Table 2 Bond distances (Å) and angles (�)

{(4-pyOH2)2[Cu(CA)2(H2O)2]}n (1)

Cu–O(1)
Cu–O(5)
O(2)–C(6)
O(4)–C(4)
O(1)–N�
O(4)–O(5�)

1.962(2)
2.623(3)
1.274(4)
1.234(4)
3.049(4)
2.765(3)

Cu–O(2)
O(1)–C(1)
O(3)–C(3)
O(6)–C(7)
O(3)–O(5�)
O(5)–O(6�)

1.937(2)
1.276(4)
1.232(4)
1.318(4)
2.684(3)
2.593(3)

{(3-pyOH2)2[Cu(CA)2(H2O)2]}n (2)

Cu–O(1)
Cu–O(3)
O(2)–C(2)
O(5)–C(5)
O(3)–N
O(3)–O(6�)

1.946(3)
2.499(4)
1.275(5)
1.244(5)
2.861(6)
2.914(5)

Cu–O(2)
Cl(1)–C(3)
O(4)–C(4)
O(6)–C(8)
O(3)–O(4�)
O(5�)–O(6)

1.944(3)
1.729(4)
1.229(5)
1.344(6)
2.771(5)
2.601(5)

{(3-pyOH2)2[Co(CA)2(H2O)2]}n (3)

Co(1)–O(1)
Co(1)–O(3)
Co(2)–O(7)
O(2)–C(2)
O(4)–C(5)
O(7)–C(8)
O(9)–C(11)
O(11)–C(14)
O(1)–O(9�)
O(6)–O(4�)
O(11)–O(3�)
N(1)–O(10�)

2.077(4)
2.125(4)
2.065(4)
1.265(6)
1.235(6)
1.262(6)
1.232(6)
1.328(7)
2.756(6)
2.704(6)
2.829(6)
2.866(8)

Co(1)–O(2)
Co(2)–O(6)
Co(2)–O(8)
O(3)–C(3)
O(5)–C(6)
O(8)–C(9)
O(10)–C(12)
O(12)–C(19)
O(1)–O(10�)
O(6)–O(5)
O(12)–O(5�)
N(2)–O(8�)

2.069(4)
2.076(4)
2.114(4)
1.278(6)
1.250(6)
1.281(6)
1.249(6)
1.331(7)
2.786(6)
2.754(5)
2.675(6)
2.920(7)

{(4-pyOH2)2[Cu(CA)2(H2O)2]}n (1)

O(1)–Cu–O(2)
O(1)–Cu–O(5)
O(2)–Cu–O(5)
Cu–O(1)–C(1)

83.79(9)
85.68(9)
94.35(9)

112.5(2)

O(1)–Cu–O(2�)
O(1)–Cu–O(5�)
O(1)–Cu–O(5�)
Cu–O(2)–C(6)

96.21(9)
94.32(9)
85.65(9)

113.4(2)

{(3-pyOH2)2[Cu(CA)2(H2O)2]}n (2)

O(1)–Cu–O(2)
O(1)–Cu–O(3)
O(2)–Cu–O(3)
Cu–O(1)–C(1)

84.2(1)
94.2(1)
88.1(1)

112.4(3)

O(1)–Cu–O(2�)
O(1)–Cu–O(3�)
O(2)–Cu–O(3�)
Cu–O(2)–C(2)

95.8(1)
85.8(1)
91.9(1)

112.5(3)

{(3-pyOH2)2[Co(CA)2(H2O)2]}n (3)

O(1)–Co(1)–O(2)
O(1)–Co(1)–O(3)
O(2)–Co(1)–O(3)
O(6)–Co(2)–O(7)
O(6)–Co(2)–O(8)
O(7)–Co(2)–O(8)
Co(1)–O(2)–C(2)
Co(2)–O(7)–C(8)

91.8(2)
87.9(2)
77.6(1)
92.5(2)
88.1(2)
78.0(1)

116.1(3)
115.1(3)

O(1)–Co(1)–O(2�)
O(1)–Co(1)–O(3�)
O(2)–Co(1)–O(3�)
O(6)–Co(2)–O(7�)
O(6)–Co(2)–O(8�)
O(7)–Co(2)–O(8�)
Co(1)–O(3)–C(3)
Co(2)–O(8)–C(9)

88.2(2)
92.1(2)

102.4(1)
87.5(2)
91.9(2)

102.0(1)
112.9(3)
113.5(3)

similar to each other and distorted octahedrons involving the
four oxygen atoms of two CA2� anions and two water mole-
cules which lie trans to one another. The environment
of the cobalt atom also consists of the four short in-plane
bonds and the two long axial bonds (2.077(4) Å (Co(1)–O(1)
and Co(1)–O(1�)), 2.069(4) Å (Co(1)–O(2), Co(1)–O(2�)) and
2.125(4) Å (Co(1)–O(3), Co(1)–O(3�))) giving rise to a “4 � 2”
type of configuration. However the equatorial plane of the
complex is not parallel to the chloranilate plane and is dis-
similar to those of 1 and 2, that is, chloranilates coordinate to
the cobalt atom asymmetrically. Such asymmetrical coordin-
ation of the CA2� dianion is also reflected in the distances of
the C–O bonds. This feature is different from that of {[Fe(Cp)2]-
[Fe(CA)2(H2O)2]}n while the [Co(CA)2(H2O)2]

2� dianions in 3
also form layers, {[Co(CA)2(H2O)2]

2�}l spreading out along the
bc-plane. The sheets are supported by four different hydrogen
bond (O(1)–O(9�); 2.756(6) Å, O(1)–O(10�); 2.786(6) Å, O(6)–
O(4�); 2.704(6) Å, O(6)–O(5); 2.754(5) Å), which occur between
the coordinated waters and the oxygen atoms of CA2� on the
adjacent complexes (Fig. 3b). Moreover, the [Co(CA)2(H2O)2]

2�

dianions are stacked on each other with the coordinated
chloranilate plane along the c-axis, the distance of the neighbor
C(2)–C(11�) and C(6)–C(9�) being 3.602(8) and 3.646(8) Å,
respectively, to support the layer. Therefore two kinds of build-
ing block are connected alternatively to form the sheet motif in
3 while only one kind of monomer building block is regularly
distributed in the sheet motifs of {(Hphz)[Fe(CA)2(H2O)2]-
(H2O)2}n and {[Fe(Cp)2][Fe(CA)2(H2O)2]}n. On the other hand,
the tape motifs in 1 connect to form the sheet motif. These facts
suggest that the shape and the bonding interaction of the intro-
duced organic cation molecules may affect the inorganic
assemblies.

The chlorine atoms of CA2� project forward to the outside of
the layer to create channels along the c-direction. Two kinds
of 3-pyOH2

� cations are included in the channels (Fig. 3c) and
provide the cross-link between adjacent layers of [Co(CA)2-
(H2O)2]

2�. This is achieved through two kinds of hydrogen
bond occurring between each 3-pyOH2

� and the coordinated
waters (O(11)–O(3�); 2.829(6) Å, N(1)–O(10�); 2.866(8) Å,
O(12)–O(5�); 2.675(6) Å, N(2)–O(8�), 2.920(7) Å). Each 3-
pyOH2

� cation has the same geometry as do the cations in
compound 2 and the layered compound, 3-hydroxypyridinium
hydrogen -malate.48 However, the assembled structures of the
included cations are different from each other, that is, they are
dimers in 2, discrete cations in 3-hydroxypyridinium hydrogen
-malate and a column in 3. The planar 3-pyOH2

� cations are
stacked on each other along the c-axis (C(19)–C(20�), 3.321(8)
Å, C(15)–C(14); 3.362(9) Å), and the stacking 3-pyOH2

�

cations are lined up in the channel and form a segregated
column. Therefore, stacking modes of the cations are affected
by the inorganic assemblies. Especially, the structural difference
between 2 and 3 may be due to the differences in coordination
geometry between the cobalt ion and copper ion.

EPR spectral properties of 1 and 2

Despite the dramatic packing differences between 1 and 2, both
compounds display similar magnetic properties (Fig. 4). The
EPR spectrum of the powder sample of 1 at 77 K has a signal
with g|| = 2.308 and g⊥ = 2.068, consistent with the elongated
octahedral geometry, and a weak half-field transition band,
indicative of the presence of magnetic exchange between the
Cu2� centers. The EPR spectrum of the powder sample of 2 at
77 K resembles that of 1 with g|| = 2.322 and g⊥ = 2.071 and a
weak half-field transition band. The smaller g|| values of 1 are
attributed to the relatively larger crystal field strength in the
coordination plane: the distance between the copper and the
coordinated water of 1 is much longer than that of 2 indicating
that the in-plane ligand field is stronger than that of 2. Inter-
estingly, while the spectral shapes show exchange narrowing
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Fig. 3 (a) ORTEP drawing of a monomer unit of compound 3 with labeling scheme and thermal ellipsoids at the 50% probability level for Cu, Cl,
O, and C atoms. Spheres of the hydrogen atoms have been arbitrarily reduced. (b) Sheet structure of {[Cu(CA)2(H2O)2]

2�}l. (c) Projection of 3 along
the c-axis. (d) Columnar structure of 3-pyOH2

� cations in 3. The dashed lines denote the sites of hydrogen bonding between the ions.

patterns in both complexes, the line widths in the g⊥ region
for 1 are broader than that for 2 indicative of the lower axial
symmetry around the coordinated waters–copper axis of 1
than that of 2, which is consistent with the X-ray structural
results. On the other hand, line widths around the g|| region at
∆Ms = 1 transition in both complexes are much broader than
those in the g⊥ region. These features are similar to that of a
one-dimensional antiferromagnet, [Cu(pyz)(NO3)2]n (pyz =
pyrazine) in which the direction of maximum line width in the
EPR spectra is parallel to the principal axis of g||.

82–84 In com-
pound 2, the mononuclear Cu2� building units are stacked on
each other to make a “tape” motif and the angle between the
tape direction and the principal axis of g|| which is normal to the
chloranilate plane is about 30�. Thus a similar situation may
hold for compound 2. On the other hand, the maximum line
width of a spectrum is normally found normal to the layer in
the case of two dimensional compounds whereas it is not

observed at such a direction which is parallel to the principal
axis of g⊥ in the case of 1. These results suggest that the iso-
tropic magnetic exchange interaction of 1 does not operate in
the sheet motif but along the “tape” motif in which the running
direction makes an angle of 35� with the principal axis of g||

normal to the chloranilate plane.

Thermal properties

The TG diagrams of 1 and 2 are given in Fig. 5. Weight losses
of the compounds start at 105 �C and the liberation of water
molecules accounts for the first weight loss (2H2O, 5.1%) for
both compounds. However, the liberation processes are differ-
ent from each other: rapid and slow decreases are found in 1
and 2, respectively. The species obtained upon liberation of
the coordinated water molecules in the intermediate range 120–
250 �C are assigned to {(G)2[Cu(CA)2]}n in both cases. These
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processes show that the coordinated water molecules are
released easily compared with the interstitial organic molecules,
indicative of the presence of large reconformation in the crys-
tals. Especially, the included 4-pyOH2

� cation can change the
orientation more easily than the 3-pyOH2

� cation, which is
confirmed by the difference in the number of hydrogen bonds in
the introduced cations.

It is worthwhile to examine the crystal structure change or
the structural phase transition of the complexes in a lower tem-
perature region to investigate the interaction between the
cations and the anions. DSC traces of 1 show no drastic
thermal anomaly in the lower temperature region while the XRD
pattern of 1 shows the diffraction occurring from the 1 � 1 � 2
lattice plane which indicates the distance between the planes of
4-pyOH2

�, and that chloranilates on the adjacent complexes
move towards each other (higher 2θ angle) with decreasing
temperature while the 010 diffraction which indicates the
distance between the layers does not shift (Fig. 6). On the other
hand, the temperature dependence of NIR spectra for 1 show
that OH or NH stretching vibrations change with decreasing
temperature (Fig. 7). These facts suggest that the stacking
distance or stacking mode of the organic cations changes with
temperature and the hydrogen bonding interaction plays an
important role in determining the crystal structure.

Conclusion
In this study, we have synthesized a new series of metal
assemblies which contain hydrogen bonded building blocks in
the complex assemblies and π-type stacking interaction of the
organic cations. The assemblies of complex modules obtained
here, that is, the hydrogen bond-supported inorganic
assemblies, {[M(CA)2(H2O)2]k}l, are so flexible that they can

Fig. 4 Polycrystalline powder EPR spectra ((a), ∆Ms = 1 region and
(b) ∆Ms = 2 region) of 1 (1) and 2 (2) at 77 K and ν = 9.0418 GHz.

include various kinds of charged molecules by a change in the
mode or dimension of the assembly: (1) channel-included type
in 1 and 3, and (2) cage-included type in 2. For type 1 the
organic cations are stacked to form a slipped stack column
between the “sheet motifs”, the layers of {[M(CA)2(H2O)2]

2�}l.
The layer structure, which is modified by the hydrogen bonding
and electrostatic interactions, influences the structure and the
stacking mode of the included column. On the other hand, for
type 2 the organic cations are trapped in the cage as a dimer.
The cage is constructed by the chlorine atoms of CA2� dianions
of the tape motif and the cations are anchored by the hydrogen
bonding interactions.

Both the electrostatic interaction and the hydrogen bonding
interaction are driving forces to introduce the organic cations in
these assemblies. In addition, the hydrogen bonding interaction

Fig. 5 Thermogravimetric analyses data for 1 (a) and 2 (b).

Fig. 6 Comparison of the X-ray powder diffraction patterns of 1 at
110 K (a) and 295 K (b). (c) shows the simulated pattern obtained from
the crystal structure of 1.
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increases the dimensionality of the system and thus provides
structural varieties in the crystal structure. The crystallographic
structures imply that in addition to having a hydrogen bonding
support stacking capability an introduced molecule is import-
ant for the mode of assembly, and also show that selection of
the metal mediates the tuning of the structure of the inorganic
assemblies and the conformation of organic cations. The
materials described here are composed of complex modules
and organic cations. Further work will involve the ions which
have potential functions such as conducting and/or photosensi-
tized properties to further investigate this new synthesis
strategy for functional materials.
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