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For the purpose of construction of the hydrogen-bonded and coordination-bonded supramolecular network, MnII

complex bridged by squarate molecules was synthesized, and their structural and magnetic properties were studied.
X-ray structure determination revealed that MnII complex, [MnII4(C4O4)4(C4H4N2)(H2O)8], had a three-dimensional
network structure bridged by squarates with cavities which trap pyrazine molecules. Pyrazine molecules have an orienta-
tional disorder even at 10 K in the cavities. They are stabilized by weak hydrogen bonds with a network formed by squa-
rates. A weak antiferromagnetic exchange interaction is observed between magnetic moments on Mn2þ ions through
squarate. In the case of one-dimensional polymer chain complexes, MII(C4O4)(C4H4N2)(H2O)4 (where MII ¼ FeII,
NiII, CuII), which are bridged by pyrazine molecules, the temperature dependence of magnetic susceptibility follows
Bonner–Fischer’s one dimensional chain model. The antiferromagnetic exchange parameter for CuII complex is slightly
larger than those for FeII and NiII complexes. This difference is considered to be caused by the difference of the metal to
metal distances. In the case of [CoII(C4O4)(C4H4N2)(H2O)4], clear anisotropy of the magnetic properties was observed,
which was caused by large zero-field splitting.

Recently the concept of supramolecule attracted interest
from the structural aspect and from its potential technological
applications.1,2 Especially molecular networks which have
cavities and channels receive considerable attention as materi-
als which have host–guest interactions.3–6 For construction of
supramolecular metal–organic open frameworks, the use of
polytypic organic linkers has become an attractive strategy.
Furthermore, the construction of metal–organic complex with
molecular network structure opens the possibility of designing
functional supramolecule with additional physical properties.
Under these concepts, we focused on 3,4-dihydroxy-3-cyclo-
butene-1,2-dione (squaric acid, H2C4O4) and 1,4-diazine (pyr-
azine) as multiconnecting ligands for metal–organic frame-
works.

Squaric acid was synthesized by Cohen et al. in 1959.7

Squarate dianion was reported to be stabilized by delocaliza-
tion of electrons.8 Squarate dianion acts as a bridging ligand
for transition metals to form transition metal squarate complex
dimer or polymer.9,10 As squaratomanganese(II) complexes,
MnII(C4O4)(H2O)2 and MnII(HC4O4)2(H2O)4 are known.11

In case of MnII(C4O4)(H2O)2, it was shown that acetic acid
hydrate molecules or water molecules were incorporated in
its voids to form clathrate polymer catena-[tetraaqua(�4-squa-
rato)diaquamanganese(II)]acetic acid hydrate]12 or poly[[di-
aqua(�4-squarato-O,O

0,O00,O000)-manganese(II)]0.93-hydrate].13

Acetic acid hydrate was suggested to reside in the voids, which

was only detected by the elemental analysis. The water mole-
cule was detected by the single crystal structure determination,
but its behavior as a guest molecule was not evident.

The collective properties shown in supramolecules on mag-
netism are also of interest from both theoretical and experi-
mental aspects.14 Enough data on magneto-structural correla-
tion are expected to enable us to design new materials with
new magnetic properties. A pyrazine molecule is known to
form a bridged low-dimensional polymer complex when it
coordinates to transition metals.15 Recently pyrazil complexes
of first-row transition metals [MII(C4O4)(C4H4N2)(H2O)4]
(M ¼ FeII, CoII, NiII, CuII) with squarate dianion which
formed intermolecular hydrogen bonds were synthesized and
their one-dimensional structures were reported.16,17

In this study, we present the single crystal structure of
squaratomanganese(II) complex which trapped pyrazine mole-
cules in its cavities by the low temperature X-ray structural de-
termination. And we also present temperature dependences of
magnetic susceptibilities of one-dimensional chain complexes
bridged by pyrazine molecules ([MII(C4O4)(C4H4N2)(H2O)4]
(MII ¼ FeII, CoII, NiII, CuII). Considering their one-dimension-
al polymer structure, the difference of magnetic interactions
between magnetic moments on metal cations will be of great
interest. We will discuss the correlation between their crystal
structures and their magnetic properties.

Experimental

General Information. All starting materials were purchased
from commercial sources. Elemental analyses of products were
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performed on crystalline samples by Elemental Analysis Labora-
tory at the Department of Chemistry, University of Tokyo. Infra-
red spectra were measured from KBr pellets using a JEOL FT-IR-
420 system.

Preparation of Compounds. [MnII4(C4O4)4(C4H4N2)-
(H2O)8] (1): Equal volumes (2.5 mL) of aqueous solutions of
0.144 M manganese(II) chloride tetrahydrate (MnCl2�4H2O)
and 0.288 M of pyrazine (1,4-C4H4N2) were mixed to give a pale
pink clear solution. To this mixture, 7.5 mL of 0.045 M aqueous
squaric acid (H2C4O4) solution was added. The mixed solution
was kept for a few days and pale pink polyhedral crystals were de-
posited at room temperature. They were collected and washed
with water, followed by ethanol, and were air dried to give 10.4
mg (13.0%) of product. The product was insoluble in water and
common organic solvents. Anal. Found: C, 26.83; H, 2.18; N,
3.22%. Calcd for C20H20N2O24Mn4: C, 26.93; H, 2.26; N,
3.14%. Characteristic IR absorptions (KBr pellet, 400–4000
cm�1) 3277s (�OH), 2224m (�CC), 1511s (�CO+CC), 1155w
(�CH), 1099s (�CC), 1018w (�CH), 810w (�CH). Density: Calcd.
1.953. Obsd. 1.959.

[ZnII(C4O4)(C4H4N2)(H2O)4] (6): This complex was
prepared by a method similar to that used for MnII complex (1).
Yellow plate crystal. Yield: 35%. Anal. Found: C, 28.98; H,
3.62; N, 8.48%. Calcd for C8H12N2O8Zn: C, 29.15; H, 3.67; N,
8.50%. Characteristic IR absorptions 3215s (�OH), 2208m (�CC),
1483s (�CO+CC), 1152w (�CH), 1091s (�CC), 1057w, 1001w
(�CH), 817w (�CH).

[MII(C4O4)(C4H4N2)(H2O)4] (M ¼ FeII (2), CoII (3), NiII

(4), CuII (5)): These complexes were prepared at room temper-
ature for magnetic measurements by a method similar to that used
for MnII complex (1). In case of CuII complex (5), single crystals
have been obtained so far only by use of silica gel medium for
crystal growth.17 FeII (2), CoII (3) and NiII (4) complexes have
been synthesized under hydrothermal conditions at 150 �C.16 This
time, by controlling the solution concentration, single crystals of
FeII, NiII, CoII, CuII, and ZnII complexes with pyrazine and squa-
rate large enough for single crystal X-ray structure determination
were obtained from aqueous solution at room temperature. They
were identified by the elemental analyses, IR mesurements and
single crystal X-ray structure determinations.

X-ray Crystallographic Mesurements. Single crystals of
MnII complex (1) suitable for X-ray structure determination with
dimensions of 0:20� 0:20� 0:20 mm were chosen and the
crystal structure determination at 10 K was performed by a
Weissenberg-type imaging plate system (Mac Science DIP-320)
with a helium refrigerator. Temperature dependences of cell pa-
rameters and of the cell volumes of manganese complexes were
also measured from room temperature down to 10 K. Crystal
structural data for compounds of ZnII complex (6) were collected
at room temperature on a RIGAKU Mercury CCD X-ray system.
The experimental details on MnII complex (1) and ZnII complex
(6) are summarized in Table 1. The structures were solved by di-
rect methods and refined by full-matrix least squares. Selected
bond lengths and angles are given in Tables 2 and 3. About FeII

complex (2), CoII complex (3), NiII complex (4), and CuII com-
plex (5), we used the reported crystal data.16,17

Magnetic Measurements. Magnetic susceptibility measure-
ments of polycrystal samples of MnII complex (1), FeII complex
(2), NiII complex (4), and CuII complex (5) were performed over
the temperature range from 2 K to 300 K in an applied magnetic
field of 0.5 T with a Quantum Design SQUID magnetometer. Di-
amagnetic susceptibility was estimated from Pascal’s constants. In

the case of CoII complex (3), magnetic susceptibilities of the
single crystal sample were measured over the same temperature
range in applied magnetic field of 1 T. The angular dependent
measurements of CoII complex (3) were performed by applying
the magnetic field parallel to the a-axis, the b-axis and the c-axis
of the single crystal, respectively. For a single crystal of CuII com-
plex (5), the same angular dependent measurements as CoII com-
plex (3) were performed under the magnetic field of 0.5 T.

Table 1. Crystallographic Data of [MnII4(C4O4)4(C4H4N2)-
(H2O)8] (1) and [ZnII(C4O4)(C4H4N2)(H2O)4] (6)

1 6

Formula C20H20N2O24Mn4 C8H12N2O8Zn
a/ �A 16.544(6) 7.181(10)
b/ �A 16.544(6) 11.31(2)
c/ �A 16.544(6) 7.253(10)
�/deg
�/deg 91.11(2)
�/deg
V/ �A3 4534(1) 587.5(12)
Z 6 2
Formula weight 891.13 329.58
Crystal system Cubic Monoclinic
Space group Pn�33n P21=n
T/K 10 300
�(obsd)/g cm�3 1.959
�(calcd)/g cm�3 1.953 1.86
�/cm�1 17.32 17.32
Ra) 0.044 0.045
Rw

b) 0.052 0.062
�/ �A 0.71069 0.71069

a) R ¼ �ðjF0j � jFcjÞ=�jF0j. b) Rw ¼ ½�wðjF0j � jFcjÞ2�=
�wF0

2�1=2.

Table 2. Selected Bond Lengths ( �A) and Angles (deg) for
[MnII4(C4O4)4(C4H4N2)(H2O)8] (1)

Mn–O(1) 2.172(6) O(1)–Mn(1)–O(3) 88.4(2)
Mn–O(3) 2.189(6) O(1)–Mn(1)–O(2) 96.3(2)
O(3)–C(2) 1.255(9) O(2)–Mn(1)–O(3) 93.6(2)
C(2)–C(2) 1.48(1) O(1)–Mn(1)–O(1) 89.2(2)
Mn(1)–O(2) 2.136(5) O(3)–Mn(1)–O(3) 94.0(2)
O(1)–C(1) 1.266(9)
C(1)–C(1) 1.45(1)

Table 3. Selected Bond Lengths ( �A) and Angles (deg) for
[ZnII(C4O4)(C4H4N2)(H2O)4] (6)

Zn(1)–O(1) 2.083(6) O(1)–Zn(1)–O(2) 89.8(3)
Zn(1)–O(2) 2.088(6) O(1)–Zn(1)–N(1) 88.8(3)
Zn(1)–N(1) 2.202(5) O(2)–Zn(1)–N(1) 89.6(3)
N(1)–C(3) 1.315(9) Zn(1)–N(1)–C(3) 121.3(5)
N(1)–C(4) 1.345(9) Zn(1)–N(1)–C(4) 122.1(5)
C(1)–C(2) 1.445(10) O(3)–C(1)–C(2) 134.6(7)
C(2)–C(1) 1.436(10) O(4)–C(2)–C(1) 135.1(7)
C(3)–C(4) 1.381(9)
C(2)–O(4) 1.267(8)
C(1)–O(3) 1.289(8)
C(3)–H(1) 0.85(7)
C(4)–H(2) 0.93(7)
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Results and Discussion

[MnII4(C4O4)4(C4H4N2)(H2O)8] (1). The crystal struc-
ture of MnII complex (1) at 10 K was examined. Mn2þ cations
are coordinated by four squarates and two water molecules in a
distorted octahedral fashion. Four oxygen atoms in one squa-
rate anion coordinate to four different Mn2þ cations
(Fig. 1(a)) to construct a three-dimensional network. The broad
and symmetrical absorption band near 1500 cm�1 in the infra-
red spectrum indicates that squarate has D4h symmetrical
structure by coordinating to four different Mn2þ cations with
four oxygen atoms in a similar fashion.

Temperature dependence of cell parameters and cell vol-
umes were measured from room temperature down to 10 K.
The change of cell volume was 0.5% even at 10 K. This small
value reveals that the 3-D network structure is rigid and that no

structural change occurs within this temperature range. This ri-
gidity is considered to be caused by a hydrogen-bonded web.
The 3-D network consisting of manganese cations and squaric
anions is also connected by hydrogen bonds between water
molecules and squarate dianions (Fig. 1(b)). One oxygen atom
on squarate anion coordinates to one Mn2þ cation. This squa-
rate oxygen atom is also hydrogen-bonded to a water molecule
coordinated to another Mn2þ cation. If only C, O, and Mn
atoms are considered, there is a hexagonal ring formed by
Mn, half of squarate anion and one water molecule, shown
as Mn1–O3–C2–C2�–O3�–O2 in Fig. 1(b). This web is con-
sidered to stabilize 3-D network structure and keep it rigid.

X-ray single crystal determination revealed that the pyra-
zine molecules occupied cavities formed by the Mn–squarate
three-dimensional network. The pyrazine molecule has an ori-
entational disorder even at 10 K in the cavity. There are two
kinds of pyrazine molecules, whose orientations are different
by 90� around the N–N axis (Fig. 2).

Steiner and Desiraju suggested that C–H groups could act as
weak hydrogen bond donors and that the H���O distance cutoff
could be selected to be d ¼ 3:0 �A.18 The distances of C–H on
pyrazine molecules were evaluated to be from 0.85 �A to 0.93
�A for [ZnII(C4O4)(C4H4N2)(H2O)4] complex by X-ray crystal
structure determination (Table 3). The X-ray single crystal
structure determination of pyrazine molecule suggested that
the C–H bond length was from 0.92 �A to 0.94 �A.19 Using these
values, we can estimate a distance less than D ¼ 3:85 �A (D is
the distance between C and O through hydrogen atom.) to be
possible for the weak hydrogen bonds. Three weak hydrogen
bonds between each carbon atom of pyrazine molecule
(C(3)) and oxygens on squarates (O(3)) which have the dis-
tances less than 3.85 �A were found at 10 K, as shown in
Fig. 2. This fact suggests that weak hydrogen bond interactions
C–H���O stabilize pyrazine molecules in the cavities. This pos-
sibility is supported by another report which suggests the exis-
tence of C–H���N interaction within pyrazine crystals.20

Fig. 1. (a) Local coordination environment for [MnII4-
(C4O4)4(C4H4N2)(H2O)8] showing the atom labeling
scheme. Hydrogen atoms are omitted for clarity. (b)
Three-dimensional network structure of Mn(II) complex
(1) viewed from the [001] direction. Dashed lines represent
hydrogen bonds between water molecules and squarate
dianions. A hexagonal ring Mn1–O3–C2–C2�–O3�–O2
formed by Mn, half of squarate anion, and one water mole-
cules is shown. Pyrazine molecules are omitted.

Fig. 2. Pyrazine molecule stabilized in the cavity by weak
hydrogen bonds between pyrazine molecule and squarate
for [MnII4(C4O4)4(C4H4N2)(H2O)8] complex (1). Orienta-
tionally different two pyrazine molecules exit in the cavi-
ty. Dashed lines express weak hydrogen bonds between
C–H of pyrazine molecule and O atoms on squarates.
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Several studies indicated that acetic acid hydrate or water
molecules were incorporated into the voids of squaratomanga-
nese(II) complex as guest molecules.12,13 However, no infor-
mation on interaction between guest molecules and the host
molecule was obtained so far. This time we could verify the
orientations of small pyrazine molecules trapped in the cavity
of MnII complex by low temperature X-ray single crystal
structure determination. And we also indicated that they were
fixed in the cages by weak hydrogen bonds and did not behave
as guest molecules of clathrate compounds.

The temperature (T) dependence of the molar magnetic sus-
ceptibility (	M) of MnII complex (1) was measured from room
temperature to 2 K (Fig. 3). Open circles show the experimen-
tal data plots. Curve fitting on Curie–Weiss law (solid line)
gives a good agreement with the experimental data with Curie
constant C ¼ 4:321 emuKmol�1 and Weiss constant 
 ¼
�3:0 K. The Curie constant obtained is consistent with the
manganese high spin condition given by S ¼ 5=2, g ¼ 1:99.
The Weiss constant 
 ¼ �3:0 K shows that there is a weak
antiferromagnetic interaction between magnetic moments on
manganese cations through squarate anions.

[MII(C4O4)(C4H4N2)(H2O)4] (MII ¼ FeII (2), CoII (3),
NiII (4), CuII (5), ZnII (6)). X-ray single crystal structure de-
termination performed on [ZnII(C4O4)(C4H4N2)(H2O)4] com-
plex revealed that the metal cation was coordinated by two
pyrazine molecules and four water molecules in a distorted
octahedral fashion. The pyrazine molecules bridge two metal
centers through nitrogen atoms to make one-dimensional poly-
meric chain. Squarate anions exist among such one-dimension-
al chains to form four hydrogen bonds to water molecules co-
ordinated to metal cations, forming a three-dimensional solid
network as is shown in Fig. 4. The longest axis is the b axis.

These results indicate that ZnII complex (6) is isostructural
with NiII complex (4) and CuII complex (5) as reported.16,17

The magnetic behaviors of these complexes were measured
and the magnetic interactions were studied. The magnetic be-
haviors of FeII complex (2), NiII complex (4), and CuII com-
plex (5) in the form of a 	MT versus T plot [	M being the
magnetic susceptibility per one metal(II) ion] are shown in
Fig. 5(a). The extraporation of 	MT values at the high temper-
ature region for FeII complex (2), NiII complex (4), and CuII

complex (5) suggested that they had typical values for quasi-
isolated ions for S ¼ 2, 1, and 1/2 spin ground states, respec-
tively. Calculated S values show that FeII complex (2) and NiII

complex (4) are in high-spin state (Table 4). Upon cooling
from room temperature, the 	MT product decreased continu-
ously down to 15 K and below 15 K more abruptly decreased
down to 2.0 K. Thus small antiferromagnetic interactions exist
between metalII ions. The same character is shown by the 	M–
T curve for CuII complex (5) (Fig. 5(b) d). At room tempera-
ture, 	M of CuII complex (5) was 0.00151 emumol�1. Upon
cooling from room temperature, 	M increased to a maximum
value of 0.0323 emumol�1 at 5.0 K. Below 5.0 K, there
was a pronounced decrease down to 2 K (	M ¼ 0:0278
emumol�1). These anomalies at low temperature were similar-
ly shown under the applied field parallel to the a, b and the c

axis using a single crystal of CuII complex (5) (inserted figure
of Fig. 5(b) e, f, g). These behaviors will be derived from an
antiferromagnetic interaction which follows Bonner–Fischer’s
one-dimensional chain interaction as expected from the struc-
tural information. These magnetic data could be analyzed
through the numerical expression for Bonner–Fischer’s one-
dimensional chain model for S ¼ 1=2 as follows.21

Fig. 3. Temperature dependence of 	M (a) and 	MT (b) for
[MnII4(C4O4)4(C4H4N2)(H2O)8] (1). The solid line repre-
sents the best fit of the data (open circles) with the Curie–
Weiss model.

Fig. 4. (a) Three-dimensional network structure connected
by hydrogen bonds between squarates and water mole-
cules coordinated to Zn cations viewed from (a) the
[010] direction and (b) the [001] direction. Dashed lines
represent hydrogen bonds. Hydrogen atoms are omitted
for clarity.
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	M ¼ Ng2�2ð0:25þ 0:074975xþ 0:075235x2Þ
=ð1:0þ 0:9931xþ 0:172135x2 þ 0:757825x3ÞkBT ð1aÞ

x ¼ jJj=kBT:

Symbols in this expression have their usual meanings. Least-
squares fit (solid line) of the magnetic data leads to g ¼ 2:18
and the antiferromagnetic exchange parameter J=kB ¼ �7:8
K for CuII complex (where J is the magnetic exchange cou-
pling constant and kB is the Boltzmann constant). The value
estimated from the equation using the temperature which gives
the maximum molar magnetic susceptibility (kTmax=jJj ¼

0:641) is �7:8 K, which is in good agreement with the value
estimated from curve fitting.

In case of NiII complex (4), following numerical expres-
sion22 was adopted.

	M ¼ Ng2�2ð2:0þ 0:0194xþ 0:0777x2Þ

=ð3:0þ 4:346xþ 3:232x2 þ 5:834x3ÞkBT ð1bÞ
x ¼ jJj=kBT :

The best fit was obtained in g ¼ 2:27 and J=kB ¼ �1:35 K.
For FeII complex (2), an analytical expression for the mag-

netic susceptibility which treat the spins as classical spins,21 is
expected to be applicable:

	M ¼ ðNg2�2
SðSþ 1Þ=3kBTÞð1þ uÞ=ð1� uÞ ð1cÞ

u ¼ cothðJSðSþ 1Þ=kBTÞ � ðkBT=JSðSþ 1ÞÞ:

The data are fitted by the theoretical curve with g ¼ 2:29 and
J=kB ¼ �0:93 K.

For FeII complex (2) and NiII complex (4), exchange param-
eters are smaller than those for CuII complex (5) as shown in
Table 4. This difference is explained as follows. As to bond
lengths between metals and ligands, M–N distance was small-
est for CuII complex (5).16,17 For CuII complex (5), elongation
of the axial Cu–O bond (2.330 �A) due to Jahn–Teller distortion
results in a compression of equatorial Cu–N bond (2.057 �A)
and Cu–O bond (1.996 �A)15 as usual.23 This is considered to
make metal to metal distance bridged by pyrazine molecule es-
pecially shorter, 6.887(1) �A, for CuII complex17 than the others
(7.247 �A for FeII complex (2), 7.042 �A for NiII complex (4),
respectively).16 This short distance is considered to strengthen
the antiferromagnetic interaction in the chain direction.

In the case of CoII complex (3), we measured the angular
dependence of the magnetic susceptibilities on the single crys-
tal and observed the clear anisotropy of the magnetic proper-
ties, as shown in Fig. 6. These differences along the three axes
may be related to the zero-field splitting due to the crystal field
around Co2þ with distorted-octahedral coordination of pyra-
zine and water molecules. When the ground state is split in
zero-field into two Kramers doublets, the susceptibility parallel
to the applied field is given by

Fig. 5. (a) Temperature dependence of 	MT for (a) CuII

(5), (b) NiII (4), and (c) FeII (2) complexes using polycrys-
tal samples. The solid line represents the best fit of the ex-
perimental data based on the Bonner–Fischer’s one-dimen-
sional chain model. (b) Temperature dependence of 	M for
CuII complex (5) using polycrystal samples (d). The solid
line represents the best fit of the experimental data (open
circles) with the Bonner–Fischer’s one-dimensional chain
model. Inserted figure shows temperature dependence of
	M value of the single crystal of CuII complex (5) under
the field of 0.5 T applied parallel to the a-axis (e), parallel
to the b-axis (f), and parallel to the c-axis (g).

Table 4. Magnetic Parameters for FeII Complex (2), NiII

Complex (4), and CuII Complex (5)

2 4 5

S 2 1 1/2
g 2.29 2.27 2.18
J=kB (K) �0:9 �1:4 �7:8

Fig. 6. Temperature dependence of 	MT value of the single
crystal of CoII complex (3) measured under the field of 1 T
parallel to the a-axis (a), parallel to the b-axis (b), and par-
allel to the c-axis (c). The solid line represents the best fit
of the experimental data based on mean field theory.
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	a
0 ¼ Nga

2�2ð1þ 9 expð�2D=kBTÞ
=4kTð1þ expð�2D=kBTÞÞ ð2aÞ

and susceptibility perpendicular to the applied field is

	b,c
0 ¼ Ngb,c

2�2ð1þ ð3=4x½1� expð�2xÞ�Þ
=kBTð1þ expð�2xÞÞ ð2bÞ

with x ¼ D=kBT using Van Vleck formula.21 The macroscopic
susceptibilities were corrected for the presence of exchange by
means of a molecular-field approximation with zJ to afford
equation

	i ¼ 	i
0=ð1� ð2zJ	i

0=Ngi
2�B

2ÞÞ ð2cÞ

i: a, b, c; z: nearest neighbor; J: exchange parameter. The
fitting of the data using these equations (solid line in Fig. 6)
resulted in 2D=kB ¼ 113 K, ga ¼ 1:97, gb ¼ 2:33, gc ¼ 2:31,
and zJ=kB ¼ �1:6 K. The difference of the g-values is consid-
ered to originate from the anisotropic nature of the g-tensor of
the octahedral cobalt cation, and the small exchange parameter
suggests the existence of a weak short-range antiferromagnetic
interaction between the neighboring cobalt cations. The large
value of the D parameter is in accordance with an octahedral
CoII, where the ground state doublet is well-isolated from
the excited ones.

Conclusion

Squarate and pyrazine molecules react with the first-row
transition metal cations in different fashions. The first type is
MnII complex (1). Squarate dianion coordinates to Mn2þ to
form a three dimensional network structure extended by hydro-
gen bonds. This network structure consisted of Mn2þ and squa-
rate has cavities. Pyrazine molecules locate in these cavities
through weak hydrogen bond interactions with the mangane-
se(II) squarate network. Several studies have suggested that
small molecules such as acetic acid hydrate or water molecules
reside in the cavities as guest molecules. This time pyrazine
molecules are found to locate stably in the cavities and their
positions could be verified by crystal structure determination.

The second types are FeII (2), CoII (3), NiII (4), CuII (5), and
ZnII (6) complexes. X-ray structure determination revealed
that ZnII complex (6) was isostructural to NiII (4) and CuII

(5) complexes. Magnetic susceptibilities of FeII (2), NiII (4),
and CuII (5) complexes are consistent with the Bonner–Fischer
behavior, indicating the existence of the antiferromagnetic
Heisenberg chain. The short metal to metal distance for CuII

complex (5) gives larger antiferromagnetic exchange parame-
ter than that of other complexes. In case of CoII complex (3),
the angular dependence of the magnetic susceptibility indi-
cates that it has a large zero-field splitting and anisotropic g-
tensor. The interaction between the nearest neighbor Co ions
is weakly antiferromagnetic. Although FeII (2), CoII (3), NiII

(4), and CuII (5) complexes are almost isostructural, the differ-
ence of bond length and electronic state affect the magnetic
interaction. These are considered to be important for the
study of the magneto-structural correlations among quasi-one-
dimensional structural complexes.

We studied the complex formation of divalent first-row tran-
sition metal anions from Mn2þ to Zn2þ in the aqueous solution

containing squarate and pyrazine. Only Mn2þ was coordinated
by squarate, and the rest were coordinated by pyrazine. One of
the reasons for this difference can be explained by the concept
of hard and soft acids and bases.
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