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Introduction

The widespread applications of open-framework inorganic
materials in heterogeneous catalysis, separations, and ion-ex-
change processes have stimulated considerable research in-
terest in the use of organic templates to direct the synthesis
of porous materials.[1] Many of these materials are synthe-
sized in the presence of organic amines as structure-direct-
ing agents, which usually occupy the structural voids and are

well-isolated from the inorganic skeleton.[1] A remarkable
variety of such materials have been reported,[2] in particular
those based on phosphate ligands,[2,3] but open frameworks
of metal arsenates;[4–6] germinates[7,8] and carbonates[9] are
also known. Recently, this research field has been extended
to the oxo-anions of Group 16 elements. The stereochemi-
cally active lone pair electrons of selenium(IV) and telluri-
ACHTUNGTRENNUNGum(IV) ions have a dramatic effect on their coordination
geometry as well as on the structures of their metal com-
plexes. It has been reported that the asymmetric coordina-
tion geometry adopted by selenium(IV) or tellurium(IV)
atoms may aid in the crystallization of metal selenites in
non-centrosymmetric space groups which is of interest for
engendering interesting physical properties such as nonlin-
ear optical second-harmonic generation (SHG).[10] In the
case of metal selenites, the first organically templated zinc
selenite with a layered structure, (CN3H6)4ACHTUNGTRENNUNG[Zn3ACHTUNGTRENNUNG(SeO3)5], was
reported recently by Harrison and co-workers.[11] The first
three-dimensional organically templated FeIII selenite,
(C4N2H12)0.5ACHTUNGTRENNUNG[Fe2F3 ACHTUNGTRENNUNG(SeO3)2], and an organically pillared zinc
selenite, [C2N2H8]0.5ACHTUNGTRENNUNG(ZnSeO3), were reported by Rao et al.,
several years ago.[12] Both organically templated and organi-
cally linked vanadium selenites have also been synthesized
and structurally characterized.[13,14] More recently, examples
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of organically templated transition metal selenites, [NH2-
ACHTUNGTRENNUNG(CH2)4NH2]0.5[M ACHTUNGTRENNUNG(HSeO3)ACHTUNGTRENNUNG(Se2O5)] (M=Zn, Co, Ni), [H2N-
ACHTUNGTRENNUNG(CH2)2NH2]ACHTUNGTRENNUNG[CdCl2ACHTUNGTRENNUNG(HSeO3)2], [H2N ACHTUNGTRENNUNG(CH2)2NH2]2ACHTUNGTRENNUNG[Zn4-
ACHTUNGTRENNUNG(SeO3)4], and [H3N ACHTUNGTRENNUNG(CH2)3NH3]4ACHTUNGTRENNUNG[Zn4ACHTUNGTRENNUNG(SeO3)8] have appeared
in the literature.[15–17] Finally a number of organically tem-
plated or bonded MoVI selenites based on polyoxomolyb-
date cluster units have been isolated, with the SeO3 group in
such compounds acting as a capping group for the MoVI

cluster.[18]

The aforementioned results notwithstanding, the chemis-
try of metal selenites is still in its infancy and more system-
atic research studies are needed in order for the full appreci-
ation of this rich area of chemistry to be realized. The aim
of the present study is to understand the effects of the ex-
perimental conditions, in particular the template used in the
synthesis of the copper(II) and cobalt(II) selenites. The cop-
per(II) ion can adopt several types of coordination geome-
tries and selenium(IV) is known to form several different
anions such as SeO3

2�, HSeO3
- and Se2O5

2� depending on
experimental conditions. Hence one can expect that a varie-
ty of organically templated copper(II) selenites with novel
structures and interesting magnetic properties are possible.
Herein we report six new divalent metal selenites by hydro-/
solvothermal methods. The compounds crystallize in archi-
tectures ranging from 1D chains to 3D networks and exhibit
interesting magnetic properties including spin-flop behavior
for two of them. The copper(II) compounds represent the
first examples of organically templated selenite containing
materials with this transition metal.

Results and Discussion

Synthesis

Hydro-/solvothermal synthesis is an effective method for the
preparation of organically templated selenites. Compounds
1 and 5 were synthesized by using CuCN as the source of
the copper(I) ion and 2 was prepared from CuCl. The cop-
per(I) is oxidized to copper(II) which most likely occurs
with reduction of SeO2 (Se4+/Se 0.74 V). The use of CuCl2
for attempted preparations of 1, 2 and 5 resulted only in the
formation of 3. The selenium(IV) atom in the products is
present as a selenite, hydrogen selenite or diselenite group.

Single crystal X-ray studies

ACHTUNGTRENNUNG[H2pip][CuACHTUNGTRENNUNG(SeO3)2] (1): Structural determination of com-
pound 1 reveals that it consists of 1D chains of [Cu-
ACHTUNGTRENNUNG(SeO3)2]

2� anions. The asymmetric unit consists of eight
non-hydrogen atoms, five of which belong to the inorganic
framework (one Cu atom, one Se atom and three O atoms)
and three of which belong to the template cation (two C
and one N) (Figure 1). The coordination geometry around
the copper(II) ion can be described as a slightly distorted
square-planar environment with four oxygen atoms being
donated from four SeO3

2� groups. The Cu–O distances

range from 1.965(6) L to 1.982(7) L. The O-Cu-O bond
angles between two trans oxygen atoms are 1808 whereas
those for two cis oxygen atoms deviate slightly from the
ideal 908 (Table 2). The SeO3 unit, which acts as a bidentate
linker, is tetrahedral with the forth coordination site being
occupied by a lone pair. The O1 of the selenite group is not
coordinated. Each pair of copper(II) ions are bridged by a
pair of selenite groups into a 1D anionic chain of [Cu-
ACHTUNGTRENNUNG(SeO3)2]

2� along the a axis (Figure 2a). The H2pip cation
forms hydrogen bonds with two selenite oxygen atoms from
different chains by using its two amine groups. The N1–
H01b···O1 bond length and angle are 2.70(1) L and 172.88,
respectively (Table 2). The hydrogen bonding results in a
(011) 2D layer motif (Figure 2b).

CuACHTUNGTRENNUNG(C3H4N2) ACHTUNGTRENNUNG(SeO3) (2): The use of imidazole as a potential
template molecule led to the formation of the copper selen-
ite, [Cu ACHTUNGTRENNUNG(C3H4N2)ACHTUNGTRENNUNG(SeO3)] (2), with the organic molecule
acting as a ligand. As shown in Figure 3, the asymmetric
unit of 2 consists of ten independent non-hydrogen atoms,
five of which belong to the inorganic framework (one Cu
atom, one Se atom and three O atoms), and five of which
are from the imidazole ligand (two N atoms and three C
atoms). The Cu ion is five-coordinate, being surrounded by
one N atom from an imidazole and four O atoms from inde-
pendent selenite groups. The coordination geometry around
the copper(II) ion is a distorted square pyramid. The Cu1–
O12c distance of 2.238(7) L is significantly longer than the
remaining Cu1�O bonds [1.930(7)–2.080(7) L]. The seleniu-
m(IV) atom adopts the same coordination geometry as that
in 1. The selenite group is tetradentate and bridges four cop-
per(II) ions. The O11 and O13 atoms are unidentate where-
as O12 is bidentate. The interconnection of copper(II) cen-
ters by bridging selenite groups resulted in (001) and (002)
layers. Two-membered Cu2O2 rings and four-membered Cu-
(O-Se-O)2-Cu rings are evident in the 2D layer. The Cu···Cu
separations within a Cu2O2 two-membered ring is
3.183(1) L, whereas those within four-membered rings are

Figure 1. Selected unit of 1. Thermal ellipsoids are drawn at 50% proba-
bility. Symmetry codes for generated atoms: a) �x+1, �y+1, �z+1;
b) x�1, y, z ; c) �x+2, �y+1, �z+1; d) x+1, y, z ; e) �x+1, �y, �z+2.
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4.805(1) and 5.252(1) L, respectively. The interlayer distance
is �8.3 L. The unidentate imidazole ligands project between
the layers and serve to cross-link adjacent inorganic layers
through weak p···p interactions (Figure 4). The distance be-
tween two parallel C3H4N2 rings from two neighboring inor-
ganic layers is �3.794 L.

ACHTUNGTRENNUNG[H2en][M ACHTUNGTRENNUNG(HSeO3)2Cl2] (en=ethylenediamine; M=Cu 3,
Co 4): Compounds 3 and 4 are isostructural with the com-
pound [H2en] ACHTUNGTRENNUNG[CdCl2 ACHTUNGTRENNUNG(HSeO3)2],

[16] thus the discussion will be
limited to details that are relevant to magnetic studies. The

metal centers in 3 or 4 are in an octahedral environment
consisting of four O atoms from HSeO3 groups and two Cl�

ligands (Figure 5). The octahedra exhibit a Jahn–Teller dis-
tortion as evidence by the axial Cu–Cl distances of
2.765(3) L which are much longer than the four basal Cu–O
distances [1.966(7)–74(7) L] (Table 2). The connection of
copper(II) ions in 3 by bidentate bridging hydrogen selenite
groups leads to (100) inorganic layers based on Cu4Se4O8

eight-membered rings (Figure 6a). Each copper(II) ion is
bridged to four other Cu ions through hydrogen selenite
groups with a Cu···Cu separation of 5.906 L. The corre-
sponding Co···Co separation in 4 is 6.082 L. The O2 is pro-

Table 2. Selected bond lengths [L] and angles [8] for compounds 1–6.[a]

[H2pip][Cu(SeO3)2] (1)

Cu1�O3#1 1.965(6) Cu1�O3 1.965(6)
Cu1�O2#2 1.982(7) Cu1�O2#3 1.982(7)
hydrogen bonds:
N1···O1 2.70(1) N1�H01b···O1 172.8

Cu(C3H4N2)(SeO3) (2)
Cu1�O13#1 1.930(7) Cu1�O12#2 1.959(7)
Cu1�N1 2.005(8) Cu1�O11 2.080(7)
Cu1�O12#3 2.237(7)
[H2en][Cu(HSeO3)2Cl2] (3)
Cu1�O3#1 1.966(7) Cu1�O3#2 1.966(7)
Cu1�O1 1.974(7) Cu1�O1#3 1.974(7)
Cu1�Cl1#3 2.765(3) Cu1�Cl1 2.765(3)
Se1�O1 1.687(7) Se1�O3 1.692(7)
Se1�O2 1.758(7)
hydrogen bonds:
N1···O2 2.861(12) N1···O1#1 2.997(12)

[H2en][Co(HSeO3)2Cl2] (4)
Co1�O1 2.078(2) Co1�O1#1 2.078(2)
Co1�O3#2 2.079(2) Co1�O3#3 2.079(2)
Co1�Cl1 2.533(8) Co1�Cl1#1 2.533(8)
Se1�O1 1.680(2) Se1�O3 1.684(2)
Se1�O2 1.753(2)
hydrogen bonds:
N1···O2 2.854(3) N1···O1#3 2.869(4)

[H2en][Cu2(SeO3)2(HSeO3)]2·H2O (5)
Cu1�O3#1 1.931(7) Cu1�O4 1.972(7)
Cu1�O1 1.980(7) Cu1�O7 1.986(8)
Cu1�O4#2 2.450(8) Cu2�O5#3 1.947(8)
Cu2�O9#4 1.954(8) Cu2�O2#5 1.977(7)
Cu2�O6 1.978(7) Cu2�O2 2.386(7)
hydrogen bonds:
N1···O1w 2.97(2) N1···O8#6 3.00(2)
N1�H01a···O1w 134.2 N1�H01c···O8#6 123.5

[H2pip][Cu2(Se2O5)3] (6)
Cu1�O11 1.972(4) Cu1�O2 1.975(4)
Cu1�O14#1 1.975(4) Cu1�O4 1.988(4)
Cu1�O7 2.429(4) Cu1�O12#2 2.498(4)
Cu2�O5#3 1.940(4) Cu2�O8#4 1.958(4)
Cu2�O10 1.985(4) Cu2�O3#5 1.993(4)
Cu2�O15 2.427(4) Cu2�O9#6 2.519(4)

[a] Symmetry transformations used to generate equivalent atoms: For 1:
#1 �x+1, �y+1, �z+1; #2 x�1, y, z ; #3 �x+2, �y+1, �z+1; for 2 : #1
�x, �y+1, �z+1; #2 x+ 1=2, �y+ 1=2, �z+1; #3 �x+ 1=2, y+

1=2, z ; for 3 :
#1 �x, y�1=2, �z+ 1=2; #2 x, �y+ 3=2, z+

1=2; #3 �x, �y+1, �z+1; for 4 :
#1 �x, �y+1, �z+1; #2 x, �y+ 3=2, z+

1=2; #3 �x, y�1=2, �z+ 1=2; for 5 :
#1 �x+1, �y, �z ; #2 �x, �y, �z ; #3 �x, �y, �z+1; #4 �x, �y+1, �z ;
#5 �x+1, �y, �z+1; #6 x+1, y�1, z+1; #7 �x+1, �y�1, �z+1; #8
�x, �y�1, �z+1; #9 x, y�1, z+1; for 6 #1 x, y�1, z ; #2 �x+ 3=2, y�1=2,
�z+ 1=2; #3 x�1=2, �y+1/2, z�1=2 ; #4 x, y+1, z ; #5 x�1=2, �y+ 3=2, z�1=2 ;
#6 �x+ 1=2, y+

1=2, �z+ 1=2.

Figure 2. a) 1D Copper(II) selenite chain in 1; b) view of the structure of
1 down the a axis. Cu, Se, O, C and N are drawn as medium gray, white,
crossed, black and octand circles, respectively. Hydrogen bonds are
drawn as dotted lines.

Figure 3. ORTEP representation of the selected unit in 2. The thermal el-
lipsoids are drawn at 50% probability. Symmetry codes for generated
atoms: a) -x, �y+1, �z+1; b) x+ 1=2, �y+ 1=2, �z+1; c) �x+ 1=2, y+

1=2,
z; d) x�1/2, �y+ 1=2, �z+1; e) �x+ 1=2, y�1=2, z.
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tonated and is therefore not involved in metal coordination.
The interlayer distances are 9.0 and 8.7 L, respectively for
compounds 3 and 4. The doubly protonated template cations
are located between the interlayer spaces and are hydrogen

bonded to the uncoordinated O atoms of the hydrogen se-
lenite groups (O2 (Table 2, Figure 6b).

ACHTUNGTRENNUNG[H2en] ACHTUNGTRENNUNG[Cu2ACHTUNGTRENNUNG(SeO3)2ACHTUNGTRENNUNG(HSeO3)]2·H2O (5): When CuCN is used
as the Cu source instead of CuCl2·2H2O in the preparation
of 3, the new selenite–hydrogen selenite compound 5 with a
pillared layered structure is isolated. The asymmetric unit of
5 consists of seventeen independent non-hydrogen atoms,
fourteen of which belong to the anionic framework (2Cu,
3Se and 9O) and two of which are from the ethylenedia-
mine (one N atom and one C atom) (Figure 7). An intersti-
tial water molecule was modeled at 50% occupancy. Both
Cu1 and Cu2 are five coordinate with a distorted “4+1”
square-pyramidal geometry. The axial Cu-O bond lengths
(2.450(7) L for Cu1 and 2.386(7) L for Cu2) are significant-
ly longer than the remaining Cu–O distances [1.931(7)–
1.986(8) L] (Table 2). Both Se1O3 and Se2O3 groups are tet-
radentate metal linkers, two O atoms of the selenite groups
are unidentate and the third one is bidentate. The HSe3O3

group is disordered and bidentate with the O8 atom being
uncoordinated. Based on the Se–O distances, its coordina-
tion mode as well as the requirement for charge balance,
this group is assigned as a hydrogen selenite group.

Figure 4. a) 2D Copper(II) selenite layer in 2 ; b) view of the structure of
2 down the b axis. Cu, Se, O, C and N are drawn as medium gray, white,
crossed, black and octand circles, respectively.

Figure 5. ORTEP representation of the selected unit in 3. The thermal el-
lipsoids are drawn at 50% probability. Symmetry codes for generated
atoms: a) �x, y�1=2, �z+ 1=2; b) x, �y+ 3=2, z+

1=2; c) �x, �y+1, �z+1;
d) �x, y+ 1=2, �z+ 1=2; e) �x+1, �y, �z+1.

Figure 6. a) 2D Copper(II) hydrogen selenite layer in 3 ; b) view of 3
down the b axis. CuO4Cl2 octahedra are shaded in medium gray. Se, O, C
and N are drawn as white, crossed, black and octand circles, respectively.
Hydrogen bonds are drawn as dotted lines.
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The connection of copper(II) ions by the bridging Se1O3

and Se2O3 groups results in a (020) copper(II) selenite layer
(Figure 8a). The layer is based on Cu2O2 dimeric units with
intra-cluster Cu···Cu separations of 3.275 and 3.409 L, re-
spectively. The Cu···Cu separations within the Cu-(O-Se-
O)2-Cu rings are 4.665(2), 4.801(2) and 5.241(2) L, respec-
tively. The copper(II) selenite layers are further cross-linked
by HSe3O3 groups into a pillared layered architecture (Fig-
ure 8b). The closest interlayer Cu···Cu separation is
5.575(2) L. Two types of tunnels along a axis are evident
(Figure 7b), the first being a long narrow channel with the
lone pairs oriented toward the interior. The second channel
is more open and accommodates the template cations as
well as interstitial water molecules. It should be noted that
O1w is only 2.57(2) L away from Cu2 (symmetry code: �x,
�y, 1�z), which can also be considered as a very weak Cu�
O bond. The template cation forms hydrogen bonds with
the water molecules as well with the uncoordinated O atom
of the hydrogen selenite group (Table 2).

ACHTUNGTRENNUNG[H2pip] ACHTUNGTRENNUNG[Cu2ACHTUNGTRENNUNG(Se2O5)3] (6): Compound 6 is the first example
of an organically templated metal diselenite. To date only
three metal hydrogen selenite-diselenites, namely, [NH2-
ACHTUNGTRENNUNG(CH2)4NH2]0.5[M ACHTUNGTRENNUNG(HSeO3)ACHTUNGTRENNUNG(Se2O5)] (M = Zn, Co, Ni) have
been reported.[15] Compound 6 features a novel 3D architec-
ture with tunnels along the b axis. The asymmetric unit of
compound 6 consists of 29 independent non-hydrogen
atoms, 23 of which belong to the anionic framework (two
Cu atoms and three diselenite anions), and six of which are
from to the piperazine group (Figure 9). The coordination
geometries around both Cu1 and Cu2 atoms can be descri-
bed as “4+2” Jahn–Teller distorted octahedra. The axial
Cu�O bond lengths (Cu1�O7 2.429(4) L, Cu1�O12g
2.498(4) L, Cu2�O15 2.427(4) L and Cu2�O9h 2.519(4) L)
are significantly longer than the basal Cu�O bonds
[1.940(4)–1.993(4) L] (Table 2). The diselenite group con-
taining Se1 and Se2 is tetradentate, and it forms a three-
membered chelating ring with Cu1 (O2 and O4) as well as a
bridge to two other Cu2 atoms. The other two diselenite
anions are also tetradentate metal linkers but no chelate

ring is formed. The oxygen atoms bridging two Se atoms
(O1, O6 and O13) are not involved in metal coordination.

Figure 7. ORTEP representation of a selected unit in compound 5. The
thermal ellipsoids are drawn at 50% probability. Symmetry codes for
generated atoms: a) �x+1, �y, �z ; b) �x, �y, �z+1; c) �x, �y+1, �z ;
d) �x+1, �y, �z+1; e) �x+1, �y�1, �z+1; f) �x, �y, �z.

Figure 8. a) (020) 2D Copper(II) selenite layer in 5 ; b) view of the struc-
ture of 5 down the a axis. CuO5 polyhedra are shaded in medium gray.
Se, C, O and N are drawn as white, black, crossed and octand circles, re-
spectively. Hydrogen bonds are drawn as dotted lines.

Figure 9. ORTEP representation of a selected unit in 6. The thermal el-
lipsoids are drawn at 50% probability. Symmetry codes for generated
atoms: a) x, y�1, z ; b) x�1=2, �y+ 1=2, z�1=2 ; c) x, y+1, z ; d) x�1=2, �y+
3=2, z�1=2 ; e) x+ 1=2, �y+ 3=2, z+ 1=2; f) x+ 1=2, �y+ 1=2, z+ 1=2; g) 3=2�x,
y�1=2,

1=2�z ; h) 1=2�x, 1=2+y, 1=2�z ; i) 1=2�x, �1=2+y, 1=2�z ; j) 3=2�x, 1=2+y,
1=2�z. Only one orientation for Se1 and Se2 is shown and the template
cation is omitted for the sake of clarity.
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The connection of the copper(II) ions by bridging diselenite
anions results in a 3D network with large tunnels running
along b axis (Figure 10). The tunnel is formed by ten-mem-

bered rings consisting of four Cu and six Se. The size of the
tunnel is estimated to be 11.9Q7.4 L2 based on the structur-
al data. The doubly protonated piperazine cations are locat-
ed above the channels.

Thermal stability studies

TGA curves for compounds 1–6 indicate that they are stable
up to 198 (1), 220 (2), 177 (3) 194 (4) 228 (5) and 236 8C (6)
(Figure 11). Upon further increasing the temperature, the
water molecule (for 5), the template molecules and chloride
anions (for 3 and 4) are lost. The loss of the water molecule
at 228 8C in 5 can be attributed to its weak coordination to
Cu2. The intermediates formed at �400 8C are CoSeO3 for
compound 4 and CuSeO3 for the five other compounds
which undergo further decomposition at higher tempera-
tures with the liberation of SeO2. The final products are
CoO for 4 and CuO for the other compounds.

Magnetic studies

The dc magnetic properties for the new compounds were
measured in the temperature range of 2–300 K at the ap-
plied magnetic field of 1000 Oe.

ACHTUNGTRENNUNG[H2pip][CuACHTUNGTRENNUNG(SeO3)2] (1) and CuACHTUNGTRENNUNG(C3H4N2) ACHTUNGTRENNUNG(SeO3) (2): The cT
and c versus T plots for [H2pip][Cu ACHTUNGTRENNUNG(SeO3)2] (1) are shown in
Figure 12. The value of cm is 0.0011 emumol�1 at room tem-
perature and increases smoothly to a maximum of
0.0020 emumol�1 at 85 K, then decreases to a minimum of
0.0016 emumol�1 at 10 K and finally increases to
0.0018 emumol�1 at 2 K. The value of cT at 300 K is
0.35 emumol�1K, which is close to the expected value for a
spin-only case (cCuT=0.374 emumol�1K, S= 1=2). The de-
crease of cT with upon cooling indicates the presence of an-
tiferromagnetic interaction between copper(II) centers. The
magnetic data was fitted by the simple 1D chain model[19]

(the Hamiltonian is written as H=�2JiJi�1). This model pro-
duced a good fit to the experimental data over the whole
temperature range. The parameters of the fitting are listed
in the Table 3.

The cT and c versus T plots for [Cu ACHTUNGTRENNUNG(C3H4N2) ACHTUNGTRENNUNG(SeO3)] (2),
are similar to those of compound 1 (Figure S1). The plot of
cm versus T shows a value of 0.0013 emumol�1 at room tem-
perature which increases smoothly to a maximum of
0.0035 emumol�1 at 50 K, then decreases and reaches a min-
imum of 0.002105 emumol�1 at 4 K and finally increases to

Figure 10. View of the structure of 6 down the b axis. CuO6 octahedra
are shaded in medium gray. Se, O, C, and N are drawn as white, crossed,
black and octand circles, respectively.

Figure 11. TGA curves for compounds 1–6.

Table 3. Fitting parameters of magnetic susceptibility for compounds
1–6.

Compound Fitting model J [cm�1] g Impurity [%]

1 1D chain �45 2.2 0.3
2 1D chain �27 2.23 –
3 square lattice �34 (�39)[a] 2.17 –
4 square lattice �4.5 (�4.8)[a] 2.7 –
5 square lattice �45 2.35 1.5
6 square lattice �33 2.35 0.7

[a] Obtained from phase diagram.

Figure 12. Temperature dependence of the cT product (*) and c (^) for
1. The solid and dashed lines correspond to the best fit to an S= 1=2 chain
model.
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0.002146 emumol�1 at 2 K. The value of cT at 300 K is
0.39 emumol�1K, which is very close to the expected value
for a spin-only case (cCuT=0.374 emumol�1K, S= 1=2). The
decrease in cT from room temperature indicates an antifer-
romagnetic interaction between copper(II) centers. The pa-
rameters of the magnetic fitting are listed in the Table 3.

ACHTUNGTRENNUNG[H2en][Cu ACHTUNGTRENNUNG(HSeO3)2Cl2] (3): The cT and c versus T plots for
3 are shown in Figure S2, Supporting Information. The
value of cT at 300 K is 0.38 emumol�1K, which is close to
the expected value for a spin-only case (cCuT=0.374 emu
mol�1K, S= 1=2). The plot of c versus T shows a value of
0.0012 emumol�1 at room temperature which increases
smoothly to 0.0032 emumol�1 at �45 K, then reaches a min-
imum of 0.0030 emumol�1K at �24 K and finally increases
again at lower temperatures and reaches a value of
0.054 emumol�1K at 2 K. The cT versus T plot reveals a de-
crease in cT with cooling which reaches a minimum of
0.068 emumol�1K at 20 K, after which temperature it in-
creases abruptly and reaches a maximum at 10 K (cTmax=

0.54 emumol�1K) and finally decreases again at lower tem-
peratures. These data are in accord with a ferromagnetic in-
teraction between copper(II) ions below 20 K. The magnetic
analysis was carried out by using the square lattice model.[20]

The parameters of the fitting are listed in the Table 3.

ACHTUNGTRENNUNG[H2en][Co ACHTUNGTRENNUNG(HSeO3)2Cl2] (4): The cT and c versus T plots for
4 are shown in Figure 13. The value of cT at 300 K is
3.04 emumol�1K, which is much higher than the expected
value for a spin-only case (cST=1.875 emumol�1K, S= 3=2),
as expected for an orbital contribution. As the temperature
is lowered, the cT value decreases and reaches a minimum
of 1.35 emumol�1K at 16 K. Below 16 K, cT increases
abruptly and reaches a maximum at �7.5 K (cTmax=

8.8 emumol�1K) and finally decreases again at lower tem-
peratures. The plot of c versus T shows a value of
0.01 emumol�1 at room temperature, which increases
smoothly to 0.045 emumol�1 at 26 K, then finally decreases
again at lower temperatures reaches to 6.17Q
10�5 emumol�1K at 2 K. The parameters of the fitting of the
magnetic data according to the square lattice model are
listed in the Table 3.

The more accurate fit can be obtained assuming that the
4T1g ground state for high-spin octahedral cobalt(II) is sub-
ject of unquenched spin-orbit coupling as well as zero-field
splitting effects.[21] Unfortunately, there is no expression that
simultaneously accounts for both factors. The Hamiltonian
for spin-orbit coupling is written as: H=�lLS. The cT ex-
pression for a mononuclear cobalt(II) complex in an octahe-
dral environment is provided in Equation (1).[21]

cCoT ¼

7ð3�AÞ2x
5 þ 12ð2þAÞ2

25A þ
�

2ð11�2AÞ2x
45 þ 176ð2þAÞ2

675A

�
x exp

�
�5Ax

2

�
þ
�

ð5þAÞ2x
9 � 20ð2þAÞ2

27A

�
exp ð�4AxÞ

8x
3

�
3þ2exp

�
�5Ax

2

�
þexpð�4AxÞ

� ð1Þ

In this equation, x=l/kBT, (l is the spin-orbit coupling pa-
rameter which is �170 cm�1 for the free ion) and A is a
measure of the crystal field strength due to the interelec-
tronic repulsions (1.5 for a weak field, 1.0 for a strong field
and 1.32 for a free ion). Due to the magnetic interactions
between ions, the expression in Equation (1) was corrected
using the molecular field approximation [Eq. (2)] where c is
the experimental exchange-coupled magnetic susceptibility,
cCo is the magnetic susceptibility in the absence of the ex-
change field, zJ is the exchange parameter; the other sym-
bols have their usual meanings.[22]

c ¼ 3cCo

1�ðzJ=Ng 2b2ÞcCo
ð2Þ

The magnetic data were fitted to Equation (2) in the tem-
perature range of 2–300 K with parameters l = �140 cm�1,
and A = �1.3 and shown in Figure 14. Taking into account
that l = klfree ion, where k is a reduction of the spin-orbit
coupling due to covalency, k is 0.7. The value of zJ =

�3.0 cm�1 indicates that there is antiferromagnetic exchange
between cobalt(II) ions.

ACHTUNGTRENNUNG[H2en] ACHTUNGTRENNUNG[Cu2ACHTUNGTRENNUNG(SeO3)2ACHTUNGTRENNUNG(HSeO3)]2·H2O (5): The cT and c versus
T plots for 5 are shown in Figure 15. The value of cT at
300 K is 0.71 emumol�1K, which is close to the expected
value for two magnetically isolated S= 1=2 copper(II) ions.
Upon cooling, the cT value decreases continuously to
0.007 emumol�1K at 2 K. The plot of c versus T shows a
value of 0.0024 emumol�1 at room temperature, which in-

Figure 13. Temperature dependence of the cT product (*) and c (^) for
4. The solid and dashed lines correspond to the best fit to the spin-orbit
coupling model. Inset: Temperature dependence of the c at different ap-
plied magnetic fields.

www.chemeurj.org J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 8312 – 83238318

J.-G. Mao et al.

www.chemeurj.org


creases smoothly to 0.0037 emumol�1 at 100 K, then reaches
a minimum of 0.00075 emumol�1K at 17 K and finally in-
creases again at lower temperatures. The parameters of the
fitting of the magnetic data according to the square lattice
model are listed in the Table 3.

ACHTUNGTRENNUNG[H2pip] ACHTUNGTRENNUNG[Cu2ACHTUNGTRENNUNG(Se2O5)3] (6): The cT and c versus T plots for
[H2pip] ACHTUNGTRENNUNG[Cu2ACHTUNGTRENNUNG(Se2O5)3] (6) are shown in Figure S3, Supporting
Information. The value of cT at 300 K is 0.87 emumol�1K,
which is close to the expected value for two magnetically
isolated S= 1=2 copper(II) ions. Upon cooling, the cT value
decreases continuously to 0.011 emumol�1K at 2 K. The
plot of c versus T shows a value of 0.0029 emumol�1 at
room temperature, which increases smoothly to
0.0083 emumol�1 at 50 K, then reaches a minimum of
0.0015 emumol�1K at 10 K and finally increases again at
lower temperatures. The parameters of the fitting of the

magnetic data according to the square lattice model are
listed in the Table 3.

Investigation of spin-flop behavior

Compounds 3 and 4, which show the most interesting mag-
netic properties, were subject of more detailed magnetic
studies. The application of different magnetic fields in the
range of 100–1000 Oe confirmed a sharp maximum in c at
12 and 8 K for compounds 3 and 4, respectively, with cmax

moving slightly to lower temperatures with a minimal in-
crease in value (Figure S4, Supporting Information and 13
inset). The shape of the sharp maxima in c is indicative of
long-range antiferromagnetic ordering. Application of a
field higher than 1 kOe showed no maximum but saturation
in c below Tc. This field-dependent behavior is indicative of
a metamagnetic or spin-flop phase transition exhibited for
weakly coupled antiferromagnets.[23,24] Evidence for the
phase transition was confirmed by ac susceptibility and
field-cooled (FC)/zero-field-cooled (ZFC) measurements.

Results of the field-cooled (FC) and zero-field-cooled
(ZFC) measurements at 10 Oe exhibit a maximum at Tc=12
and 8 K for compounds 3 and 4, respectively (Figure S5).
Above Tc the magnetization is reversible and behaves simi-
larly for both FC and ZFC. Below Tc, however, there is non-
reversibility and bifurcation, consistent with a spontaneous
magnetization below a ferromagnetic phase transition. The
divergence of dc cZFC and cFC reveals a history dependence
of the magnetization process.[25,26]

The zero-field ac susceptibility measurements performed
in the range of frequencies from 1 Hz–1 kHz at Hac=

3 OekHz indicate that c’ displays a sharp maximum at Tc

(Figure S6, Supporting Information). No frequency depend-
ence was observed which excludes glassy behavior.[27]

The magnetic susceptibility (ZFC and real part c’) is
known to vary below Tc according to the following expres-
sion:[28–30]

c ¼ c0 ð1�
T
Tc

Þ�g ð3Þ

where g is the critical exponent and c0 is the critical ampli-
tude below Tc. The value of c, the so-called critical expo-
nent, provides information about the dimensionality and the
symmetry of the magnetic lattice undergoing the ordering
transition.[28–33] The double logarithmic plots of the cZFC and
c’ as a function of the reduced temperature are shown in
Figure S7, Supporting Information. A fitting of the data to
the power law [Eq. (3)] yielded Tc=12.1 K, gAC=0.35,
gZFC=0.33 for compound 3 and Tc=7.8 K, gAC=0.66, gZFC=

0.63 for compound 4, respectively. The obtained critical ex-
ponents are smaller than the values experimentally found in
3D ferromagnets[28] (g � 1.3) or predicted by mean field
theory[31] (g = 1). However, they are close to the values
found for random anisotropy magnets[29] (g � 0.67), disor-
dered systems[30] (g � 0.25–0.5), spin-flop transitions[32] (g
� 0.56) and canted systems[33] (g � 0.35–0.7).

Figure 14. Field dependent magnetization and hysteresis loops (insets)
for compounds 4 measured at 1.8 K.

Figure 15. Temperature dependence of the cT product (*) and c (^) for
5. The solid and dashed lines correspond to the best fit to the square lat-
tice model.
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The magnetization below Tc increases very slowly with in-
creasing field due to strong antiferromagnetic interactions
followed by a sharp increase (Figures S8, Supporting Infor-
mation and 14). The magnetization then increases gradually
to 70 kOe without saturation and exhibits a value that is far
from the theoretical one expected for copper(II) (Ms �
1.1 BM) and Co2+ (Ms � 2.3 BM).[27] Clearly, a higher field
is required to reach saturation to a ferromagnetic phase. As-
suming the linear increase of the magnetization the expect-
ed saturation magnetic fields (HC) are 2300 kOe and
135 kOe for the compounds 3 and 4, respectively.

Hysteresis loops measured at 1.8 K are consistent with a
weak ferromagnet for both compounds 3 and 4 with coer-
cive fields of 150 and 600 Oe, and remnant magnetization
values (Mr) of 0.0007 and 0.09 BM, respectively (Figure S8,
Supporting Information and 15, inset). The spontaneous
magnetization is therefore due to a spin-canting. The esti-
mated canting angles are 0.04 and 2.28 for compounds 3 and
4, respectively. This angle is calculated according to the
equation y = tan�1

ACHTUNGTRENNUNG(Mr/Ms), where Mr is the remnant mag-
netization and Ms = gS is the expected saturation magneti-
zation if all the moments are aligned ferromagnetically.[24, 34]

The field dependence of the magnetization at different
temperatures below Tc have a pronounced sigmoidal shape
for both compounds 3 and 4 (Figure S9, Supporting Infor-
mation and 16). The calculated derivatives dM/dH also
show the obvious transitions (Figure S9, Supporting Infor-

mation and 16, inset) around 800�100 Oe, although the
exact value for the peaks decrease with temperature. The
behavior is due to a spin-flop transition, which occurs if
Ising-like anisotropy is small compared with the weak anti-
ferromagnetic interaction.[29,35] In this case the antiparallel
spin alignment changes to a perpendicular orientation to the
applied magnetic field.[26] To obtain a more accurate esti-

mate of the transition field, AC susceptibility measurements
as a function of the applied DC magnetic field were per-
formed (Figure S10, Supporting Information and 17)[26,36]

using a 10 Hz oscillating AC field of 3 Oe. The peaks
around the spin-flop transition were reproduced with no fre-
quency dependence being observed.

According to the aforementioned observations, phase dia-

grams of compounds 3 and 4 were constructed (Figure S11,
Supporting Information and 18). The weak ferromagnet-
spin-flop (WFM-SF) boundary experimental points (dia-
monds) was obtained from the peaks in dM/dH and c’
versus H curves, while the weak ferromagnet/parmagnet
WFM-PM boundary (cubes) was obtained from the peaks of
c(T). The phase transition from the spin-flop state to a field
induced ferromagnetic state is not complete at the fields
that we were able to apply; clearly a higher field is necessa-
ry. These types of phase diagrams are very similar to those
reported for a field-induced spin-flop transition, which is
common for antifferomagnetic systems with weak anisotro-
py.[26,36–38]

The temperature dependence of the spin-flop field can be
linearly extrapolated to T=0 K to obtain HSF(0)=0.9 kOe
and 1 kOe for compounds 3 and 4, respectively. Using
mean-field relation:[26,38,39]

HSFð0Þ ¼ ½2HEHA�HA
2	1=2 ð4Þ

HCð0Þ ¼ 2HE�HA ð5Þ

HE and HA are the exchange and anisotropy fields and using
estimated values of HC, one obtains HA=0.35 Oe, HE=

1150 kOe; and HA=7.4 Oe, HE=67.5 kOe for compounds 3
and 4, respectively. The anisotropy constants a=HA/HE are
�3Q10�7 and 10�4 for these compounds. The low values of
the anisotropy constant (<10�2) are typical for the Heisen-
berg antiferromagnets showing spin-flop transition.[26,39] The
estimated exchange constants[38] J = gbHE/2zS are �39 and

Figure 16. Field dependent magnetization curves and plots of dM/dH vs
H (insets) at different temperatures for compounds b.

Figure 17. Field dependence of the in-phase contribution to the AC sus-
ceptibility signal at different temperatures for compound 4.
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�4.8 cm�1 for compounds 3 and 4, respectively, assuming
z=4 for quadratic layers and effective spin Seff =

1=2 with g
effective geff=4.3 for cobalt(II) at low temperature. These
parameters are in good agreement with the values obtained
from the high temperature susceptibility fit.

Conclusions

In summary, six new copper(II) or cobalt(II) selenites with
1D to 3D structures with organic constituents were prepared
by using hydro-/solvothermal methods. It was found that the
copper source and the solvent as well as the organic tem-
plate influence the compositions and structures of the partic-
ular metal selenite isolated. Depending on the experimental
conditions, the selenium(IV) ions can exist as a selenite
anion (SeO3

2�) as in 1 and 2, a hydrogen selenite anion
(HSeO3

�) as in 3 and 4, or a diselenite anion (Se2O5
2�) as in

6. It is also possible for the metal selenite compound to
have a combination of two different types of selenite anions
such as HSeO3

� and SeO3
2� in 5, and HSeO3

� and Se2O5
2�

in [NH2 ACHTUNGTRENNUNG(CH2)4NH2]0.5[M ACHTUNGTRENNUNG(HSeO3) ACHTUNGTRENNUNG(Se2O5)] (M=Zn, Co,
Ni).[15] The richness of the structural chemistry of Copper(II)
selenites is due to the varied coordination geometries that
the copper(II) ion can adopt. All of the compounds exhibit
fairly strong antiferromagnetic interactions. Compounds 3
and 4 behave as a weak ferromagnets below the critical tem-
peratures of Tc = 12 and 8 K, respectively. The spin-canting
angles were estimated to be 0.04 and 2.28, respectively. Mag-
netic measurements as a function of the field display the
onset of spin-flop phase transitions around 800�100 Oe for
both of these compounds.

Experimental Section

Materials and methods : All chemicals were purchased from commercial
sources and used without further purification. The Cu, Co, Se and Cl
analyses were carried out with an ICPQ-100 spectrometer whereas C, H
and N analyses were performed on a German Elementary Vario EL III

instrument. IR spectra were recorded on a Magna 750 FT-IR spectrome-
ter photometer as KBr pellets in the range of 4000–400 cm�1. Thermogra-
vimetric analyses were carried out with a NETZSCH STA 449C unit at a
heating rate of 10 8Cmin�1 under a nitrogen atmosphere. The XRD
powder patterns were collected on a Philips X’Pert-MPD diffractometer
using graphite monochromated CuKa radiation in the angular range 2q=
5–708 with a step size of 0.028 and a counting time of 3 s per step. Mag-
netic susceptibility measurements were carried out on a Quantum Design
MPMS-XL SQUID magnetometer. The raw data were corrected for the
susceptibility of the container and the diamagnetic contributions of the
sample using PascalSs constants.

ACHTUNGTRENNUNG[H2pip][Cu ACHTUNGTRENNUNG(SeO3)2] (1): A mixture of CuCN (0.049 g, 0.547 mmol), SeO2

(0.224 g, 2.020 mmol), piperazine (0.083 g, 0.964 mmol), ethanol (5 mL)
and H2O (1 mL) was stirred under ambient conditions until it was homo-
geneous. The resulting mixture was sealed into an autoclave equipped
with a Teflon liner (25 mL) and heated at 100 8C for 4 d. The initial and
final pH values of the solution did not show appreciable change and
were close to 5.0. Blue brick-shaped crystals of 1 were collected in ca.
68% yield (based on Cu). IR (KBr): ñ = 3001m, 2966w, 1618s, 1493s,
1446m, 1376s, 1321 s, 1300s, 1219m, 1120w, 1091 s, 1079s, 1028s, 983 s,
883s, 807m, 732vs, 616m, 534s, 462s cm�1; elemental analysis calcd (%)
for C4H12CuN2O6Se2: Cu 15.67, Se 38.93, C 11.84, H 2.98, N 6.91; found:
Cu 15.98, Se 38.02, C 12.02, H 3.10, N 6.75.

Cu ACHTUNGTRENNUNG(C3H4N2)ACHTUNGTRENNUNG(SeO3) (2): A mixture of CuCl (0.037 g, 0.378 mmol), SeO2

(0.137 g, 1.236 mmol), imidazole (0.122 g, 1.799 mmol), acetonitrile
(5 mL) and H2O (1 mL) was stirred under ambient conditions. The mix-
ture was sealed in an autoclave equipped with a Teflon liner (25 mL) and
heated at 85 8C for 5 d. The initial and final pH values of the solution
were �5.0. Green brick-shaped crystals of 2 were collected in ca. 21%
yield (based on Cu). IR (KBr): ñ = 3141m, 2961w, 2865w, 1547m,
1498w, 1442s, 1329 s, 1258w, 1180m, 1109m, 1091s, 1070s, 951w, 853 s,
832m, 800m, 756s, 738 s, 687vs, 650s, 623m, 527m, 480s cm�1; elemental
analysis calcd (%) for C3H4CuN2O3Se: Cu 24.57, Se 30.54, C 13.93, H
1.56, N 10.83; found: Cu 24.43, Se 30.96, C 13.98, H 1.68, N 10.26.

ACHTUNGTRENNUNG[H2en][Cu ACHTUNGTRENNUNG(HSeO3)2Cl2] (3): Compound 3 was synthesized by heating a
mixture of CuCl2·2H2O (0.083 g, 0.489 mmol), SeO2 (0.224 g,
2.020 mmol), ethylenediamine (0.12 mL, 1.800 mmol), acetonitrile (5 mL)
and H2O (1 mL) at 85 8C for 5 d. The pH value of the solution remained
at �5 during the course of the reaction. Light green platelet crystals of 3
were collected in ca. 57% yield (based on Cu). IR (KBr): ñ = 3464w,
3020br, 2291w, 1583 s, 1504s, 1469m, 1326 s, 1193s, 1053 s, 1032s, 1015w,
830m, 737vs, 673vs, 523 vs, 428s cm�1; elemental analysis calcd (%) for
C2H12Cl2CuN2O6Se2: Cu 14.04, Se 34.90, Cl 15.67, C 5.31, H 2.67, N 6.19;
found: Cu 14.23, Se 34.96, Cl 15.62, C 5.42, H 2.87, N 6.89.

ACHTUNGTRENNUNG[H2en][Co ACHTUNGTRENNUNG(HSeO3)2Cl2] (4): Compound 4 was synthesized by heating a
mixture of CoCl2·6H2O (0.352 g, 1.479 mmol), SeO2 (0.334 g,
3.015 mmol), ethylenediamine (0.12 mL, 1.800 mmol) dichloromethane
(4.8 mL) and H2O (1 mL) at 100 8C for 4 d. The initial and final pH
values were �2. Purple brick-shaped crystals of 4 were collected in ca.
71% yield (based on Co). The addition of dichloromethane reduces the
solubility of compound in reaction media and helps its crystallization. IR
(KBr): ñ = 3444w, 3049br, 2363m, 1593s, 1571w, 1510s, 1469m, 1365w,
1329m, 1196s, 1060s, 1030m, 1017w, 832m, 749vs, 667vs, 496s cm�1; ele-
mental analysis calcd (%) for C2H12Cl2CoN2O6Se2: Co 13.16, Se 35.26, Cl
15.83, C 5.36, H 2.70, N 6.25; found: Co 13.10, Se 34.97, Cl 15.72, C 5.48,
H 2.88, N 6.21.

ACHTUNGTRENNUNG[H2en]ACHTUNGTRENNUNG[Cu2ACHTUNGTRENNUNG(SeO3)2ACHTUNGTRENNUNG(HSeO3)]2·H2O (5): Single crystals of compound 5
were obtained by heating a mixture of CuCN (0.088 g, 0.984 mmol), SeO2

(0.221 g, 1.991 mmol), ethylenediamine (0.12 mL, 1.800 mmol), acetoni-
trile (5 mL) and H2O (1 mL) at 85 8C for 5 days. The initial and final pH
values are both close to 5. A single phase of 5 was synthesized by using
ethanol (5 mL) instead of acetonitrile (5 mL) and reacted at 100 8C for
5 d. Green powder samples of 5 were collected in ca. 46% yield (based
on Cu). IR (KBr): ñ = 3459w, 3152w, 2155w, 1614w, 1569 s, 1488w,
1462m, 1333m, 1122w, 1067m, 1029m, 718vs, 649 s, 532s, 485s cm�1; ele-
mental analysis calcd (%) for CH7Cu2NO9.50Se3: Cu 23.15, Se 43.14, C
2.19, H 1.29, N 2.55; found: Cu 23.11, Se 43.10, C 2.23, H 3.01, N 2.51.

Figure 18. H(T) phase diagram for compound 4. WFM=weak feromag-
netic, SF= spin-flop and PM=paramagnetic states. The diamonds and
the cubes represent the experimental data obtained from magnetization
M(H) and susceptibility c(T) measurements.

Chem. Eur. J. 2006, 12, 8312 – 8323 J 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8321

FULL PAPERDivalent Cu and Co Selenites

www.chemeurj.org


ACHTUNGTRENNUNG[H2pip]ACHTUNGTRENNUNG[Cu2ACHTUNGTRENNUNG(Se2O5)3] (6): Single crystals of 6 were synthesized by heating
a mixture of CuCl2·2H2O (0.085 g, 0.498 mmol), SeO2 (0.441 g,
3.980 mmol), piperazine (0.161 g, 1.879 mmol), ethanol (5 mL) and H2O
(1 mL) at 100 8C for 5 d. Light green brick-shaped crystals of 6 were col-
lected in ca. 52% yield (based on Cu). The initial and final pH values
were �5. IR (KBr): ñ = 3451br, 2924m, 2715w, 2573w, 2468m, 1624 s,
1457w, 1444m, 1375w, 1316w, 1169w, 1088s, 1009m, 969m, 891w, 840m,
760vs, 588 s, 494vs cm�1; elemental analysis calcd (%) for
C4H12Cu2N2O15Se6: Cu 13.68, Se 51.00, C 5.17, H 1.30, N 3.02; found: Cu
13.56, Se 49.62, C 5.32, H 1.33, N 3.00.

X-ray Crystallography : Single crystals of compounds 1 to 6 were subject-
ed to X-ray studies on a Siemens Smart CCD or Rigaku Mercury CCD
diffractometer equipped with graphite-monochromated MoKa radiation
((l =0.71073 L). Intensity data were collected by the narrow frame
method at 293 K and corrected for Lorentz and polarization effects as
well as for absorption by the SADABS program or the Multi-Scan tech-
nique.[40] All structures were solved by direct methods and refined by
full-matrix least-squares cycles in SHELX-97.[40] All non-hydrogen atoms
were refined with anisotropic thermal parameters. Hydrogen atoms at-
tached to C and N atoms as well as those of the hydrogen selenite groups
were located at geometrically calculated positions and refined with iso-
tropic thermal parameters. The hydrogen positions for water molecules
in 5 were not refined. The Se3 atom in compound 5 and the Se1 and Se2
atoms in compound 6 are disordered and each exhibits two orientations
(Se3 and Se3’, Se1 and Se1’, Se2 and Se2’). The water molecule, O1w in
compound 5 with a short O1w···O1w contact (symmetry code: �x, �y�1,
�z+1) of 1.75(4) L is disordered and its occupancy factor was set to 0.5.
Crystallographic data and structural refinement parameters for the six
compounds are summarized in Table 1. Important bond distances are
listed in Table 2.

CCDC-294545–294550 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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