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Two new alkaline earth copper(II) germanates were hydrothermally synthesized: CaCuGeO4 �H2O (1)

and BaCu2Ge3O9 �H2O (2), and their structures determined by single crystal X-ray diffraction. Compound

(1) crystallizes in space group P21=c with a¼5.1320(2) Å, b¼16.1637(5) Å, c¼5.4818(2) Å, b¼
102:609ð2Þ1, V¼443.76(3) Å3 and Z¼4. This copper germanate contains layers of composition

[CuGeO4�
2�
1 comprising CuO4 square planes and GeO4 tetrahedra with calcium and water molecules in

the inter-layer space. Compound (2) crystallizes in the Cmcm space group with a¼5.5593(3) Å,

b¼10.8606(9) Å, c¼13.5409(8) Å, V¼817.56(9) Å3 and Z¼4. This structure contains GeO6 and CuO6

octahedra as well as GeO4 tetrahedra, forming a three-dimensional network of interconnecting six-

membered ring channels. The magnetic susceptibility for both samples can be interpreted as S¼1/2

chains, in agreement with the copper topology observed in the crystal structure. The susceptibility of (1)

exhibits a Bonner–Fisher type behavior, resulting from antiferromagnetic intra-chain interactions with-

out three-dimensional ordering down to 5 K—the lowest measured temperature. This observation,

together with the absence of super-exchange paths between the copper chains, make this system

particularly promising for the study of low dimensional magnetism. The magnetic properties of (2) show

a very weak ferromagnetic near-neighbor interaction along the chain. In this compound a peak the wT

plot seems to indicate the onset of interchain antiferromagentic correlations. However, no ordering

temperature is detected in the susceptibility data.

Published by Elsevier Inc.
1. Introduction

The search for new topologically complex oxides with open
framework has been extremely intensive because of their inter-
esting properties in catalysis, molecular sieves, gas storage and
other important technological applications [1]. In that context,
zeolite type materials, formed by SiO4 and AlO4 corner sharing
tetrahedra, and their substitution for other elements with differ-
ent coordinations, has attracted tremendous research [2–4]. By
contrast, open framework germanate compounds are much less
explored. Unlike silicon oxides that primarily form SiO4 tetrahe-
dra, germanium framework oxides can exhibit GeO4 tetrahedra,
GeO5 trigonal bipyramids and GeO6 octahedra. As a result, a wide
variety of germanium compounds, consisting of both purely
tetrahedrally coordinated framework and mixed polyhedral fra-
meworks have been reported [5,6]. Profiting from this structural
Inc.

Santos).
variability, it is possible, through the incorporation of magneti-
cally active ions to germanium based frameworks, to obtain of
novel magnetic materials with a wide variety of structural
building blocks, including chains, layered systems and three-
dimensional networks, where the observed magnetic behavior is
often mapped on the crystal structure topology. Illustrating this
point, there are some recent examples of open framework transi-
tion metal (nickel and cobalt) germanates [7,8]. The use of copper
in these structurally diverse environments is particularly advan-
tageous as its spin S¼1/2, in the conventional 2þ oxidation state,
results in systems with quantum magnetism. Examples of this are
CuGeO3 (linear chain) [9], CaCuGe2O6 (isolated dimer) [10],
BaCu2Ge2O7 (zigzag chain) [11] or di-copper tetra-carboxylate
(quantum entanglement) [12]. It is also widely recognized that
the use of soft chemistry methods is an efficient strategy to obtain
novel materials, exhibiting various interesting magnetic phenom-
ena, as these synthesis methods often result in systems with
complex geometries.

To the best of our knowledge, there are only few copper
germanate complex framework structures published: an organically
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Table 1
Structural parameters of selected open framework copper germanates.

Composition Space group Unit cell volume (Å3) Building blocks Refs.

BaCu2Ge2O7 Pnma 663.52(14) GeO4, CuO4; dCu2Cu ¼ 3:556ð1Þ Å; corner sharing Cu–O [11]

CaCuGe2O6 P21=c 468.16(15) GeO4, GeO5, CuO4; dCu2Cu ¼ 3:064ð2Þ Å; edge sharing Cu–O [10]

K2Cu3Ge5O14 P1 324.55(4) GeO4, GeO6 CuO4, CuO5; dCu2Cu ¼ 2:793ð9Þ�2:833ð2Þ Å; edge sharing Cu–O [13]

Table 2
Crystallographic data and structure refinement parameters for BaCu2Ge3O9 �H2O

and CaCuGeO4 �H2O.

Empirical formula BaCu2Ge3O9 �H2O CaCuGeO4 �H2O

Formula weight 644.21 258.23

Unit cell

Crystal system Orthorhombic Monoclinic

Space group Cmcm P21=c

a (Å) 5.5593(3) 5.1320(2)
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templated sodium copper germanate [14], and others synthesized at
higher temperature [10,11,13]. The crystallographic and structural
information of these compounds is summarized in Table 1 in order to
illustrate their topological richness.

Here we report the synthesis, crystal structure determination
and magnetic characterization of two novel copper (II) germa-
nates: a three-dimensional BaCu2Ge3O9 �H2O, and a layered
CaCuGeO4 �H2O, both prepared hydrothermally under mild
conditions.
b (Å) 10.8606(9) 16.1637(5)

c (Å) 13.5409(8) 5.4818(2)

a ð1Þ 90 90

b ð1Þ 90 102.609(2)

g ð1Þ 90 90

V (Å3) 817.56(9) 443.76 (3)

Z 4 4

Dcalc (g cm�3) 5.234 3.865

Experimental parameters

Absorpt. correct. (mm�1) 20.782 12.632

Crystal size (mm) 0.02�0.02�0.01 0.01�0.01�0.01

y range (1) 3.75–25.64 4.01–30.58

Reflections collected 4773 4939

Unique reflections, Rint 446, 0.0593 1353, 0.0361

Final R indices

R1, wR2 [I0 42sðI0Þ] 0.0247, 0.0546 0.0243, 0.0521

R1, wR2 [all data] 0.0340, 0.0569 0.0323, 0.0545

R1¼S½9Fo9�9Fc9�=S9F09; wR2 ¼S½w½9Fo9�9Fc9�2=Sw½9Fo9
2
�1=2.
2. Experimental details

Samples were prepared via hydrothermal synthesis under
autogeneous pressure and basic conditions, yielding purple single
crystals for (1) and green plate crystals for (2). Powder diffraction
measurements of the reaction products indicated that, in addition
to the crystals collected for structure determination, sodium
germanate (Na2GeO3) was also present as a fine powder.

Synthesis of CaCuGeO4 � H2O (1): A typical synthesis was made
by mixing 26.31 g H2O and 3.80 g CuðSO4Þ � 5H2O (Pronalab). A
second solution was obtained by mixing 12.83 g H2O, 2.30 g
Ca(OH)2 (Merck) and 1.50 g GeO2 (Aldrich). These two solu-
tions were combined and stirred thoroughly until a homo-
geneous gel was obtained. This mixture was sealed in teflon
lined autoclaves and heated at 230 1C for 7 days.
Synthesis of BaCu2Ge3O9 �H2O (2): A typical synthesis was made
by mixing 18.45 g H2O and 3.58 g CuðSO4Þ � 5H2O (Pronalab). A
second solution was obtained by mixing 18.07 g H2O, 6.07 g
BaðOHÞ2 � 8H2O (Aldrich) and 1.50 g GeO2 (Aldrich). These two
solutions were combined and stirred thoroughly until a homo-
geneous gel was obtained. The resulting gel was sealed in teflon
lined autoclaves and heated at 230 1C for 7 days.

These autoclaves were cooled in air and the reaction products
were washed and filtered to collect the resulting crystals, that were
dried at room temperature. Susceptibility measurements were
performed on polycrystalline samples on a Quantum Design super-
conducting quantum interference device—SQUID—magnetometer.
Data were collected upon heating, from 5 K to 300 K using an
excitation field of 1000 Oe on samples cooled in the absence of
magnetic field (ZFC).

2.1. Structure determination and refinement

Single crystal X-ray data were collected on a Bruker APEX II
CCD area detector, using graphite monochromatized MoKa radia-
tion (l¼ 0:71073 Å) with the sample placed at 35 mm from the
detector. Each frame was measured for a counting time of 50 s for
(1) and 80 s for (2). Data were collected with the samples cooled
to 150(2) K. Data reduction and multi-scan correction for absorp-
tion effects were carried out using the SAINT-NT software
package from Bruker AXS. The structures were solved by means
of direct methods, using SHELXS [15,16] followed of subsequent
difference Fourier syntheses. The resulting structures were then
refined using full-matrix least squares in SHELXL [15,16].
The atomic positions of hydrogen atoms of the water molecules
were directly obtained from the last difference Fourier maps.
Anisotropic thermal parameters were used for all non-hydrogen
atoms, while the hydrogen atoms of the water molecules were
refined with isotropic parameters equivalent to 1.2 times those of
the atom to which they are bonded. The crystal data and
refinement details are given in Table 2. Molecular diagrams were
drawn with the Vesta software suite [17].
3. Results

3.1. Crystal structures

3.1.1. Crystal structure of CaCuGeO4 � H2O
The asymmetric unit of (1) contains two independent copper

centers Cu(1) and Cu(2), both located on an inversion center, one
GeO4 tetrahedra, one Ca cation and one hydrogen bonded water
molecule. This copper germanate comprises layers of composition
½CuGeO4�

2�
1 containing CuO4 and GeO4 tetrahedra separated by

calcium and the water molecules (Fig. 1). The two independent
copper centers exhibit square planar geometry (Fig. 2, bottom),
the copper site Cu(1) is surrounded by four oxygen atoms with
Cu(1)–O distances of 1.922(2) Å and 1.967(2) Å, and the O–Cu(1)–O
bond angles of 87.72(8)1 and 92.28(8)1.

The second copper site Cu(2) is coordinated also with four
oxygen atoms with Cu(2)–O distances of 1.917(2) and 1.971(2) Å
and the O–Cu(2)–O bond angles of 88.63(8)1 and 91.37(8)1.
Both CuO4 squares share corners, forming an infinite chain of



Fig. 1. The structure of (1) viewed along the a direction showing the two-

dimensional ½CuGeO4�
2�
1 layers. Color scheme: Cu, blue polyhedra; Ge, yellow

polyhedra; O, red; H, white; Ca, gray. (For interpretation of the references to color

in this figure caption, the reader is referred to the web version of this article.)

Fig. 2. (Top): Mixed ball-and-stick and polyhedral representation of the square-

planar Cu chain. (Bottom): The coordination environment of Cu(1) and

Cu(2) metal centers in (1). Color scheme: Cu, blue ; Ge, yellow; O, red; H, white.

Coordinates of equivalent atomic positions: (i) x, y, 1þz; (ii) �x, 1�y, �z;

(iii) 1þx, y, z; (iv) 1�x, 1�y, �z; (viii) �x, 1�y, 1�z. (For interpretation of the

references to color in this figure caption, the reader is referred to the web version

of this article.)

Fig. 3. Crystal structure of (2). (Left) Viewed along a axis showing the six member ring

b axis showing the six member rings formed by four GeO4 tetrahedra and two GeO6 oct

Ba, gray. (For interpretation of the references to color in this figure caption, the reader
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Cu–O–Cu, running along the [101] direction, with a metal-to-
metal distance of 3.3204(7) Å and a Cu–O–Cu angle of 115.2(3)1
(Fig. 2, top). The Ge–O bond distances vary from 1.741(2) to
1.784(2) Å and are comparable with other compounds which
contain germanium in tetrahedral coordination. [10,11,13] The
O-Ge-O angles are distributed in the range of 101.96(9)-
112.57(9)1. The calcium cations and the water molecules are
located between layers. These layers are connected through
hydrogen bonds between the water molecule O(100) and the
O(1) and O(3) oxygens atoms from the GeO4 tetrahedra. Addi-
tional structural details on the hydrogen bonding scheme is
presented in Supplemental information.
3.1.2. Crystal structure of BaCu2Ge3O9 �H2O
The barium germanate (2), crystallizes in the orthorhombic

space group Cmcm with Z¼4. The open framework structure
shown in Fig. 3 can be viewed as being formed of layers of CuO6,
GeO4 and GeO6 interconnected via GeO4 tetrahedra forming two
types of six member rings channels. One, running along the a axis,
contains four GeO4 and two CuO6 sharing all the corners present-
ing an aperture of 6.1�4.3 Å (Fig. 3, left). The channels running
along the b axis are formed by four GeO4 and two GeO6 corner-
linked units showing an aperture of 5.6�4.3 Å (Fig. 3 right).
A peculiarity in this structure is that the bridging oxygen between
the layers—O(4), is only double coordinated, with a Ge(1)–O(4)–
Ge(1) angle of 173.81 (as can be seen in the left panel of Fig. 3) this
causes a slight instability about the Ge–O(4)–Ge axis, that is
reflected in an anomalously high ADP for that atom. The octa-
hedral coordination around the Cu atom, represented in the top
panel of Fig. 4 is strongly Jahn–Teller distorted due to the effect of
the Cu2þ ion, which has four short Cu–O bonds 1.909(5)–
1.991(4) Å, and two long Cu–O bonds of 2.475(5) Å. This octahe-
dra has two Cu–O–Cu angles in the equatorial plane, 87.01(18)1
and 92.99(18)1. The octahedral environment is further distorted
by the apical oxygen (O3) not being perpendicular to the
equatorial plane, but being tilted by about 161 making one of the
Oap–Oeq bonds long—3.146(7) Å and the other short 2.663(7) Å
(see inset of Fig. 4). These octahedra share edges forming an
infinite chain of Cu–O–Cu (Fig. 4, bottom) running along the a

direction, in which the metal-to-metal distance is of 2.779(7) Å,
comparable to K2Cu3Ge5O14 [13]. It is interesting to note that the
equatorial plane of consecutive octahedra are buckled with an
angle of 1581 (see inset of Fig. 4). The average Ge–O bond length
for the GeO4 tetrahedra is 1.715(3) Å. The germanium octahedron
is nearly regular, as it has four Ge–O bond lengths of 1.944(5) Å
and two Ge–O distances of 1.822(7) Å. These distances compare
well with those found in other related copper samples with
formed by four GeO4 tetrahedra and two CuO6 octahedra. (Right) View along the

ahedra. Color scheme: Cu, blue polyhedra; Ge, yellow polyhedra; O, red; H, white;

is referred to the web version of this article.)



Fig. 4. Top: The coordination environment of Cu(II) in compound (2). Bottom: Mixed ball-and-stick and polyhedral representation of the Cu chain running along the a

direction. Inset: CuO4 tilting along the chain and angle between apical oxygen and equatorial plane. Color scheme: Cu, blue polyhedra; Ge, yellow ; O, red. Coordinates of

equivalent atomic positions: (v) 0.5�x, 0.5�y, 1�z; (vi) �0.5þx, 0.5�y, 1�z; (xii) 0.5þx, 0.5�y. (For interpretation of the references to color in this figure caption, the

reader is referred to the web version of this article.)
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germanium [10,11,13]. The barium cations and water molecules
are located within the six member-ring channels and barium is
coordinated with six oxygen atoms in a regular octahedral
coordination where the average Ba–O is 2.758(3) Å. The water
molecule resides inside the channels and is hydrogen bonded to
the framework (see Supplemental information for additional
structural details on the hydrogen bonding).
3.2. Magnetic properties

Clues for the interpretation of the magnetic data collected in
these compounds can be inferred from an inspection of their
crystal structure, in particular the copper first coordination shell
and Cu–Cu connectivity. In fact, while both structures contain
copper ions in a chain arrangement, their magnetic behavior is
significantly different, as can be seen in the plot of their inverse
susceptibility, shown in Fig. 5.

The topological case that can be applied to model both crystal
structures is a S¼1/2 equally spaced (single exchange parameter J)
infinite chain. The S¼1/2 arises from the Cu2þ in d9 configuration,
and the single exchange as there is only one magnetic super-
exchange path connecting neighboring copper ions along the
chain. To account for all the contributions to the experimental
data, it is necessary to add to the chain magnetic susceptibility
(wc) two additional terms: one related to a temperature indepen-
dent contribution wti and a Curie–Weiss term r accounting for
paramagnetic species that contaminate the bulk sample. Thus, the
total susceptibility can be written as

w¼ rC

T
þð1�rÞwcþwti ð1Þ

where the Curie constant is

C ¼
g2m2

B

4kB
ð2Þ

The reciprocal susceptibility, w�1 plotted with the temperature
independent contribution subtracted from the data (see Table 3)
is presented in Fig. 5. At high temperature, both compounds
present a paramagnetic-like behavior. The paramagnetic effective
moment peff ¼ g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JðJþ1Þ

p
(where J, the total angular moment, is

J¼ LþS), and the paramagnetic Curie temperature yp can be
extracted from these data and their values are presented in
Table 3. The observed paramagnetic effective moment is close
to the theoretical value of peff ¼ 1:73mB=Cu for S¼ 1=2, L¼0, and
g¼2. The small deviations from the ideal value are due to a not
fully quenched orbital moment. The extracted yp obtained from
the extrapolation of the high temperature inverse susceptibility
yields a strong negative value of yp for (1), and a very small
positive one for (2). Those observations are in good qualitative
agreement with the Goodenough–Kanamori rules [18,19] that
predict that the magnetic exchange between corner shared
octahedra is ‘‘strongly’’ antiferromagentic, while between edge
shared octahedra is ‘‘weakly’’ ferromagnetic.

The preliminary determination of the sign of the magnetic
exchange is important because, although there is no analytical
solution to model the magnetic susceptibility of an infinite,



Table 3
Relevant parameters for (1) and (2) obtained from fits of the high temperature

data to a Curie–Weiss law (see Fig. 5).

Sample peff (mB=Cu) yp (K) wti (mB=Cu-Oe)

CaCuGeO4 �H2O 1.8(1) �201(16) þ4.69 �10�9

BaCu2Ge3O9 �H2O 1.6(1) þ1.4(1) þ2.89�10�8

Table 4
Fits of (1) and (2) to a regular S¼ 1=2 chain.

Sample J (K) r ð%Þ

CaCuGeO4 �H2O �185(3) 4.0(2)

BaCu2Ge3O9 �H2O þ0.8(1) 2.5(2)

χ
μ

J

J

Fig. 6. Susceptibility times temperature as a function of temperature for both

Ba- and Ca-samples. Red lines represent the fits to the model described in the text.

(For interpretation of the references to color in this figure caption, the reader is

referred to the web version of this article.)

χ
μ

μ

θ

χ
μ

χ
μ

Eq. (1) - first term

Eq. (1) - third term

Eq. (1) - second term

Eq. (1) - third term
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μ

θ

χ
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Fig. 5. Susceptibility (left) and its inverse (right) for both barium and calcium

containing samples.
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equally spaced, chain, in the particular the case of S¼1/2, a
numerical solution was obtained for the antiferromagnetic case
(Jo0) by Bonner and Fisher [20] and for a ferromagnetic arrange-
ment (J40) by Baker and co-workers [21,22]. The mathematical
expressions and corresponding numerical parameters are pre-
sented in the Supplemental Information, and the results of the fits
of the data to the appropriate expression are presented in Table 4,
where only J and r were refined and was kept at g¼2 (the ideal
value for L¼0).

For (1), where Jo0, the direct observation of the characteristic
maximum of the Bonner-Fisher susceptibility is precluded by the
presence of 4% paramagnetic impurities. However, by plotting
separately the different terms of the fitted susceptibility of Fig. 5
it is possible to observe that a broad maximum occurs at a
temperature of ca. 115 K. This is in agreement with the Bonner–
Fisher model [23] that predicts a maximum in the susceptibility
in the vicinity of Tmax ¼ 0:641� 9J9, well in line with the resulting
value of J¼�185 K. Topologically, this system is rather similar to
the recently reported AgCuVO4, that contains square planar
copper with non-magnetic VO4 tetrahedra, that also exhibits a
quasi-one-dimensional chain behavior [24]. Interestingly in that
case, the magnitude of the intra-chain magnetic exchange is far
greater (J¼335 K) and the copper does have an oxygen in the
apical position albeit at a large distance of 2.511 Å. In AgCuVO4

was observed that the strength of the exchange and the existence
of interchain exchange paths leads to a three-dimensional
ordered ground state near TN ¼ 2:5 K. It is interesting to note that
here no long range ordering is detected down to the lowest
measured temperature This results from the moderate strength of
the intra-chain exchange and the absence of super-exchange
paths to magnetically connect the chains, making CaCuGeO4 �

H2O a strong candidate for a one-dimensional ground state
system.

The susceptibility of (2) was successfully fitted using the Baker
expression [21,22], in agreement with the observed ferromagentic
nearest-neighbor interaction. However, these data were fitted
only down to 8 K, since below this temperature long range
interactions are observed arising from interchain correlations
between the ferromagnetic chains, and the Baker model, applied
here, does not account for this extra interaction.

In compound (2), the small value of yp makes the visualization
of the susceptibility as wT as a function of temperature, particularly
useful. The data in that form, as well as the fits of both samples to
the appropriate model, are presented in Fig. 6. As expected, the plot
of wT as a function of temperature of (1) shows a monotonic
decrease with decreasing temperature, which is a signature of a
strong antiferromagnetic arrangement between ions along the
chain. However, for (2) wT has a broad minima, around 70 K
followed by a peak at 8 K. The almost linear decrease of wT from
high temperatures down to 70 K is due to the temperature-
independent contribution, the slow increase of wT below this
temperature is a clear signature of ferromagnetic interactions
along the chain. This increase is suppressed at about 8 K, when a
peak is observed and an abrupt reduction in wT signals at the onset
of antiferromagnetic interchain interactions. Interestingly, the edge
sharing Cu(II) chain present in this compound is very similar to the
ones existing in quite notable examples in chain magnetism: one is
the prototypical CuGeO3, where a Bonner–Fisher behavior with
J¼�88 K is followed by a Spin–Peierls transition at TSP ¼ 14 K, this
was the first example of a Spin–Peierls transition detected in an
inorganic system [9]. Another compound with a similar edge
sharing chain arrangement is LiCuVO4, a quasi-one-dimensional
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helimagnet with a nearest-neighbour ferromagnetic, next-nearest-
neighbour frustrated interaction [25], this compound was later
found to exhibit a ferroelectric transition induced by the incom-
mensurate magnetic ordering [26]. What sets these two examples
in contrast with (2) is that while in the CuGeO3 and LiCuVO4 the
equatorial square-planes that make up the chain are coplanar, and
therefore maximize the magnitude of the exchange, resulting in
J¼�88 K for the former and J¼42 K for the latter, in the present
case there is a significant canting of these planes of 1581, as is
schematically represented in the inset of Fig. 4. This extra distor-
tion, significantly weakens the copper-copper magnetic interaction
along the chain, resulting in J� 0:8 K and therefore precluding the
observation of any exotic cooperative phenomena at experimen-
tally accessible temperatures.
4. Conclusions

Two new alkaline earth copper germanate compounds were
synthesized through hydrothermal synthesis. The calcium sample
is layered with a network of hydrogen bonds connecting the layers,
while the barium sample consists of a three-dimensional frame-
work with octahedral and tetrahedral germanium and copper in a
highly distorted octahedral environment. For both samples the
copper ions form chains: in the calcium compound by corner
sharing and in the barium case an edge sharing one. This leads to a
dramatically different magnetic behavior. The susceptibility of
calcium sample was fitted with a Bonner–Fisher type formulation
(antiferromagnetic), without three-dimensional ordering, making
this system particularly promising for the study of systems with
one-dimensional magnetic ground state; while the barium sample
behaves as a one-dimensional ferromagnet, with the wT plot
signaling the onset of interchain interaction at 8 K.
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Appendix A

Further details of the crystal structure investigation can be
obtained from the Fachinformationszentrum (FIZ) Karlsruhe,
D-76344 Eggenstein-Leopoldshafen, Germany (fax: þ49 7247/
808 666; e-mail: crysdata@fiz-karlsruhe.de) on quoting the
depository numbers CSD-424817 for (1) and CSD-424818 for (2).
Appendix B. Supplementary data

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.jssc.2012.09.006.
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