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One-Dimensional Magnetism in New, Layered Structures: Piperazine-Linked
Copper and Nickel Oxalate Chains

Tony D. Keene,!?l Helen R. Ogilvie,?l Michael B. Hursthouse,!?! and Daniel J. Price*!2l
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Two new coordination network materials with the composi-
tion M(pip)(ox) ( pip = piperazine; ox = oxalate; M = Ni, Cu)
have been synthesised under ambient and hydrothermal
conditions. These compounds adopt related structures, both
consisting of intersecting [M(pip)].. and [M(ox)].. chains,
which result in layered structures. The nickel compound
crystallises in P1. The metal ions are octahedrally coordin-
ated and are linked by symmetric chelating bridging oxalate
ions. In contrast, the copper compound crystallises in the
chiral space group P2,2,2;. Here the copper atom displays
square pyramidal coordination geometry and the oxalate
ions bridge metals in an unsymmetric fashion resulting in a
polar metal-oxalate chain structure. The magnetic behaviour
is determined by the nature of the exchange-coupled net-

work. Only the antiferromagnetic interaction mediated by
the bridging oxalate group is significant and the compounds
are well modelled as 1-D antiferromagnetically coupled
chains. For the copper compound (S = !/,) we determined
J/kp to be —25.9 K, while the nickel compound (S = 1) shows
a larger exchange coupling (J/kg = —42.2 K). In the nickel
compound we see a significant deviation between the ob-
served and calculated magnetic susceptibilities at the lowest
experimental temperatures. This may be due either to the
formation of a Haldane quantum antiferromagnetic ground
state or to single-ion zero-field splitting effects.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Structurally, the oxalate anion is well-known for its chel-
ating coordination mode and for its symmetric bis-chelating
bridging mode. The prevalence of this linking mode pro-
vides a degree of predictability with regard to the structural
motifs and the architectures found in oxalate coordination
networks.!" Electronically, the oxalate anion is very good at
mediating an exchange interaction between bridged para-
magnetic metal ions. Consequently, many 1-D,1? 2-DI3! and
3-D™ magnetic networks have been characterised that con-
tain just this bridging mode.

Magnetostructural correlations in oxalate-bridged homo-
metallic Ni'' Bl'and Cu" 1 compounds are well-known. For
Ni'!, the most common geometry; octahedral coordination
and a symmetric bis-chelating oxalate bridge, results in anti-
ferromagnetic coupling interactions in the range;(J/kg =
—32 to —56 K). The variation can be correlated with the
coordination environment of the nickel ion. By comparison,
oxalate-bridged copper-containing compounds show a
greater range of coupling constants (0 to —500 K). Here the
d® configuration means that only one magnetic orbital on
each metal is involved in the coupling interaction. Thus, the
symmetry of the crystal field and the relative orientations
of the local crystal field axis of neighbouring metals to the
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bridging group orbitals are the key in determining the sign
and magnitude of the magnetic interaction. The range of
coupling constants is related to the variety of coordination
geometries adopted by Cu'! ions.

In terms of structure, while many dinuclear oxalate-
bridged nickel compounds are known, relatively few infinite
chain structures have been reported.l”? This may be in part
due to the difficulty in crystallising low solubility network
materials. Similarly, symmetrically bridged dinuclear copper
compounds are much more prevalent than other mono or
polynuclear complexes. However, there are many more ex-
tended copper oxalate chain structures than analogous
nickel structures.’ In addition we see examples of 2-D net-
works’! in solid-state copper oxalate chemistry. Although
the symmetric bridging mode is dominant, there is a much
greater variability in the oxalate coordination by copper,
resulting in a greater range of oxalate bridging modes.

We have initiated a program of research to use structure-
directing amines and ammonium cations in the synthesis of
new oxalate network structures. Here we present the syn-
thesis, structure and magnetic properties of two new com-
pounds both with the composition M(pip)(ox) (e.g. where
M is either Ni (1) or Cu (2), pip is the neutral cyclic diam-
ine, piperazine and ox is the oxalate dianion. Our choice of
oxalate and piperazine as distinct types of predominantly
linear bridging ligands result in straight-forward network
topologies in 1 and 2. Despite the similarity in composition
and overall structure, 1 and 2 crystallise in different space
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groups with different structures and very different metal
and oxalate coordination environments.

Results and Discussion

Crystal Structures

Crystallographic data for both compounds are given in
Table 1. The asymmetric unit of 1 (Figure 1) contains one
half of a nickel atom, one half of a piperazine molecule and
one half of an oxalate dianion. All of these components

Table 1. Crystallographic data for Ni(pip)(ox) (1) and Cu(pip)(ox)
2

Compound 1 2

Formula CGHloNzNiO4 C6H|0CUN204
Crystal system triclinic orthorhombic
Space group P1 (no. 2) P2,2,2, (no. 19)
a(A) 5.3632(11) 6.8678(3)

b (A) 5.9848(14) 10.3459(5)
c(A) 6.4997(16) 10.6329(6)

a (°) 70.584(8) 90

B () 85.498(9) 90

v () 78.176(12) 90

V(A% 192.57(72) 755.51(7)
p(gecm3) 2.008 2.090

T (K) 120 298

p (mm~1) 2.500 2.872
Reflections collected 1271 5587

Unique data/parameters 776163 1733/128

Ripn 0.0765 0.0470
Goodness of fit (S) 1.040 1.185

R1/wR2 [I > 20(I)] 0.0562/0.1253 0.03760.0932

R1/wR?2 [all data]

0.0760/0.1253

0.0436/0.1156

Figure 1. The asymmetric unit and selected symmetry equivalents
of Ni(pip)(ox) (1) showing the nickel coordination sphere and the
bridging modes of both ligands; thermal ellipsoids are at the 90 %
probability level; selected bond lengths (A) and angles (°): Nil—O1
2.060(11), Ni1—02 2.065(8), Nil —N1 2,184(13), C3—C3’ 1.555(5),
C3-01" 1.257(4), C3—02 1.253(5) A; O1—-Nil—-02 81.49(1),
O1—Nil—NI1 88.69(1), O2—Nil—NI1 90.80(1)°; symmetry codes:
B e ) O (e e St Wl-d MR Gl B e 0 VS-S K
(x,=1+yp1+2

1008 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. a) The symmetric oxalate bridging mode in the [Ni(ox)]..
chains of 1; b) the 2-D network formed by the intersection of metal-
oxalate and metal-piperazine chains in 1, viewed from an angle just
off the c-axis; ¢) the packing of layers, viewed just off of the a-axis
(hydrogen atoms omitted for clarity)

Table 2. Hydrogen bonds and short contacts: all hydrogen atom
positions were fixed in an appropriate geometry and refined in rid-
ing mode

D-H (A) H+A (A) DA (A) D-H-A (°

1
NI-HI-01@ 0910 267(2) 2972  100.4(3)
C2—H2b+021 0.970 247(1)  3.032)  116.703)
Cl-Hla~02  0.970 251(2)  2.992)  109.9(4)
C2—H2a-020 0.970 252(1)  3.282)  135.7(3)
Cl-Hla~01E 0970 2.56(1)  331(1)  133.8(4)
2

N2—-H2-+02[4 0910 2.1113)  2.904(5)  145.1(3)
NI-HI-02¢ 0910 2.158(3)  3.065(5)  175.13)
C5-H5a016  0.971 2.398(3)  3.134(6)  132.2(3)
C5—H5a-040  0.971 24533)  2.995(5)  114.9(3)
C3-H3b--0l 0971 24413)  2.981(6)  114.8(3)

@ —x, =y, =2). P (=x, =y 1 = 2). @ (=x, =1 =y, =2). W (=11,
tx =y ) (e =) (= = 1 =
+ 2).

lie on crystallographic inversion centres. The nickel ion is
approximately octahedrally coordinated with a frans-N,Oy,
coordination sphere. The oxalate ions chelate and bridge
adjacent nickel ions in a normal fashion resulting in linear
chains of metal oxalate running parallel to the a-axis [Fig-
ure 2 (a)]; thus the Ni-Ni separation in these chains is the
a-parameter [5.3613(11) A]. Two nickel ions are linked by a
piperazine molecule, in the low-energy chair form, with
bonds to the equatorial position. Thus the nickel ions and
the piperazines form another 1-D motif, this time running
parallel to the [011] direction with a Ni-Ni separation of
7.225(41) A. Together the bridging oxalate and piperazine
groups connect the nickel ions into a 2-D net in the (011)
plane [Figure 2 (b)]. While the shortest Ni---Ni separation
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is through the bridging oxalate group, the next shortest
Ni---Ni distances connect nickel ions in neighbouring layers
along the b and c¢ directions [5.9848(14) and 6.4997(16) A,
respectively]. The packing of these layers is shown in Fig-
ure 2 (c). There are several short C—H-+O and N—H:-O
contacts between adjacent layers of Ni(pip)(ox) (Table 2).
However, the very significant deviation from linearity of the
N—H--O interaction and the fact that there are shorter
C—H---O contacts suggests that hydrogen bonding to the
amine proton is not significant in determining the overall
structure of 1.

The crystal structure of 2 contains one copper atom, one
oxalate anion and one piperazine molecule in the asymmet-
ric unit (Figure 3). The Cu'! cations are five-coordinate with
a trans-N,O, + O donor set in a square pyramidal ge-
ometry. The apical atom, O3, shows an elongated Cu—O
bond of 2.413(3) A, while the copper—ligand distances in
the square base range from 1.954(3) to 2.060(4) A. The oxa-
late anion bridges two neighbouring Cu atoms in an unsym-
metrical manner, with one side of the oxalate unit in chelat-
ing mode through O1 (basal) and O3 (apical) while the
other side is monodentate coordinating to a neighbouring
copper atom through a basal site in a syn-geometry. This
leaves one oxygen atom (O2) on the oxalate unit that is
not involved in copper coordination. This oxalate bridging
results in a polar ribbon of coplanar copper and oxalate
ions running along the c-axis [Figure 4 (a)]. Within this rib-

Figure 3. The asymmetric unit and selected symmetry equivalents
of Cu(pip)(ox) (2) showing the copper coordination sphere and the
bridging modes of both ligands; therma] ellipsoids are at the 90 %
probability level; selected bond lengths (A) and angles (°): Cul —N1

2.058(4), Cul—Ol 1954(3), Cul—03 2.413(3), Cul’’—N2
2.043(4), Cul’'—04 1.959(3), C1—C2 1.573(6), C1—01 1.263(5),
Cl-02 1237(6), C2-03 1240(5), C2-04 1273(5) A.
NI-Cul-Ol  89.30(14), NI-Cul—04""  89.52(14),
N2'""—Cul—04"""  90.65(14), N2'"""—Cul—O1 89.92(14),
03—Cul N1 99.55(15), 03—Cul -0l 75.78(12),

O3—Cul —=N2"""" 86.68(15), O3—Cul—04"" 109.54(12)°; sym-
metry codes: ' (Y, —z, 1 —y, = +2):; " (=1 + x, 9, 2): """ (),
—x, 1=yt (1 + X 02).
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bon, the copper ions form a zigzag chain with a Cu---Cu
separation of 5.414(1) A and a Cu—Cu—Cu angle of 158°.
The piperazine molecule again adopts the low energy chair
conformation with the hydrogen atoms on both nitrogen
atoms, in an axial conformation. The piperazine groups
also link neighbouring Cu atoms coordinating through
trans sites on the square base of the pyramid to form a
linear chain running parallel to the a-axis. Here the Cu---Cu
separation is the a-parameter [6.8678(3) A]. Together these
two bridging units link copper ions into a 2-D array in the
ac-plane [Figure4 (b)]. Within a given layer all the
[Cu(ox)].. chains have the same polarity, but between adjac-
ent layers this polarity is reversed. Each amine proton is
involved in hydrogen bonding to the oxygen atom O2 (not
involved in copper coordination). In addition there are a
large number of short C—H-O contacts (Table 2). The
packing of these layers is shown in Figure 4 (c).

Although 1 and 2 have the same generic composition —
M(pip)(ox) — the different stereoelectronic preferences of
d?® and d° configurations result in different metal coordi-
nation geometries and a change in the bridging mode of
the oxalate. Despite these substantial local differences in the
vicinity of the metal ions the overall structures show re-
markable similarity. In both cases we can view the struc-
tures as intersecting chains of [M(0x)].. and [M(pip)].. re-
sulting in a 2-D approximately “square” lattice of metal
ions. These electrically neutral layers are then held together
through a combination of Van der Waals and weak hydro-
gen bonding interactions.

Only three other nickel oxalate compounds display a lin-
ear chain motif; [Ni(C,0,4)(H,0),],[7~ 7 [Ni(4-aminopyrid-
ine),(0x)]74 and [Ni(4,4'-bipy)(ox)].’] The latter material

Figure 4. a) The unsymmetric oxalate bridging mode in 2, resulting
in a polar copper oxalate chain structure; b) the bridging mode of
the oxalate ions and the linking of these chains by piperazine to
form a 2-D net in 2; view from just off the b-axis; ¢) the 3-D struc-
ture showing how layers pack together, viewed along the c-axis (hy-
drogen atoms omitted for clarity)
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displays remarkable structural similarity to 1 with essen-
tially the same 2-D network topology. Other chain-contain-
ing materials are known where the oxalate ions coordinate
to the nickel atom with cis geometry resulting in a zigzag
chain structure.l’d-757el As with nickel, the majority of
known compounds containing copper(i1), oxalate and alkyl
or aryl-amine ligands form dinuclear structures in which
the oxalate-bridge metal ions in a symmetric bis-chelating
fashion. However, there are a significant number of chain
structures, which again contain bridging symmetric bis-
chelating oxalate ions. Different amines have been used to
stabilise linear chainsB®¥ (with frans-amine coordination),
and zigzag chains/®®! (through cis coordination of the am-
ine). Few copper(i1) oxalate chain structures with a similar
asymmetric oxalate bridging mode are known.[3¢=8¢] In all
these cases the monodentate oxalate mode forms an axial
coordination to the copper ion, resulting in a noncoplanar
copper oxalate chain.
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Figure 5. a) The thermal variation in the susceptibility (filled
circles) of 1 and the best fit for an isotropic 1-D, (S = 1) model
using Weng’s equation for the data between 26 and 290 K; also
shown in the product y7 (open circles) and the Curie—Weiss fit to
this data; b) fit of the low temperature data of 1 to an exponential
function [Equation (3)] to estimate the energy gap; c) the nearest
neighbour pair correlation function, I';, derived from the suscepti-
bility data plotted on a normalised axis scales

1010 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Electronic and Magnetic Properties

The approximately octahedral coordination of the Ni'!
ion in 1 results in a *A;, ground state, and the electronic
spectra of 1 is consistent with this. We determined the crys-
tal field splitting parameter, 4, = 9440 cm™!, the energy
of the higher lying 3P term to be at 11450 cm™!, which
results in ° = 27.7 %. We note also the presence of a spin-
forbidden transition to a 'E, state at 14400 cm~'. The en-
hanced intensity of this transition is due to mixing with the
nearby T 4(F) state.

The magnetic susceptibility of 1 follows a Curie—Weiss
law for data above 100 K [C = 1.446(7) cm*K'mol ! and
0 = —104(1) K]. A plot of z,(T) shows the moment to
increase monotonically on heating. It is clear that at the
highest experimental temperature (290 K), the observed
moment of 2.91 pp has not reached the asymptotic limit. A
plot of y(T) shows a broad maximum at 53(1) K with
A Tray) = 7.99(2) X 107 3cm>mol~! [Figure 5 (a)], on
further cooling x(7) tends to a value of 3.3(1) X 1073
cm®mol~! as T approaches 0 K. The decrease in u,(T) on
cooling and the large negative Weiss constant suggest a sig-
nificant antiferromagnetic exchange interaction between
neighbouring nickel ions. From the crystallographic struc-
ture of 1 we expect the system to be well described as a 1-D
“chain” of antiferromagnetically interacting spin moments.
While typically spin-orbit coupling of the ground term to
the low lying T, state raises the g-value to about 2.25, g-
values for Ni'" are usually isotropic, thus the system may be
described by a Heisenberg Hamiltonian [Equation (1)]. The
behaviour of an antiferromagnetically coupled chain of
quantum spins was calculated by Weng,'° and can be mod-
elled by a polynomial approximation!'!l [Equation (2)].

H=-7)"8; S
i (1)

:Ny%»gz[ A+ Bx? ]

kT \ C+Dx+Ex> )

where x = |J| / kT

For S = /,: A = 0.2500, B = 0.045743, C = 1.000, D =
0.77335, E = 0.43038

For S = 1: A = 0.6667, B = 0.64558, C = 1.000, D =
1.8018, E = 4.9448.

Least-squares fitting of the data over the whole of the
measured temperature range (2—290 K) does not give a sat-
isfactory agreement. The model underestimates the data at
high temperatures and overestimates in the low temperature
regime. If this model is applied to data over the limited
region from 26 to 290 K a vastly improved fit is obtained
[Equation (2); ¢ = 2.31(1) and J/ky = —42.2(3) K; Fig-
ure 5 (a)]. These couplings are in good agreement with re-
ported values for a similarly bridged nickel oxalate com-
pounds.>:121
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The discrepancy between the observed and calculated
susceptibility at low temperatures may have one of several
origins. Most likely either: a) the zero-field-splitting com-
monly observed in octahedral Ni'' complexes may be re-
sponsible; or b) we are seeing the formation of a “Haldane”
quantum antiferromagnetic state. It is well-known that in-
teger-spin chains are theoretically expected to display a
gap!'3! (known as the Haldane gap) immediately above a
nonmagnetic ground state with novel quantum order. Theo-
retically this would result in an exponential increase in y
as T is increased from 0 K. In fact the low temperature
susceptibility of 1 can be fitted to just such a model'¥
[Equation (3); Figure 5 (b)] that results in a gap [ Eglkz =
32(3) K]. This is in reasonable agreement with the expec-
tationl!”] that Eg is approximately 0.4|J] and is directly com-
parable to values reported for similarly coupled Nill
chains.['® We can use the measured susceptibility to derive
an approximate value for the nearest-neighbour pair corre-
lation function, 1"}, from the susceptibility measurement.[!”]
The thermal evolution of 7'}, which is proportional to the
magnetic energy of the system, is shown in Figure 5 (c).
For Iy = 0 there is no correlation between neighbouring
moments, while I, = —1 corresponds to perfect antiparal-
lel alignment.

X=X+ CeXp[— E)
kgT (3)

The measured magnetic susceptibility of 2 shows a broad
feature centred at about 13(2) K (determined by the deriva-
tive curve) although at the lowest experimental tempera-
tures the susceptibility is seen to increase just as in a non-
coupled paramagnetic material (Figure 6). A plot of re-
ciprocal susceptibility vs. temperature showed approxi-
mately linear behaviour for data above 50 K. This could be
fit to a Curie—Weiss law giving C = 0.418(2) cm*K-mol !
and 0 = —44(1) K. The negative value for the Weiss con-
stant 0, suggests a significant antiferromagnetic exchange
interaction between neighbouring copper ions. From a plot

20

—
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$/10° emt® mol”
)

o

Figure 6. The thermal variation in the susceptibility (filled circles)
of 2 and the best fit (solid line) for an isotropic 1-D, (S = /,)
model using Weng’s equation plus a component due to a paramag-
netic impurity (a logarithmic scale is used to highlight the good fit
over a wide range of temperatures); each of these components is
shown separately: contribution for 2 (dashed line), contribution
due to paramagnetic impurity (dotted line)
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of p(T), we can see that u,., increases on heating and by
room temperature, the observed moment of 1.71(1) ug has
not yet reached the asymptotic limit.

Although consideration of the Cu-+Cu separations sug-
gests a 3-D network, the only likely magnetic superex-
change pathway is through the bridging oxalate anion; thus
we may anticipate 1-D magnetic behaviour. The observed
broad maximum in the susceptibility at low temperature is
consistent with this expectation. As with 1, the magnetic
interactions in compound 2 can be described by the Heisen-
berg Hamiltonian [Equation (1)], for which approximate
solutions are known. Fitting the data to the quantum
modell'%!"1 [Equation (2); Figure 6], plus a contribution due
to a paramagnetic impurity gives a good fit [Jlky =
=259(1) K, g = 1.9 and 5.3 % paramagnetic impurity].
However, since the model clearly underestimates the high-
temperature data it is likely that here g has been underesti-
mated.

The coupling interaction between paramagnetic cop-
per(in) ions is particularly well-studied, because the d° con-
figuration always provides a simple spin (S = !/,) moment,
free from orbital contributions and zero-field splitting ef-
fects which always complicate the analysis. Furthermore,
the overwhelming tendency of Cu'l ions to form tetrag-
onally elongated octahedra, square pyramid or square-
planar coordination geometries results in a d,2_,» magnetic
orbital and a clearly defined set of crystal field axis. The
magnitude of the exchange coupling between Cu'’ ions
bridged by an oxalate ion depends crucially on the relative
orientations of the magnetic d,>_,? orbitals of neighbouring
cations and on the relative orientation of the oxalate group.
Two different orbital orientations for the common sym-
metric bis-chelating mode are shown in Figure 7 (a and b).
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Figure 7. Some of the possible orbital topologies found in oxalato-
bridged copper(il) compounds, see main text for details
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These different orbital topologies have antiferromagnetic
couplings of approximately —500 and —9 K, respec-
tively.[%!8] The unsymmetric p-1,2,3-oxalato bridging mode
is much less common['”! and in all previously reported com-
pounds it appears that the magnetic orbital adopts the rela-
tive geometry shown in Figure 7 (c). This configuration
supports exchange couplings in the range —0.50 to —3.9 K.
To the best of our knowledge the disposition of the mag-
netic orbitals in 2 [Figure 7 (d)] is unique. This mode is
related to an orbital topology seen occasionally in bis-chel-
ating coordination geometries®*2% [Figure 7 (¢)]. The larger
exchange coupling observed in 2 compared to other unsym-
metric p-1,2,3 oxalato bridging modes is easily reconciled
with the better spatial overlap of both metal d,>_, orbitals
and the oxalate orbitals.

Thermal Analysis

Thermogravimetric analysis of 1 under an O, atmosphere
shows a single-stage decomposition at 400 °C to give a dark
grey powder. The corresponding mass loss of 66.6 % agrees
well with that expected upon formation of NiO. Compound
2 follows a similar single-step decomposition at about 220
°C with an observed weight loss of 38.9 %, consistent with
the formation of CuO.

Conclusions

We have used two distinct bridging ligands to form a net-
work with a topology that may have been anticipated. The
difference in the structures of the Ni'' 1 and Cu 2 deriva-
tives can be wholly attributed to the different stercoelec-
tronic preferences of the d® and d° configurations. Both ma-
terials display 1-D antiferromagnetic behaviour consistent
with the 1-D metal-oxalate structure. While the coupling
constant in 1 is as expected the small value for 2 is due to
the unusual orientations of the dy_,> orbital on neighbour-
ing metal ions relative to the oxalate bridge. The low tem-
perature magnetism of 1 is consistent with the formation of
a Haldane state, predicted for such a 1-D (S = 1) Heisen-
berg quantum antiferromagnet. However, these preliminary
measurements do not rule out similar effects from zero-field
splitting. If the low temperature state is a Haldane phase
then 1 is an excellent material for further physical study.
The fact that there is only one single spin carrier and one
single coupling pathway per unit cell, and that both of these
lie on crystallographic inversion centres greatly simplifies
the interpretation of more sophisticated magnetic measure-
ments. We are currently engaged in more detailed studies to
better understand the magnetism of this (S = 1) material.

Experimental Section

Reagents: Nickel(11) hydroxide (97 %), oxalic acid (99 %), potassium
oxalate monohydrate (99 %), and tetramethoxysilane (98 %) were
all purchased from Aldrich, piperazine (99 %) from Acros, cop-
per(1) chloride (96 %) from Fisher and copper(11) sulfate pentahy-
drate (99.5 %) from BDH. All used without further purification.

1012 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Physical Measurements: IR spectra were recorded on a
Perkin—Elmer Spectrum One FT-IR machine as diffuse reflectance
measurements between 4000 and 400 cm ™! using a KBr matrix.
Elemental analysis for, C H and N was carried out commercially
by Medac Ltd. UV-Vis/NIR spectra were recorded on a
Perkin—Elmer Lambda 19 spectrometer in diffuse reflectance mode
with the samples embedded in a BaSO,4 matrix. Thermogravimetric
analysis was performed on a Metller Toledo TGA/SDTAS851¢
equipped with a TS0800GCI gas control system and a TS0801RD
sample robot. Measurements were carried out under an atmosphere
of approximately 60 % O, between 30 and 600 °C with a heating
rate of 10 °C'min~!. Single-crystal X-ray data was collected with
monochromated Mo-K, radiation (A = 0. 71073 A) on an
Enraf—Nonius—Kappa CCD area detector as ¢ and o scans to fill
the Ewald sphere. Data collection and cell refinement were man-
aged by DENZO,?!l absorption corrections were applied using
SORTAV,?? structure solution and refinement by SHELXS-97(2%
and SHELXL-97P4 in the WinGX environment (Table 1).[>%
CCDC-213878 1 and CCDC-213879 2 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or
from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; Fax: (internat.) + 44-1223-336-
033; E-mail: deposit@ccdc.cam.ac.uk].

Powder X-ray diffraction using a Siemens D5000 diffractometer
was performed to confirm the purity and identity of all microcrys-
talline samples. Field-cooled magnetisation measurements were
made between 2 and 290 K using a Quantum Design MPMS
SQUID magnetometer in applied fields of 200 G. The powdered
samples were held in an eicosane matrix to prevent reorientation
effects. A diamagnetic correction of —119 X 107¢ cm*mol 2 was
determined from Pascal’s constants®®! and applied to both samples.

Synthesis of Ni(pip)(ox) (1): Nickel hydroxide (100 mg, 1.07 mmol),
oxalic acid dihydrate (254 mg, 2.25 mmol), piperazine (689 mg,
8.00 mmol) and distilled water (10 mL) were placed into a 23 mL
capacity Teflon lined autoclave and heated to 180 °C under
autogenous pressure for 72 h. The green microcrystalline product
was collected by filtration and dried in air (30 mg, 12 %).
CsHoN,NiOy (232.9): C 30.95, H 4.33, N 12.03; found C 31.23, H
4.61, N 12.08. IR: v = 3250 cm™ ! m, 3108 w, 3072 w, 3004 m, 2975
w, 2918 m, 2880 m, 2825 w, 2679 w, 2554 w, 2509 w, 2420 w, 2420
w, 2274 w, 2031 w, 1972 w, 1895 w, 1619 s, 1457 s, 1439 m, 1420 s,
1362 m, 1342 m, 1314 s, 1249 m, 1098 m, 1069 s, 1019 s, 992 s, 905
m, 881 s, 804 s, 647 m, 488 s, 414 s. UV-Vis: A, /lcm™! (g/rela-
tive) = 9500 (0.423) 3A,, — *T1,(F), 14400 (0.315) — 'E,, 15600
(0.292) — 3T (F), 24700 (0.162) — 3Ta,(P), 37900 (1.000).

Synthesis of Cu(pip)(ox) (2): A mixture of copper(1) chloride
(1.000 g, 10.10 mmol), potassium oxalate monohydrate (2.000 g,
10.86 mmol), piperazine (1.000 g, 11.61 mmol) and distilled water
(15 mL) was allowed to react in air for a period of 6 days. During
the course of the reaction Cu' both disproportionates and is slowly
oxidised by air to Cu'l. The product is formed as a purple precipi-
tate. The major contaminant K,Cu(0x),2H-O is removed by dis-
solution in H,O and the product is collected by filtration. Yield
85 %. Ce¢HoCuN,O, (237.7): caled. C 30.32, H 4.24, N 11.78;
found C 28.54, H 4.44, N 10.81. IR: v = 3189 cm™ ! s, 3167 s, 2996
m, 2950 m, 2884 m, 2798 m, 2379 w, 2191 w, 1657 s, 1631 s, 1606
s, 1443 m, 1372 m, 1347 m, 1306 s, 1239 m, 1151 s, 1092 s, 1028
m, 1008 m, 892 s, 833 m, 789 s, 675 m, 596 m, 517 s, 421 m. UV-
Vis: Aax lom ™! (g/relative) = 14700 (0.684), 17500 (0.772), 27000
(0.930), 29100 (0.965), 33800 (1.000).

www.eurjic.org Eur. J. Inorg. Chem. 2004, 1007—1013



Titel

FULL PAPER

Crystallisation of 2: Single crystals of 2 were obtained by a gel
crystallisation method. Tetramethoxysilane (2 mL) was added to a
solution of piperazine (0.500 g, 5.81 mmol) and potassium oxalate
monohydrate (1.00 g, 5.43 mmol) in distilled water (18 mL), and
the mixture allowed to react. This gel was transferred to a test tube.
A solution of copper sulfate pentahydrate (1.25 g, 4.81 mmol) in
distilled water (5 mL) was added to the top and allowed to diffuse
slowly into the gel. After three days small, purple crystals of 2
formed.
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