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Two new isostructural complexes, dibromobis(1-ethyltetra-
zole)copper(i) (1) and dibromobis(1-hexyltetrazole)copper(i)
(2), have been synthesised. Each bromine atom in the crystal
structure of 1 and 2 is bonded to two copper atoms to give
rise to a polymeric corrugated network. The polymeric layers
are distinctly separated by tetrazole ligands. Both solids exhi-
bit a phase transition to the ferromagnetic state with Curie
temperatures of 8.5 K and 8.9 K for 1 and 2, respectively, and

a strong anisotropy of the magnetic susceptibility below the
ordering temperature. The easy magnetisation axis lies along
the monoclinic axis, and the hard magnetisation axis is or-
thogonal to the polymeric layers. Effective anisotropy fields
were estimated as (720-3020 Oe).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

In the design of new molecular magnets capable of mag-
netic phase ordering it is necessary to satisfy at least two
conditions: the crystal structures of such compounds
should be polymeric (2D or 3D), and the formed exchange
channels should have sufficient efficiency for the magnetic
ordering at experimentally observable temperatures.['! One
of the strategies to obtain such coordination compounds is
to use ligands that are potentially capable of realizing a
bridging function. Halogen atoms and polynitrogen hetero-
cycles are particularly useful in this respect. It is known that
the combination of Cu'! salts with heterocyclic azole li-
gands leads to the formation of mononuclear,>>! polynu-
clearl®®! and even polymeric!!®-!3 complexes. For the ma-
jority of polymeric complexes one or more of the bridges
are N,N’-didentate divided.l'>!%17] As a result the Cu—Cu
distances in these cases are considerably increased. The for-
mation of coordination compounds with a square poly-
meric lattice of copper atoms and halide ions only is an
occasional and specific case for complexes with polyni-
trogen heterocycle ligands.'®231 Note that even the use of
1-substituted tetrazoles with furcated substitutes or disub-
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stituted tetrazoles leads to the formation of chain or mono-
nuclear complexes.['%13:14 From this point of view, 1-substi-
tuted tetrazole derivatives with non-furcated substitutes are
unique ligands for the design of molecular magnets with a
two-dimensional crystal structure.

We have previously reported the formation of layered poly-
meric structures for a whole series of complexes of Cu'! and
Co'! chlorides with 1-substituted tetrazoles (Rtz, R = ethyl,
allyl, vinyl) with the general stoichiometry [M(Rtz),Cl,] (M
= Cu'l, Co™).l18-23.26] The [Cu(Rtz),Cl,] complexes undergo
a ferromagnetic transition at temperatures lower than 10 K
and [Co(alltz),Cl,]*® undergoes a phase transition to an
antiferromagnetic state with a weak ferromagnetic behaviour
at 99.6 K. Recently, complexes [Cu(teec),A,] [teec = 1-(2-
chloroethyl)tetrazole; A = Cl, Br, NO5] have been pre-
pared and studied in detail.*?3 It was found that [Cu(teec),-
Cl,] and [Cu(teec),Br,] are soft ferromagnets with 7, =
4.75 K and 8.01 K, respectively.””! On the other hand, active
studies of molecular magnets have stimulated the investiga-
tion of the anisotropy of magnetic properties with single crys-
talline samples. The first study of the magnetic anisotropy of
a layered polymeric complex containing a tetrazole derivative
was done with [Co(alltz),Cl,].>")

This work continues our systematic investigation of the
synthesis and characterisation of Cu'! halide complexes with
tetrazoles. We report the preparation, structure and studies
of the anisotropy of magnetic properties of a new layered
polymer of Cul® bromide with 1-ethyl- and 1-hexyltetrazoles.

Results and Discussion

Single crystals of complexes dibromobis(1-ethyltetrazole)-
copper(11) (1) and dibromobis(1-hexyltetrazole)copper(ir) (2)
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for both a crystal structure determination and an investiga-
tion of the magnetic properties were grown from EtOH solu-
tions under ambient conditions. Note that crystals obtained
in a thermostat, while having a nice appearance, appeared to
be twins or joints. This may be caused by vibrations originat-
ing from the thermostat’s operation.

The values of bond lengths and angles of the complexes
are listed in Table 1.

In these complexes the copper atom coordinates two tetra-
zole molecules in the equatorial plane (zrans to each other)
and two bromine atoms to form [Cu(Rtz),Br,] complex frag-
ments (Figure 1).

Figure 1. [Cu(Rtz),Br,] molecular structure exemplified by 2. Hy-
drogen atoms have been omitted for clarity.

The structures of both complexes are very similar. The en-
vironment of the copper atom is a centrosymmetric square
bipyramid due to additional bonds to the bromine atoms of
neighbouring {Cu(Rtz),Br,} fragments. Thus, the bromine
atoms form non-symmetric bridges (the Cu-Br—Cu angles
are equal to 138.55° and 138.16° for 1 and 2, respectively) and
connect {Cu(Rtz),Br,} fragments into layers (Figure 2) par-
allel to the (100) plane. The tetrazole molecules separate the
layers from each other. The tetrazole fragments are practi-
cally planar reflecting the m-conjugation in the heterocycle. A
comparison of the bond lengths in the tetrazole ring allows us
to distinguish between “single” and “double” bonds [N(1)-
N(2), N(3)-N(4) and N(2)=N(3)]. The “double” C(1)=N(4)
and “single” C(1)-N(1) bond lengths are practically identical
in both compounds. The plane of the tetrazole fragment in
both complexes does not coincide with the equatorial plane
of the tetragonal bipyramid of the copper atom and makes
angles of 55.8(1)° and 57.7° for 1 and 2, respectively.

=
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Figure 2. Fragment of [Cu(Rtz),Br,] polymeric layer structure exem-
plified by 2. Hydrogen atoms have been omitted for clarity.

The N(1)-C(2) distance is typical for a single bond. The
interlayer distance in 2 (19.750 A) is much greater than in 1
(12.328 A) because the alkyl groups protrude into the inter-
layer space. The distances between adjacent Br atoms are
close to double the van der Waals radius [Br-Br' =
3.8702(6) A in 1 and 3.883(5) A in 2].

A comparison of the geometrical characteristics in 1, 2
and previously reported [Cu(Rtz),Cl,] complexes?!-22:24.26]
shows that the Cu—N(4) distances are practically identical for
all compounds and are in the range of 1.98-1.99 A. The
lengths of the Cu—Br bonds in the equatorial plane are 2.43—
2.45 A, whereas the lengths of the axial Cu-Br’ bonds are
equal to 3.08-3.09 A. The axial Cu—Cl distances, as a rule, are
also approximately 3 A, and differ from the axial Cu—Br
lengths only slightly. The Cu—A—Cu angles, where A = CI,
Br, are essentially independent of A (136-139°).

The dependencies p.p(7T) and 1/y(T) above 10 K, as mea-
sured on polycrystalline samples, are presented in Figure 3
and Figure 4. At room temperature, u.;r of complexes 1,2 are
1.869 ug and 1.884 pp, respectively, which correspond to the

Table 1. Relevant bond lengths [A] and angles [°] in compounds 1 and 2.

1 2 1 2
Cu-N(4) 1.990(3) 1.982(3) Cu-Br-Cu’ 138.55(1) 138.16(1)
Cu-Br 2.4302(4) 2.4389(4) N(4)-Cu-Br 90.12(9) 89.63(8)
Cu Br’ 3.0842(5) 3.0953(4) N(4)-C(1)-N(1) 109.5(4) 109.0(4)
N(4)-C(1) 1.290(6) 1.304(5) N(3)-N@)-C(1) 106.8(4) 106.7(3)
N(3)-N(4) 1.346(5) 1.344(4) N(3)-N(2)-N(1) 107.0(4) 107.2(3)
N(2)-N(3) 1.285(5) 1.289(4) N(2)-N(3)-N(4) 109.1(4) 109.4(3)
N(1)-N(2) 1.346(5) 1.343(4) C(1)-N(1)-N(2) 107.6(4) 107.7(3)
N(1)-C(1) 1.307(6) 1.315(5) C(1)-N(1)-C(2) 130.5(4) 129.7(4)
N(1)-C(2) 1.472(6) 1.467(5) N(Q2)-N(1)-C(2) 122.1(4) 122.6(3)
C(2)-C(3) 1.381(11) 1.487(7) N(1)-C(2)-C(3) 113.6(7) 113.8(4)
C(3)-C(4) 1.504(7) C(2)-C(3)-C(4) 116.8(4)
C(4)-C(5) 1.512(8) C(3)-C(4)-C(5) 113.4(5)
C(5)-C(6) 1.488(10) C(4)-C(5)-C(6) 114.1(6)
C(6)-C(7) 1.520(14) C(5)-C(6)-C(7) 110.9(10)
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magnetic moment for S = 1/2 with Cu'! g-factors equal to
2.158 and 2.175, respectively. At lower temperatures, fqg in-
creases for compounds 1 and 2 (Figure 3), indicating that fer-
romagnetic exchange interactions dominate.
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Figure 3. Dependencies u.(7T) (@) and 1/y(T) (O) in the paramag-
netic region for 1. Solid lines are the theoretical approximation.
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Figure 4. Dependencies u.(7T) (@) and 1/y(T) (O) in the paramag-
netic region for 2. Solid lines are the theoretical approximation.

The magnetic susceptibility follows the Curie—Weiss law [y
= C/(T - 0)] with the parameters given in Table 2. The values
for the exchange parameter (J) between the Cu'! ions can be
estimated from high-temperature data by series expansion for
a two-dimensional Heisenberg model.l?®!

Table 2. Magnetochemical parameters of 1 and 2.

Clem’mol 'K 0[K] J[K] T.[K] H. H

[Oe]  [Oe]

1 0.414 199 877 853) 2550 720
2 0.409 242 911 89(5) 3020 860

For the high-temperature series expansion the J value is
obtained by approximating the experimental dependencies
from a known expressiol% for the magnetic susceptibility: y =
NgPS(S+ D/3kT(1+ X a,K"), where K =2J/kTand a, is a

n=1
coefficient for a square-planar lattice. We applied the above
formula to the description of u.(7T) dependencies of com-
plexes in the temperature interval 10-300 K. The optimal J
parameters (Table 2) were calculated this way. The relevant
theoretical curves are presented in Figure 3 and 4 as solid
lines.

1680 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Below 10 K the magnetic properties of 1 and 2 were inves-
tigated with single crystalline samples. Figure 5 and Figure 6
show the temperature dependence of the susceptibilities mea-
sured in a small magnetic field (1.220.5 Oe) and the main
curves of magnetisation o(H) at 4.5 K.
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Figure 5. Magnetisation curves (4.5 K) and low field y(7) curves in
the transition area (insert) for single crystalline 1.
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Figure 6. Magnetisation curves (4.5 K) and low field y(7) curves in
the transition area (insert) for single crystalline 2.

Both solids exhibit a phase transition to the ferromagnetic
state with 7, = 8.5 K and 8.9 K for 1 and 2, respectively, and
a strong anisotropy of the magnetic susceptibility below the
ordering temperature (Figure 5 and 6).

By using the known expression 7, = 4nJ/In(J/J ) (J' is
the interlayer interaction) for layered Heisenberg magnets it
is possible to estimate the ratio J'/J. For both compounds the
ratio J'/J is close to 3 x 107® K, which is in good agreement
with results for similar systems.

The maximal value of ¢ at T = 4.5K is more than
5700 Gem®mol!, which is close to the saturation magnetis-
ation (NgfS = 5585 Gem?®mol ™) for ferromagnetically cou-
pled spins (S = 1/2) with g = 2. No hysteresis effects were de-
tected for single crystals of 1 and 2 subjected to supermagnet-
isation. This fact indicates that complexes 1 and 2 behave as
soft ferromagnets. The y(7) and o(H) curves measured along
different directions show essential anisotropy. In both cases,
the easy magnetisation axis lies along the y axis, which is the
only symmetry axis of the crystals. The hard magnetisation
axis coincides with the X direction, which is orthogonal to the
polymeric layers. The anisotropy of the magnetic properties

www.eurjic.org Eur. J. Inorg. Chem. 2005, 1678-1682



Magnetic Anisotropy of New Layered Copper(i1) Bromide Complexes

FULL PAPER

in the plane of the polymeric layers (YZ) is much less than in
the perpendicular direction as a consequence of the quasi-
two-dimensional magnetic nature of the investigated com-
pounds. Thus, the observed anisotropy in 1 and 2 should be
of the “easy plane” type. Anisotropic energies were estimated
for the single crystals of 1 and 2. The free energy of magnetic
anisotropy may be represented as F; = —H,o,,, where i = X,
Z, H;is the effective anisotropy field and o, is the saturation
magnetisation.’% The energy F; was determined from the ex-
perimental magnetisation curves by numerical integration: F;

max max

= [ o(H)dH - [ o(H)dH, where H,,, is the maximum
0 0

field during the measurements. The calculated effective an-
isotropy fields for the complexes are presented in Table 2. It
is noteworthy that the calculated anisotropy fields of 1 and 2
are approximately three times larger than in layered poly-
meric CuL, complexes of 3-imidazoline nitroxides.*! This is
probably due to the fact that the organic radical is an iso-
tropic paramagnetic centre, therefore in complexes CuL, the
“effective concentration” of anisotropic magnetic centres is
three times lower than in 1 and 2. On the other hand, the esti-
mated anisotropy fields of the ferrimagnetic compound
[Mn(hfac),(NIT-iPr)] (NIT-iPr = derivative of 2-imidazoline
nitroxide) are H, = 1200 Oe and H. = 7500 Oe.[*?! Such large
anisotropy fields for a complex of such a weakly anisotropic
ion as Mn'! are probably caused by the low-dimensional
polymeric chain structure of this compound. Thus, the an-
isotropy of solids increases not only for complexes with more
anisotropic metal ions, but also for solids with lower dimen-
sionality of the crystal structure. For coordination com-
pounds the energy of the anisotropy combined with dipolar
interactions contributes greatly to the value of the ordering
temperature.* From this point of view the increase of an-
isotropy of a magnetic system can be considered as one of the
ways to increase the transition temperature.

Conclusions

The magnetic properties of single crystalline samples of
Cu'" bromide complexes of 1-substituted tetrazoles have been
investigated. In the layered polymer complexes 1 and 2, we
have found a phase transition to the ferromagnetic state at 7,
=8.5K (1)and 8.9 K (2) and a strong anisotropy of the mag-
netic susceptibility below the magnetic ordering temperature.

Experimental Section

General Remarks: All commercially available reagents were used as
purchased. 1-Ethyltetrazole (ettz) and 1-hexyltetrazole (htz) were
prepared by literature methods.** The copper content was deter-
mined by complexometric titration, with the samples being mineral-
ized in a 1:1 mixture of concentrated H,SO4 and HCIO,. Elemental
analysis was performed with a Carlo—Erba analyzer.

Dibromobis(1-ethyltetrazole)copper(ir) (1) and Dibromobis(1-hexyl-
tetrazole)copper(11) (2): A solution of ettz (0.40 g, 4 mmol) or htz
(0.62 g,4 mmol)in 16 mL of a 1:1 ethanol/hexane mixture was added
to a solution of CuBr; (0.45 g, 2 mol) in 10 mL the same mixture. A

Eur. J. Inorg. Chem. 2005, 1678-1682 www.eurjic.org

brown precipitate formed, which was filtered off, washed with etha-
nol and dried in air. Yield of 1: 0.84 g (80%); 2: 0.62 g (75%).

1: C¢H,Br,CuNg (419.56): caled. C 17.2, H 2.9, Cu 15.1, N 26.7;
found C16.7, H2.9,Cu 15.4, N 27.1.

2: C4HgNgBrr,Cu (531.78): caled. C 31.6, H 5.3, Cu 11.9, N 21.1;
found C 31.5,H 5.2, N 20.3, Cu 12.1.

For growing large single crystals the initial solids were dissolved in
EtOH at 43 °C. Then, as much solvent as possible was removed with
a stream of air with the condition that crystallisation did not occur
at room temperature. After that the flasks were stoppered and al-
lowed to stand at ambient temperature. Dark-brown, parallelepiped-
shaped single crystals of 1 and 2 with a maximal appearance of up to
3x3x0.1 mm grew after approximately one month.

X-ray Crystallographic Study: Single crystal data for 1 and 2 were col-
lected on a SMART APEX Bruker AXS automatic diffractometer at
ambient temperature using the standard procedure (Mo-K,, radia-
tion). The structures were solved by direct methods. The full-matrix
least-squares refinement was performed anisotropically for non-hy-
drogen atoms and isotropically for hydrogens. Some H-atoms were
localised in difference electron density syntheses; the others were gen-
erated theoretically. All structure solution and refinement calcula-
tions were carried out with SHELXTL software.l33 The crystal data
for the compounds and details of experiment, as well as selected bond
lengths and angles are given in Table 1 and Table 3.

Table 3. Crystal data and experimental details.

1 2
Formula C6H14BF2CUN8 C14H28BF2CUN8
T[K] 295 295
Space group P2,/c P2,/c
Z 2 2
a [é&] 12.655(2) 20.076(3)
b[A] 6.915(1) 6.9430(9)
c[A] 7.668(1) 7.675(1)
Bl 103.053(2) 100.344(2)
VA3 653.7(2) 1052.4(2)
D, [gem™) 2.142 1.678
4 [mm'] 7.776 4.849
1, meas./unique 2352/940 4330/1516
Ring 0.0218 0.0896
L/ N 940/95 1516/172
Goof 0.998 0.845
R [I>20(1)] 0.0278 0.0338
WR, 0.0707 0.0750
R, 0.0309 0.0384
WR, 0.0726 0.0777

Magnetic Measurements: The magnetochemical experiments were
performed with an MPMS-5S (“Quantum Design”) SQUID magne-
tometer at temperatures from 4.5 K to 300 K in a homogeneous ex-
ternal magnetic field of up to 49.5 kOe. Magnetic measurements on
single crystals were performed in three mutually orthogonal direc-
tions (X, Y, Z). The Y and Z directions were aligned with the crystal-
lographic b and ¢ axes. The molar magnetic susceptibility, y, of the
complexes was calculated by using Pascal’s additive scheme including
diamagnetic corrections and taking into account the temperature-in-
dependent paramagnetism of Cu'! ions, which was taken to be
60x10°cm?*mol . In the paramagnetic region the effective mag-
netic moment was calculated with the formula pege = [(3K/N,.f?)y T1'?
~ (8¢T)"?, where k is Boltzmann’s constant, N, is the Avogadro
number and f is the Bohr magneton. The magnetic phase transition
temperature was determined as the extremum of the derivative of the
magnetic susceptibility with respect to temperature dy/d7. The mag-
netisation dependencies a(H) of the single crystals below the transi-
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tion temperature were taken into account for the demagnetisation
field of the sample. The real field in the crystal was calculated for each
direction by the formula H; = H — N,g;, where i = X, Y, Z; N is the
demagnetisation factor evaluated using the tables for the disk sam-
ple.1361

CCDC-241146 (for 1) and -241147 (for 2) contain the supplementary
crystallographic data for this paper data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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