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Abstract. The purple colored coordination polymer [1Cu],
was obtained from 2,5-bis(pyrazol-1-yl)-1,4-dihydroxyben-
zene and CuBr; in aqueous ammonia. The crystal structure
of [1Cu], was determined from high resolution X-ray pow-
der diffraction data using the method of simulated anneal-
ing. In the solid state, [1Cu], features largely independent
linear chains, all of them being oriented parallel to the c-axis
of the crystal. The Cu ions are coordinated in a square-pla-

nar fashion by two nitrogen atoms and two anionic oxygen
donors. Magnetic susceptibility and magnetization measure-
ments indicate the Cu ions in [1 Cu], to be antiferromagneti-
cally coupled with a coupling constant of about 20 K.
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Eindimensionale Spin-Ketten aus Cu" Ionen
und 2,5-Bis(pyrazol-1-yl)-1,4-dihydroxybenzen

Inhaltsiibersicht. Das violett gefdarbte Koordinationspolymer
[1Cu],, wurde aus 2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzen
und CuBr; in wéssrigem Ammoniak erhalten. Die Kristall-
struktur von [1Cu], wurde aus hochaufgelosten Rontgen-
Pulverbeugungsaufnahmen mittels der Methode des ,,Simu-
lated Annealing” bestimmt. Im Festkorper zeigt [1Cul,
weitgehend unabhingige lineare Ketten, die allesamt paral-

lel zur kristallographischen c-Achse ausgerichtet sind. Die
Cu-Ionen sind quadratisch planar von zwei Stickstoff-Ato-
men und zwei anionischen Sauerstoff-Donatoren umgeben.
Magnetische Suszeptibilitdts- und Magnetisierungsmessun-
gen belegen, dass die Cu-lonen in [1Cu], mit einer Kopp-
lungskonstante von etwa 20 K antiferromagnetisch gekoppelt
sind.

Introduction

Oligonuclear complexes featuring paramagnetic tran-
sition metal ions are of great importance for the
development of new molecule-based magnets and
electronic materials [1-7]. Metal-containing chain
compounds, which occupy an intermediate situation
between clusters of high nuclearity and three-dimen-
sional extended lattices, are of special interest, since
the physics of one-dimensional magnetic materials has
long been and still is an area of vivid research.

One particularly simple spin chain is provided by
an array of equally spaced copper(I) ions with
Scu = /5 local spins. A great advantage of Cu! lies in
the fact, that a square planar coordination sphere is
preferred over an octahedral one, which minimizes
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the chance of unwanted interchain crosslink forma-
tion. To bring about electronic and magnetic inter-
actions between individual metal centers, bridging li-
gands possessing a rigid z-conjugated framework have
shown to be well-suited [7]. Among those, quinoid lin-
kers are particularly attractive, because their redox ac-
tivity is preserved after they have been attached to
the metal ions. Quinone, semiquinone or hydro-
quinone bridges can thus be established, which tend
to differ in their molecular structures as well as in
their metal-ligand orbital interactions. For these rea-
sons, ligand 1 [8, 9], built from a hydroquinone core
and two chelating nitrogen anchor groups, appears to
be a promising bridging unit for the generation of
polymeric metal-containing materials (Scheme 1).

Dinuclear transition metal (e.g. Rh, Ir, Ru, Os)
complexes of 1 have already been described in the
literature [10-13]. Here we report on the synthesis of
the coordination polymer [1Cu], (Scheme 1), its crys-
tal structure determination from high resolution X-ray
powder diffraction data and some preliminary mag-
netic measurements.
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Scheme 1 Synthesis of [1 Cul,.

Results and Discussion

Synthesis of [1 Cul,

Purple microcrystalline [1 Cu], was obtained by layer-
ing a solution of 2,5-bis(pyrazol-1-yl)-1,4-dihydroxy-
benzene in CH,Cl, with a solution of CuBr, in con-
centrated aqueous ammonia.

Magnetic measurements on [1 Cuj,

Magnetic susceptibility measurements as a function
of temperature, y(T), employing a SQUID-magneto-
meter reveal a broad maximum at around 13K fol-
lowed be a low temperature upturn. The latter be-
comes significantly reduced in external fields up to
5 T. So the field dependence of the magnetic suscepti-
bility can be explained by saturation of paramagnetic
S ="'/, impurities in the spin system. They can be
caused by configurational inhomogeneities in the mag-
netic coupling strength or by finite size effects. These
results are confirmed by high field ESR-experiments
above 10 T.

The x(T) maximum around T.x =13 K is consis-
tent with the behaviour expected for a quasi one-di-
mensional antiferromagnetic spin system (J < 0) with a

Table 1 Selected bond lengths/z&, angles/°, and torsion
angles/° of [1Cu],,. Realistic standard deviations according to
ref. [25] are given

Cu-Cu (intrachain, along c-axis) 8.226(1)
Cu-Cu (interchain, stack along a-axis) 5.169(1)
Cu-Cu (interchain, neighboring stacks along b-axis) 7.961(1)
Cu-0O(2) 1.8(1)
Cu-N(6) 2.0(1)
H-H (interchain) 1.9(1)
O(2)-Cu-N(6) 83(1),97(1)
C(3)-C(4)-N(5)-N(6) 24(1)
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nearest neighbor coupling constant of |J| = Kkg - Trax/
0.641. For the coupling constant J we obtained a value
of [J|/kg =20 K from our experimental data. For the
analysis we use a spin Hamiltonian of the form: H =
-J21i51Si - Sj. More details on the magnetic properties
of [1Cu], including the numerical analysis will be
given elsewhere (ref. [14]).

In fact, judging from the crystal structure as will be
discussed below, the dominant exchange path is along
the polymeric chains via Cu-ligand—Cu interaction.
On the other hand, due to the Cu-Cu distance of
about 5.2 A (see table 1) perpendicular to the chains,
a substantially weaker interchain interaction is ex-
pected.

X-ray crystal structure determination of [1 Cuj,

In the solid state, [1Cu], forms independent one-di-
mensional polymeric chains consisting of deproto-
nated 2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzene mo-
lecules, bridged by Cu'' cations. All chain axes are
oriented along the c-direction of the crystal, running
through the copper ions at '/, '/, '/, and the center of
the six-membered ring at 1,1/, 0, which are both situ-
ated on centers of symmetry in space group P 1. The
Cu" ions are coordinated in an almost square planar
fashion by two pyrazolyl nitrogen atoms and two oxy-
gen atoms of the deprotonated dihydroxybenzene
groups (trans configuration; Fig. 1). The chains are ar-
ranged in stacks along the a-axis of the crystal. The
shortest Cu-Cu distance between the chains within
each stack possesses a value of 52 A (Fig.2). All
other distances between copper ions, intrachain as
well as interchain distances between neighboring
stacks, are greater than 8 A. The closest contact be-
tween hydrogen atoms of nelghbormg chains amounts
to 1.89 A. The pyrazolyl rings within the stacks are
parallel to each other and tilted by approx. 65° against
the bc-face of the unit cell. Due to the low crystalli-
nity and the resulting low quality powder pattern of
[1Cu],, it was neither possible to refine individual
atomic positions nor individual bond lengths. We have,
however, been able to determine the position, orienta-
tion and the torsion angles of the idealised deproto-
nated 2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzene mo-
lecule as well as the position of the copper ion with
reasonable accuracy. Difference Fourier maps show
small peaks with a maximum density of 1 electron/A>
in a distance of approximately 1.2 A above and below
the coordination plane of the copper ions. This might
either be an artifact or indicates a slight disorder of
the copper ions. Moreover, the presence of a small
amount of coordinating solvent (e.g. water or ammo-
nia molecules), although unlikely, cannot be entirely
excluded. A list of relevant bond lengths, bond angles
and torsion angles is given in Tab. 1.
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Fig.1 Crystal structure of [1Cu], Space filling model
showing the polymeric nature of the compound in a projec-
tion along the a-axis.

Fig.2 Crystal structure of [1Cul,. Perspective view of the
packing of the molecules in a projection along the g-axis.

Conclusion

Cu" ions bridged by O,N-coordination to depro-
tonated 2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzene
moieties were found to form linear spin chains with
antiferromagnetically coupled paramagnetic centers.
The organic linker, which is readily accessible, can be
derivatized in numerous ways (e.g. introduction of
donor/acceptor substituents into the 3 and 6 positions
of the hydroquinone core, generation of isomeric
structures). Work is currently in progress to investi-
gate the effect of these derivatizations on the degree
of spin-spin coupling in the respective coordination
polymers. Structure determination of molecular com-

312

pounds from powder diffraction data by means of glo-
bal optimization methods in direct space like the
method of simulated annealing is becoming routine
and it can be shown that even in case of low quality
powder diffraction data, it is nowadays possible to de-
rive the crystal packing, which is the key information
to understand the properties of the material.

Experimental Section
1 was synthesized according to the literature [8, 9].

Synthesis of [1Cul],: A solution of 2,5-bis(pyrazol-1-yl)-1,4-
dihydroxybenzene 1 (0.066 g, 0.272 mmol) in 10mL of
CH,Cl, was layered with a solution of CuBr, (0.179 g,
0.803 mmol) in 5 mL of concentrated aqueous ammonia. A
purple microcrystalline material formed after one week. The
liquid was removed by filtration. The remaining product was
triturated with H,O (3x5 mL), CH,Cl, (3x5 mL) and dried
in air. Yield: 0.079 g (95%).

Crystal structure determination of [1Cu],: X-ray powder
diffraction data were collected at 295 K on beamline X3B1
of the Brookhaven National Synchrotron Light Source
(2=1.14991(2) A) in transmission geometry with the sample
sealed in a 0.7 mm lithiumborate glass (No.50) capillary
(Tab. 2). Data reduction was performed using the GUFI [15]
program. Indexing with ITO [16] led to a primitive triclinic
unit cell with lattice parameters given in Tab. 2. The number
of formula units per unit cell could be determined to Z=1
from packing considerations, indicating P1 as the most
probable space group, which could later be confirmed by
Rietveld refinement. The peak profiles and precise lattice
parameters were determined by LeBail-type fits using the
program Fullprof [17]. The background was modeled manu-
ally using GUFI. The peak-profile was described by a pseu-
do-Voigt function in combination with a special function that
accounts for the asymmetry due to axial divergence [18].
The crystal structure was solved using the DASH [19]
structure solution package as follows: Data in the range
5° <26 <40.5° were subjected to a Pawley refinement [20] in
space group P1 in order to extract 129 correlated integrated
intensities from the pattern. A good fit to the data (;*=
1.54) was obtained. An internal coordinate description of
the organic moiety (Fig.3) was constructed using standard
bond lengths, angles and torsion angles. Those torsion angles
that could not be assigned precise values in advance were
flagged as variables for refinement in the simulated anneal-
ing procedure. Since the presence of an inversion center was
not known a priori, a decision was taken to solve the struc-
ture in P1 with two independent unknown torsion angles
present within the structure (Fig.3). The position, orienta-
tion and conformation of the organic moiety in the refined
unit cell were postulated whilst the position of the Cu atom
was held fixed at !/,, ',, '/, and the level of agreement be-
tween the trial structure and the experimental diffraction
data quantified by: z* = 32,3 [(In = clFa)(V Dl = dl A,
where [, and [ are Lorentz-polarisation corrected, extracted
integrated intensities from the Pawley refinement of the dif-
fraction data, Vyy is the covariance matrix from the Pawley
refinement, c is a scale factor, and |F},| and |Fy| are the struc-
ture factor magnitudes calculated from the trial structure.
The trial structure was subjected to a global optimization
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Table 2 Crystallographic data for [1Cu],

formula CuC,N4O,Hg
temperature/K 295
formula weight/(g mol™) 303.762
space group P1

a/A 5.1723(5)
b/A 7.9587(9)
c/A 8.2298(11)
of® 118.221(6)
pl° 91.520(9)
e 100.148(8)
VIA? 291.47(6)
z 1

calc. Density/(g cm™) 1.731
wem™ for 100% packing 66.8

20 range/° 2.0-52.8
step size/°20 0.02

counting time/step/sec 2.1 (2.0°<260<40.24°)

3.0 (30.0° <20 < 52.8%)

wavelength/A 1.14991(2)
G
\N/N
_N

Fig.3 A sketch of the 2,5-bis(pyrazol-1-yl)-1,4-dihydroxy-
benzene fragment with the variable torsion angles indicated
by curved arrows.

[21, 22] in which torsion angles were the only internal
degrees of freedom and the external degrees of freedom
consisted of three fractional coordinates describing the po-
sition of the molecule and four quaternions describing its
orientation. Examination of the structure giving the best
fit to the data showed the organic moiety to form a poly-
meric structure around the Cu, with its center of mass
being located very close to '/, '/, 0. Accordingly, the glo-
bal search was re-run with the organic moiety anchored at
this point, thus reducing the problem to an orientation/
conformation search. The structure giving the best fit to
the data (y*=7) was verified by Rietveld refinement of
the fractional co-ordinates obtained at the end of the
simulated annealing run.

Rietveld refinements, using the GSAS program system
[23], were carried out in space groups P1 and P 1, establish-
ing P1 as the correct space group. Since unconstrained re-
finement resulted in severe distortions from the ideal mole-
cular geometry, a number of soft constraints have been
applied for bond lengths (weight factor of 70), the degree of
planarity (weight factor of 70) and bond angles (weight fac-
tor of 30) of the 2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzene.
The Rietveld refinement converged quickly to the R-values
given in the caption of Fig. 4.

It should be noted that the powder pattern of [1Cu], ex-
hibits severe anisotropic peak broadening caused by lattice
strain with the sharpest peaks along [100] direction (parallel
to the Cu—Cu vector of consecutive polymer chains), which
could be described to a satisfactory degree by the uniaxial
strain model in GSAS.
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Fig.4 Scattered X-ray intensity for [1Cu], at ambient tem-
perature as a function of the diffraction angle 260. Shown are
the observed pattern (diamonds), the best Rietveld fit pro-
file (line), the reflection positions and the difference curve
between observed and calculated profiles as the trace at the
bottom. The wavelength was 4 = 1.14991(2) A. The R-values
are R-p=82%, R-wp=10.6%. R-p and R-wp refer to the
Rietveld criteria of fit for profile and weighted profile, re-
spectively, defined in ref. [24].

Table 3 Positional parameters, Uy/U, - 10> of [1Cu], in
P1 symmetry at 295K from the simulated annealing run
using rigid bodies. The estimated standard deviations and
the temperature factors and were taken from the Rietveld
refinement, the latter are constrained to be equal within the
2,5-bis(pyrazol-1-yl)-1,4-dihydroxybenzene molecule. Due to
the limited accuracy of powder diffraction data, the given
esd’s of the Rietveld refinement according to ref. [25] should
be multiplied by at least a factor of 6

x/a y/b zlc Uy/Ux10?
Cul 0.5 0.5 0.5 8.7(5)
02 0.4639(3) 0.3582(3) -0.3809(2) 3.4(5)
C3 0.4745(2) 0.4248(3) -0.2025(2) 3.4(5)
C4 0.6702(2) 0.5825(2) -0.0783(2) 3.4(5)
N5 0.8462(2) 0.6693(2) -0.1395(3) 3.4(5)
N6 0.8050(4) 0.6631(3) -0.2999(2) 3.4(5)
c7 1.0268(4) 0.7687(4) -0.3173(3) 3.4(5)
C8 1.2079(3) 0.8401(3) -0.1599(4) 3.4(5)
9 1.0868(4) 0.7735(4) -0.0487(3) 3.4(5)
H10 1.1590 0.7966 0.0693 3.4(5)
H11 1.3803 0.9189 -0.1345 3.4(5)
HI12 1.0542 0.7903 -0.4201 3.4(5)
C13 0.6873 0.6536 0.1127 3.4(5)
H14 0.8256 0.7602 0.1939 3.4(5)

It should further be noted that the quality of the powder
pattern is very low with a peak to background ratio of
<12:1 and a FWHM of the sharpest peak of 0.07°26 in
[100] direction and almost twice that value for other direc-
tions. Restrained refinement of the atomic positions resulted
in slightly improved fits but some unreasonable distances be-
tween hydrogen atoms at calculated positions occurred.
Therefore, the rigid body coordinates from the simulated an-
nealing run and the isotropic temperature factors of the
Rietveld refinement are given in Table 3.
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