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The compounds (1) (pyH\ pyridinium) and (n-MepyH) [n-MepyH \ n-methyl-(pyH)2[CuBr4] 2[CuBr4]
pyridinium; n \ 2 (2), 3 (3) and 4 (4)] have been synthesised from ethanolic solutions containing HBrCuBr2 ,
and the aromatic base in a 1 : 2 : 2 molar ratio. The compounds have been characterised by elemental analysis, IR,
UV/VIS and EPR spectroscopies, thermal analysis, variable-temperature magnetic susceptibility measurements and
single-crystal X-ray di†raction. In all four crystal structures, the tetrabromocuprate(II) anion is connected to two
organic cations through NÈHÉ É ÉBr hydrogen bonds to form cationÈanionÈcation molecular units, which are held
together by means of o†set face-to-face interactions between the aromatic rings to give one-dimensional chains (1, 2
and 4) or a dimeric entity (3). The hydrogen bond and the aromatic stacking interactions are strongly inÑuenced by
the position of the methyl group in the pyridinic ring of the cations. The delicate balance between these
non-covalent intermolecular forces, together with the electrostatic interactions, ultimately determines the structure
and, as a consequence, the physical properties (thermal stability, density and magnetic behaviour) of the
compounds. Magnetic susceptibility measurements of powdered samples show that the compounds exhibit weak
antiferro- (1, 2, 4) or ferromagnetic (3) magnetic couplings between the copper centres transmitted through the
hydrogen bond and the p-stacking interactions. Compound 1 shows a reversible phase transition at 65 ¡C with a
thermal hysteresis of 4 K.

In the last few years, a particular aspect of the Ðeld of
solid-state chemistry that has received growing attention is the
way in which molecules and ions are organised in the solid
state to form novel materials with improved electrical, optical,
magnetic or catalytic properties.1 A fundamental requirement
for the design of molecules and molecular aggregates having
particular desired functions is an understanding of the magni-
tude and direction of the forces that exist between their con-
stituent units.2 In this respect, there has been a surge of
research activity in the development of speciÐc structural
architectures that involve the self-assembly of molecules or
ions into well-deÐned supramolecules via intermolecular inter-
actions such as hydrogen bonding and aromaticÈaromatic
interactions. These non-covalent interactions are some of the
most powerful forces to organise structural units in both
natural and artiÐcial systems,3 and they exercise important
e†ects on the organisation and properties of many materials
in areas such as biology,4 crystal engineering5 and material
science.6 Although the roots of crystal engineering are unques-
tionably in the organic solid state chemistry Ðeld,7 nowadays,
the most tumultuous expansion of the discipline is taking
place in the inorganic chemistry area in which systematic
studies that investigate the relationships between the charac-
teristics of the individual components (ions or neutral
molecules) and the way a crystalline inorganic compound is
constructed and organised are being published.8 These studies
are of particular importance not only in the Ðeld of co-
ordination solid-state chemistry, in which it is common prac-
tice to base the crystallisation of new compounds on empirical

¤ Electronic supplementary information (ESI) available : experimental
and calculated X-ray powder di†raction patterns for 1 and TG/DTA
thermoanalytical curves for 1È4. See http : //www.rsc.org/suppdata/nj/
b1/b104085p/

rules and local recipes, but also in many areas such as cataly-
sis, bioinorganic and material chemistry, where the co-
ordination complexes play an important role.

In this context, we report herein on the preparation, crystal
structure and solid-state properties of four tetrabromo-
cuprate(II) salts using pyridinium (1) and n-methylpyridinium
[n \ 2 (2), 3 (3) and 4 (4)] as counterions. This work is a part
of our studies on hybrid organic/inorganic materials based on
copper(II) halides, in which we are attempting to analyse the
inÑuence of the organic cation features (size, shape, and nature
and position of the substituent) on the packing interactions
that govern the crystal organisation and, as a consequence,
the properties of this kind of complex.9h11 The design and
synthesis of copper(II) bromides continues to receive much
attention owing to their applications in fundamental and
applied sciences, ranging from solid-state physics to bio-
inorganic chemistry. From a physical point of view, copper(II)
bromides are excellent candidates for analysing correlations
between structural parameters and magnetic properties.12,13
In the biological Ðeld, several studies have shown that
tetrahalocuprates(II) of organoammonium cations exhibit
potent gastroprotective activity as well as anti-epileptic
e†ects.14 These pharmacological works have also found that
bromo complexes are signiÐcantly more active and show a
lower cytotoxicity than the analogous chloro complexes. In
this context, works analysing the interactions of the
tetrabromocuprate(II) anion could be interesting in the under-
standing of the biological role of these complexes.

Experimental
The starting chemicals were of A. R. grade and used as
received. Elemental analyses (C, H, N) were performed on a
PerkinÈElmer CHN-240 analyser. Copper analysis was made
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Table 1 Crystallographic data for compounds 1È4

pyH (1) 2-MepyH (2) 3-MepyH (3) 4-MepyH (4)

Empirical formula C10H12Br4CuN2 C12H16Br4CuN2 C12H16Br4CuN2 C12H16Br4CuN2M 543.37 571.44 571.44 571.44
Crystal system Monoclinic Monoclinic Monoclinic Triclinic
Space group C2/c C2/c P21/n P16
a/A� 8.162(1) 18.789(3) 9.165(1) 8.483(2)
b/A� 14.249(1) 8.744(2) 13.592(2) 9.399(2)
c/A� 13.862(1) 15.518(3) 14.404(3) 13.227(2)
a/¡ 90.0 90.0 90.0 96.29(3)
b/¡ 94.77(2) 135.15(3) 102.41(2) 91.29(3)
c/¡ 90.0 90.0 90.0 116.41(2)
U/A� 3 1606.6(3) 1798(1) 1752.4(5) 935.9(4)
Z 4 4 4 2
k/mm~1 11.289 10.093 10.355 9.696
ReÑect. measured 2517 2841 5474 5659
ReÑect. independent 2342 2591 5097 5438
Rint 0.018 0.021 0.042 0.020
ReÑect. observed [IP 2p(I)] 1023 1066 1594 1121
Ra 0.043 0.042 0.040 0.045
wRb 0.050 0.045 0.040 0.045

a R\ &pFo o [ oFcp/&oFo o. b wR\ [&w(oFo o [ oFc o)2/&w oFo o2]1@2.

on a PerkinÈElmer 360 atomic absorption/Ñame emission
spectrometer. The densities were measured by Ñotation in

mixtures.15 IR spectra (KBr pellets) wereCHBr3ÈCCl4recorded on a PerkinÈElmer 4200 spectrometer and UV vis
spectra on a Shimadzu 260 spectrometer. Thermoanalytical
measurements were made on a Setaram Tag 24 S16 thermo-
balance (TG/DTA) and a Mettler TA 4000 DSC instrument,
using dynamic synthetic air and dry dinitrogen atmospheres
(Ñow rate of 50 cm3 min~1) and a heating rate of 5 ¡C min~1.
EPR polycrystalline spectra were measured on a Bruker
ESP300 spectrometer, operating at the X- (ca. 9.5 GHz) and
Q-bands (ca. 34 GHz). Variable-temperature magnetic suscep-
tibility measurements (2.0È300 K) were performed on a
Quantum Design SQUID susceptometer using an applied
magnetic Ðeld H \ 0.1 T. Diamagnetic correction terms were
estimated from PascalÏs constants.16 X-Ray powder di†raction
patterns were recorded on a Philips XÏpert powder di†ractom-
eter with Cu-Ka radiation (j \ 1.5406 in steps of 0.02¡ (2h)A� )
and a Ðxed-time counting of 4 s.

Syntheses

All manipulations were carried out in an open atmosphere ;
exposure to air is necessary for the synthesis of(O2)bromocuprate(II) complexes in HBr media since preparation
under anaerobic conditions led to the formation of mixed-
valence Cu(II)/Cu(I) compounds.17,18 Copper(II) bromide (1.00
g, 4.4 mmol), previously dissolved in ethanol, was added drop-
wise to a stirred ethanolic solution formed by equimolecular
amounts of concentrated HBr (1 mL, 8.8 mmol) and the corre-
sponding aromatic amine. After heating for ca. 4 h at 60 ¡C,
the resulting black solutions were Ðltered o† and then allowed
to stand at room temperature, overnight. The complexes were
obtained as black polycrystalline powders that were Ðltered
o†, washed with diethyl ether and dried in a dinitrogen
stream. For all four compounds, polyhedral dark violet crys-
tals suitable for X-ray crystallographic studies were grown by
slow di†usion of n-hexane (20 mL) into an ethanol solution (5
mL) of the complex (0.2 mmol) previously transferred to a 15
mm diameter glass tube. Crystals were Ðltered o†, washed
with diethyl ether and dried in a stream of dry dinitrogen.
Crystals were essentially opaque due to the absorption of light
in the visible region (560 nm) and had a metallic lustre. They
were found to be quite stable to light and X-ray exposure, but
after three weeks they lost crystallinity and gradually showed
a green powder on their surfaces.

(1). Yield 1.05 g, 45% based on copper.(pyH)
2

[CuBr
4

]
Anal. calc. for C, 22.17 ; H, 2.22 ; N, 5.07 ;C10H12Br4CuN2 :
Cu, 11.74. found : C, 22.21 ; H, 2.13 ; N, 4.98 ; Cu, 11.62%. IR
(l/cm~1) : 3190w, 3135w, 3090w, 3060w, 1630vs, 1595s, 1525vs,
1480vs, 1330s, 1190s, 1050s, 900m, 745s, 675vs and 280w.
UV/vis [EtOHÈHBr, (e/M~1 cm~1)] : 560 (370), 340jmax/nm
(2890), 275 (5600), 235 (2980).

(2). Yield 1.63 g, 65% based on(2-MepyH)
2

[CuBr
4

]
copper. Anal. calc. for C, 25.22 ; H, 2.82 ; N,C12H16Br4CuN2 :
4.90 ; Cu, 11.12 ; found : C, 25.51 ; H, 2.77 ; N, 4.72 ; Cu, 11.01%.
IR (l/cm~1) : 3245m, 3175m, 3120m, 3070m, 2970w, 1625vs,
1610s, 1535s, 1400w, 1280m, 1160m, 1100w, 900m, 750s, 630w,
540w, 505m and 275w. UV/vis [EtOHÈHBr, (e/M~1jmax/nm
cm~1)] : 560 (300), 340 (1840), 275 (6970), 230 (3150).

(3). Yield 1.46 g, 58% based on(3-MepyH)
2

[CuBr
4

]
copper. Anal. calc. for C, 25.22 ; H, 2.82 ; N,C12H16Br4CuN2 :
4.90 ; Cu, 11.12. found : C, 25.21 ; H, 2.75 ; N, 4.85 ; Cu, 11.00%.
IR (l/cm~1) : 3220m, 3190m, 3135m, 3080m, 2920w, 1625m,
1600m, 1540vs, 1500w, 1465s, 1305m, 1240m, 1175w, 890m,
795m, 785m, 675s, 465s and 285w. UV/vis [EtOHÈHBr,

(e/M~1 cm~1)] : 560 (495), 340 (2690), 275 (7980), 240jmax/nm
(2390).

(4). Yield 1.51 g, 60% based on(4-MepyH)
2

[CuBr
4

]
copper. Anal. calc. for C, 25.22 ; H, 2.82 ; N,C12H16Br4CuN2 :
4.90 ; Cu, 11.12 ; found : C, 25.40 ; H, 2.83 ; N, 4.87 ; Cu, 10.89%.
IR (l/cm~1) : 3220m, 3190m, 3135m, 3080m, 2920w, 1634m,
1600s, 1500vs, 1370m, 1310m, 1235m, 1190s, 1110w, 1095w,
790s, 755m, 520w, 450w and 280w. UV/vis [EtOHÈHBr,

(e/M~1 cm~1)] : 560 (280), 345 (1720), 275 (2450), 230jmax/nm
(5240).

X-Ray crystallography

Di†raction intensity data were collected at 295(1) K on an
EnrafÈNonius CAD4 di†ractometer using graphite-
monochromated Mo-Ka radiation (j \ 0.710 69 and theA� )
conventional uÈ2h scan mode Intensity data(hmax \ 30¡).
were corrected for Lorentz polarisation and absorption19
e†ects. Atomic scattering factors and anomalous dispersion
terms were taken from ref. 20. The structures were solved by
direct methods21 and reÐned (on F) by full-matrix least-
squares using the X-RAY 76 program package.22 Anisotropic
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thermal parameters were reÐned for all non-hydrogen atoms.
For compound 1, all hydrogen atoms were clearly visible on a
Fourier di†erence map and isotropically reÐned. For 2 and 3,
hydrogen atoms were located on a Fourier di†erence map, but
only those attached to nitrogen atoms were isotropically
reÐned ; the remaining ones were introduced as Ðxed contrib-
utors in the Ðnal structure factor calculations. Crystals of 4
are difficult to grow and small, weakly scattering specimens
had to be used, giving a low data to parameter ratio (6 : 1).
Thus hydrogen atoms could not be reliably located from dif-
ference Fourier maps and they were placed at calculated posi-
tions. An empirical weighting scheme23 was used in the Ðnal
cycles of reÐnement to obtain a Ñat dependence in Su*2FT vs.

and S(sin h)/jT. Final geometrical calculations wereSFoTcarried out with the PARST24 and PLATON25 programs. All
calculations were performed on a Digital MicroVAX 4500.
Crystallographic data and structural reÐnement parameters
are given in Table 1.

CCDC reference numbers 167340È167343. See : http : //
www.rsc.org/suppdata/nj/b1/b104085p/ for crystallographic
data in CIF or other electronic format.

Results and discussion

Description of the crystal structures

The crystal structure of the compounds contain the same
basic structural unit, which consists of a discrete [CuBr4]2~anion (denoted a) hydrogen-bonded to two organic cations
(denoted c), as seen in Fig. 1. The cÈaÈc molecular units are
built through the formation of NÈHÉ É ÉBr hydrogen bonds
from the pyridinium nitrogen atoms on the bromine atoms in
the anions. The molecular units of 1 and 2 have a sym-C2metry with the copper atom sitting on a crystallographic two-
fold axis. Selected bond lengths, bond angles, and hydrogen
contacts are listed in Table 2.

As far as the geometry of the anions is con-[CuBr4]2~cerned, the CuÈBr bond lengths are in the range 2.34È2.43 A� ,
being similar to those usually found for analogous com-
pounds.26h30 The shortest CuÈBr bond lengths are for the
bromide ligands not engaged in CuÈBrÉ É ÉHÈN hydrogen
bonds. The tetrabromocuprate(II) anions in the four com-
pounds present a compressed tetrahedral geometry with two
bond angles distinguished from the others (96È104¡) by their
high values (123È136¡). These values show that the geometry
is intermediate between square-planar and regular tetra-(D4h)hedral A quantitative description of the distortion from(Td).tetrahedral geometry has been evaluated by the Muetterties
and Guggenberger method [*D\ 0 for a regular tetrahedron
and *D\ 100 for a geometry]31 and the obtained valuesD4hare listed in Table 2. A semiempirical MO study of the TdÈD4hequilibrium in tetrabromometal complexes32 indicates that
the anion has a tendency to display the conÐgu-[CuBr4]2~ Tdration, but it has been pointed out that hydrogen bonding
interactions are among the factors that inÑuence the deviation
from symmetry in the tetrahalocuprate(II) anions to a nearTdsymmetry.10,29,33 Presumably, this is due to a reductionD2dof the e†ective charge on the halide ions, thus reducing the
electrostatic repulsion between the bromide ions within the

species.[CuBr4]2~The type and the number of hydrogen bonds around each
tetrabromocuprate(II) anion is strongly inÑuenced by the posi-
tion of the substituent on the pyridinic ring. Two di†erent
types of hydrogen bond are found (see end of Table 2). In 1
and 4, the aromatic cation inherently possesses the ability to
approach the anion without steric hindrance and is therefore
able to share its NÈH proton between two Br acceptors. The
NÉ É ÉBr distances are approximately equal, suggesting that
the cations have established two nearly symmetric bifurcated
hydrogen bonds. In 4, the Br(4) atom is involved in hydrogen

Fig. 1 ORTEP view showing the double NÈHÉ É ÉBr hydrogen bonds
(dotted lines) between the cations and the anion in com-[CuBr4]2~pounds 1È4.

bond interactions with both cations. The two cations around
the anion are not coplanar and make dihedral angles of 68
and 84¡ for 1 and 4, respectively. In 2 and 3, the position of
the methyl substituent produces steric hindrance with the
bromine atoms and the NÈH proton only forms a single
hydrogen bond with one bromine atom. The two aromatic
cations around the tetrabromocuprate(II) anion are coplanar
in 3, whereas they make a dihedral angle of 14.8¡ in 2.

In all four structures the cÈaÈc molecular entities are held
together by means of o†set face-to-face aromatic stacking
interactions between the rings of adjacent units. The most sig-
niÐcant parameters of these interactions are listed in Table 3.
The packing patterns of the compounds are quite di†erent. In
the crystal structures of 1, 2 and 4, anions and cations are
packed forming inÐnite zig-zag one-dimensional chains (Fig.
2) with a . . .cac. . . sequence and MÉ É ÉMÉ É ÉM angles of 106.1
(1), 86.1 (2) and 118.0¡ (4) between three successive copper
atoms along the chains. The intrachain CuÉ É ÉCu distances are
[7 It is interesting to note that some subtle di†erences inA� .
the architecture of the chains occur. Whereas the pair of
organic cations along the chains of 2 are almost coplanar, in 1
and 4 they are twisted relative to each other, giving bulkier
chains. On the other hand, in all the chains the stacked neigh-
bouring cations are o†set one from another and show an
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Table 2 Selected bond lengths angles (¡), and hydrogen bonds(A� ),
¡) for 1È4a(A� ,

1 2

CuÈBr(1) 2.377(1) 2.387(1)
CuÈBr(2) 2.364(1) 2.379(3)
Br(1)ÈCuÈBr(1i) 100.49(6) 126.41(6)
Br(1)ÈCuÈBr(2) 98.96(4) 100.03(9)
Br(1)ÈCuÈBr(2i) 131.28(4) 99.76(4)
Br(2)ÈCuÈBr(1i) 131.28(4) 99.76(4)
Br(2)ÈCuÈBr(2i) 100.78(6) 135.19(6)
Br(1i)ÈCuÈBr(2i) 98.96(4) 100.03(9)
*D (%) 20.6 20.1

3 4
CuÈBr(1) 2.380(2) 2.419(3)
CuÈBr(2) 2.379(1) 2.344(2)
CuÈBr(3) 2.389(1) 2.426(2)
CuÈBr(4) 2.384(2) 2.394(2)
Br(1)ÈCuÈBr(2) 99.54(5) 104.2(1)
Br(1)ÈCuÈBr(3) 135.74(6) 123.5(1)
Br(1)ÈCuÈBr(4) 97.24(5) 98.4(1)
Br(2)ÈCuÈBr(3) 99.81(6) 101.6(1)
Br(2)ÈCuÈBr(4) 135.16(6) 135.8(1)
Br(3)ÈCuÈBr(4) 96.38(5) 96.6(1)
*D (%) 25.7 18.8

Hydrogen bonds NÉ É ÉBr HÉ É ÉBr \NÈHÉ É ÉBr
1 N(11)ÈH(11)É É ÉBr(1) 3.41(1) 2.69(7) 132(6)

N(11)ÈH(11)É É ÉBr(2) 3.50(1) 2.68(8) 142(6)
2 N(11)ÈH(11)É É ÉBr(2) 3.41(1) 2.60(7) 144(6)
3 N(11)ÈH(11)É É ÉBr(4) 3.27(1) 2.36(8) 144(6)

N(21)ÈH(21)É É ÉBr(3) 3.36(1) 2.55(7) 146(7)
4 N(11)ÈH(11)É É ÉBr(3ii) 3.44(1) 2.57 141

N(11)ÈH(11)É É ÉBr(4ii) 3.39(1) 2.62 131
N(21)ÈH(21)É É ÉBr(1iii) 3.50(1) 2.66 142
N(21)ÈH(21)É É ÉBr(4iii) 3.57(1) 2.83 31

a Symmetry codes : (i) [x ] 1, y, [z] 1/2 for 1, [x ] 1, y,
[z] 3/2 for 2 ; (ii) x ] 1, y, z ; (iii) [x, [y, [z] 1.

alternating orientation, presumably to minimise electrostatic
and steric interactions. The largest o†sets (ave. 2.40 areA� )
observed for the 4-methylpyridinium salt. The combined e†ect
of a bulky chain and a weak overlap between the cations leads
to a less e†ective packing and the density value of 4 (Dx \

g cm~3) is smaller than that of 2 g cm~3).2.028 (Dx \ 2.111
Compound 1 shows the highest density value g(Dx \ 2.247
cm~3), owing to the absence of a methyl group in the cation
and to a stronger overlap (lateral displacement of 1.80 A� )
between the aromatic rings. There are no other important
interactions in the crystal structures ; the centroidÈcentroid
distance between parallel aromatic cations from two neigh-
bouring chains are longer than 5 and the shortest interchainA�
BrÉ É ÉBr contact is 4.36 (1). Interchain CÈHÉ É ÉBr orA�
methylÉ É Émethyl contacts have not been observed. So it is
quite likely that the interchain interactions are only due to
electrostatic e†ects.

Table 3 Structural parameters of the p-stacking interactions for
compounds 1È4a

Compound Interactionb Ringc DCd ANG DZ DXY he

1 A 1È1i 3.99 0.0 3.59 1.79 26.6
2 A 1È1ii 4.25 0.0 3.66 2.17 30.7
3 A 1È2iii 2.82 2.6 3.46 1.63 25.3
4 A 1È1iv 4.31 0.0 3.59 2.35 33.0

B 2È2v 4.66 0.0 3.50 2.45 31.7

a Symmetry codes : (i) [x ] 1/2, [y ] 1/2, [z] 1 ; (ii) [x ] 1,
[y ] 2, [z] 1 ; (iii) [x ] 1, [y ] 1, [z ; (iv) [x ] 2, [y ] 1, [z ;
(v) [x ] 1, [y ] 1, [z] 1. b Interaction : see Fig. 2 and 3. c Ring :
1 and 2 contain the N(11) and N(21) atoms, respectively. d DC:
centroidÈcentroid distance e h : angle between the DC vector and(A� ).
the normal of the Ðrst ring plane.

Fig. 2 Fragments of the one-dimensional chains formed by the
anions and cations in compounds 1, 2 and 4. A and B denote p-
stacking interactions (see Table 3). Hydrogen bonds are shown as
dotted lines.

In 3, the cÈaÈc molecular entity is connected to an
inversion-related counterpart through face-to-face interactions
involving the two aromatic rings and forming a dimeric group
with a CuÉ É ÉCu distance of 5.82 (Fig. 3). These dimericA�
entities are essentially isolated in the crystal structure and
although the separation between the planes of two aromatic
cations from adjacent dimeric units is 3.5 they are soA� ,
slipped ([3 that no graphite-like interactions may be con-A� )
sidered. The shortest interdimer BrÉ É ÉBr distance is 4.45 A� .

We would like to Ðnish this structural description with a
brief comment on the common assumption that the
tetrabromocuprate(II) salts will be isomorphous to the corre-
sponding chlorides. This frequently is true,34 but since the
overall crystal packing is a consequence of a delicate balance
between electrostatic interactions, hydrogen bond and aro-
matic stacking interactions, it is not surprising to Ðnd that
isomorphism is not always found. Indeed, compound 4 is not
isomorphous with the analogous (4-MepyH) salts.352[CuCl4]As far as we are aware, the crystal structures of the analogous
tetrachloro complexes of 1È3 have not yet been reported.

EPR spectroscopy and magnetic behaviour

EPR spectra of the compounds were recorded on powdered
samples at both the X- (4.2È300 K) and Q-bands (100È300 K).
No signiÐcant variations have been observed over this range
of temperatures. The X-band data are listed in Table 4.
X-Band spectra of 1 and 3 show isotropic signals with g

Fig. 3 Ball-and-stick representation showing the dimeric entity in 3.
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Table 4 EPR and magnetic data for 1È4

1 2 3 4

X-Band EPR data
g
A

2.28 2.28
g
M

2.06 2.08
SgT 2.18 2.13 2.10 2.15

CurieÈWeiss Ðt
C/cm3 K mol~1 0.45 0.42 0.40 0.44
#/K [2.71 [1.10 0.92 [0.40

Magnetic model Ðt
J/cm~1 [2.20 [0.85 1.03 [0.40
J k~1/K [3.17 [1.22 1.48 [0.58
oD o/cm~1 0.3
g 2.16 2.13 2.08 2.17
R] 105 1.7 2.3 2.7 1.1

tensor values of 2.18 and 2.10, respectively. The spectra
remain essentially unchanged upon cooling the sample from
300 to 30 K, and at lower temperatures the linewidth increases
from 800 to 1000 G, being much broader than those for (4-
aminopyridinium) In an attempt to resolve2[CuBr4] ÉH2O.11
the spectra, Q-band EPR spectroscopy was used. Although
the spectra seem to correspond to an axial g tensor, they were
not well-resolved due to a rather large linewidth. For 2 and 4,
X- and Q-band axial-type spectra were obtained at all tem-
peratures, which is consistent with the compressed tetrahedral
stereochemistry of the chromophore and the relation g

A
A

indicates a ground state.29g
M

[ 2.0 d
x2~y2The magnetic susceptibility data for the complexes have

been measured over the temperature range 2È300 K. The
room temperature magnetic moments range from 1.79 to 1.89

and are typical for one non-interacting d9 copper(II) ion.kBThe magnetic susceptibility data for all compounds follow a
CurieÈWeiss law at T [ 40 K (Table 4). Thermal variations of
reciprocal susceptibility and the product of 2 are shownsmT
in Fig. 4. The overall appearance of the vs. T curves aresmT
indicative of weak antiferromagnetic interactions between the
Cu(II) centres for 1, 2 and 4. The vs. T curve of compoundsm1 exhibits a maximum at 4 K (Fig. 5).

Considering the structural features of compounds 1, 2 and
4, the experimental data were analysed using the Heisenberg
model with exchange interaction between pairs of Cu(II) ions
with spins and of the form:S

i
S
j

H \ [2;
i;j

J
ij
S
i
S
j

(1)

where we assumed interactions between nearest neighbour
copper ions in a chain (i.e., for j\ i^ 1 andJ

ij
\ J J

ij
\ 0

otherwise).

Fig. 4 Thermal variation of the reciprocal magnetic susceptibility
and for compound 2. Solid lines represent the best Ðt to thesmT
theoretical model.

Fig. 5 Thermal dependence of for compound 1 : experimen-smT (L)
tal data ; (ÈÈ) best theoretical Ðt (see text). The inset shows the
region of the susceptibility maximum in the vs. T plot.sm

In order to evaluate the magnitude of the exchange coup-
ling constant we have used the polynomial expression devel-
oped by Hall to describe the results graphically presented by
Bonner and Fisher36 for a uniformly spaced chain of spins
with S \ 1/2 :

sm\
Ng2b2

kT
C A] Bx] Cx2
1 ] Dx] Ex2 ] Fx3

D
(2)

where x \ o J o /kT , N and k are the Avogadro and Boltzmann
constants, b is the Bohr magneton, A\ 0.250, B\ 0.150,
C\ 0.3009, D\ 1.9862, E\ 0.6885 and F\ 6.0626. The
least-squares best-Ðt results are listed in Table 4. R is the
agreement factor deÐned as R\ &

i
[(sm)obs(i)The calculated g and J values are[ (sm)calc(i)]2/&i

[(sm)obs(i)]2.in good agreement with those deduced from the ESR spectra
and CurieÈWeiss Ðt, respectively. At high temperatures

eqn. (2) becomes a CurieÈWeiss law with(o J o /kT @ 1)
H \ 1.38] J/k, and from the observed H values, J/k
exchange parameters of [1.96, [0.80 and [0.30 K should
be expected, similar to the calculated ones. Therefore, as
expected, the 1D Heisenberg model gives a good representa-
tion of the magnetic behaviour of these compounds. The
overlap between adjacent aromatic rings and the hydrogen
bond interactions most likely provide the exchange pathways
for the small antiferromagnetic coupling observed. In this
respect, weak magnetic couplings across aromatic (pyrazolyl
and 2,2@-bipyridine rings) p-stacking interactions were
reported37 and hydrogen bonding has been extensively
demonstrated to be a powerful tool for generating magnetic
interactions and for propagating them in both inorganic38
and organic solids.39

In the case of 3 the product remains practically con-smT
stant up to around 50 K, and it increases sharply at lower
temperatures to attain a value of 0.48 cm3 mol~1 K at 2 K
(Fig. 6). This fact, together with the positive value calculated
for H, suggests the presence of weak ferromagnetic inter-
actions. The shape of the magnetisation curve at 2.0 K and the
value of the saturation are also as expected for the case of
ferromagnetic coupling between local spin doublets. The mag-
netic data were analysed through the Hamiltonian :

H \ [2JS1S2 ] S1DS2 (3)

where the Ðrst term accounts for the isotropic exchange inter-
action between two spin doublets and the(S1 \ S2 \ 1/2)
second one concerns the zero-splitting of the triplet state. The
best Ðt results through least-squares analysis40 are listed in
Table 4.
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Fig. 6 Thermal dependence of for compound 3 : experimen-smT (L)
tal data ; (ÈÈ) best theoretical Ðt (see text). The inset shows the Ðeld
dependence of the magnetisation at 2 K: experimental data ;(|)
(ÈÈ) a guide to the eye.

Thermal behaviour

The thermal behaviour of the compounds have been deduced
from their TG/DTA curves in both synthetic air and dinitro-
gen atmospheres (see ESI). An outstanding feature in the
thermal degradation of 1 is an endothermic peak at approx-
imately 65 ¡C, which has been assigned to a phase transition
(Fig. 7). TG analysis shows no weight change at this point.
The process is reversible, indicating thermal hysteresis. DSC
analysis showed a sharp endothermic peak at 67 ¡C during the
heating measurements, as well as an exothermic peak at 63 ¡C
during the cooling measurements. The calculated enthalpies
are 5.1 and [4.9 kJ mol~1, respectively. The value of the
phase transition enthalpy is comparable to those of analogous
tetrabromocuprate(II) complexes and it is lower than those
reported for organoammonium tetrachlorocuprate(II) salts.41

X-Ray powder di†raction spectra were recorded above and
below the transition temperature, with the pattern of both
phases being signiÐcantly di†erent. Some of the di†raction
lines of the room temperature phase diagram are reproduced
in the high-temperature one but a shift to lower Bragg angles
and changes in the intensities are observed (see ESI). The
high-temperature X-ray pattern has been indexed42 on the
basis of the primitive monoclinic cell : a \ 8.779(9),
b \ 13.884(6), c\ 13.440(8) , b \ 92.63(4)¡, U \ 1636(3)A� A� 3
and g cm~3. This seems to indicate that there is aDx \ 2.20
change in the internal structure with a slight increase in the
volume unit cell.

The X-band EPR spectra show isotropic signals for both
low- and high-temperature phases. With increasing tem-
perature, the g tensor value of 2.18 gradually decreases from
room temperature to 60 ¡C and an abrupt drop of the value is

Fig. 7 Thermoanalytical curves (TG and DTA) for compound 1 in
air atmosphere. The insert shows the DSC analysis upon heating and
cooling.

observed in the range 60È70 ¡C to attain a constant value of
2.11 at higher temperatures. This change is accompanied by
an increase of the linewidth.

Structural phase transitions are quite common in copper(II)
halide salts and with hydrogen bonding cations they are
usually associated with disordering of the cation and a con-
comitant weakening of NÈHÉ É ÉX hydrogen bonds.43 The
weakening of the hydrogen bonds increases the charge density
on the halide ions of the anion, which will relax its[CuX4]2~co-ordination geometry toward tetrahedral in order to mini-
mise the electrostatic repulsion between the halide ions. For
several tetrachlorocuprate(II) salts discontinuous thermo-
chromic phase transitions are observed with a
green% yellow% orange colour progression as the distortion
of the anion with respect to the ideal tetrahedral geometry
decreases. The enthalpies of the phase transitions are greater
than those observed in the corresponding tetrabromo-
cuprate(II) salts owing to the decreased ionic radii of the chlo-
ride ion over that of the bromide ion (1.80 vs. 1.95 whichA� ),
usually permits a larger distortion of the tetrachlorocuprate(II)
anions from the geometry.41,43 On the other hand, possibleTdchanges of colour are not observed for tetrabromocuprate(II)
salts due to the very dark colour of the crystals, attributable
to the broad charge transfer bands that spread over the whole
visible range.

No phase transitions were observed in the thermal evolu-
tion of compounds 2È4 from room temperature to their
melting points at 115 (2), 135 (3) and 110 ¡C (4). The melting
enthalpies are 40 (2), 45 (3) and 30 kJ mol~1 (4). The melting
points, the enthalpies and the density values are in the order
3[ 2[ 4. The phase transition of 1 and the melting processes
do not show signiÐcant dependence on the nature of the
environmental gas, but the decomposition pathway of the
liquid and the Ðnal residues are a†ected by the surrounding
atmosphere. Under air atmosphere, the compounds decom-
pose endothermically at 140 (2), 160 (3) and 175 ¡C (4) with the
oxidation of the organic units to give copper(II) bromide fol-
lowed by a strong exothermic loss of bromine to give
copper(II) oxide as the Ðnal product above 610 ¡C. No other
peak belonging to Cu or another copper oxide were found in
the X-ray powder di†ractogram of the Ðnal stable residue. In
a nitrogen atmosphere, all degradation processes are endo-
thermic and they lead, without intermediate stable species, to
powdered metallic copper as the Ðnal product above 700 ¡C.
No peaks corresponding to or CuBr could be identi-CuBr2Ðed. These results suggest that organic cation pyrolysis under
an inert atmosphere can produce, directly or indirectly, the
reduction of Cu(II) to Cu(0). Some authors have suggested that
the thermal degradation of organoammonium halometalate
complexes in inert atmospheres is an excellent method of
obtaining powdered metals of great reactivity.44

Conclusions
The crystal architecture of the copper(II) bromide and n-
methylpyridine system (n \ 0, 2, 3, 4) proves to be very rich. A
major component in this richness is the ability of the pyridin-
ium cations to partake in aromatic p-stacking interactions
and to form di†erent types of hydrogen bonds between the
[NÈH` groups and the Br atoms of the tetrabromo-
cuprate(II) anions. These non-covalent interactions, together
with the electrostatic forces, induce a compactness in the crys-
talline lattices and provide magnetic exchange pathways in
these hybrid organic/inorganic materials, which behave as
low-dimensional magnetic materials.
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