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New derivatives of formula [M(dieneN4)](TCNQ)3, M ) Ni or Cu and dieneN4 ) cis- or trans-hexamethyltet-
raazacyclotetradecadiene, have been obtained. The TCNQ units show electronic delocalization and formation of
1D stacks, with no direct interactions with the metal cations. The stack is not uniform and can be seen as formed
by trimeric dianions (TCNQ)32-. The electronic delocalization favors the conductivity in these materials, which
behave as good semiconductors. The crystal structures of the trans derivatives have been solved: [Ni(trans-
dieneN4)](TCNQ)3, triclinic, P-1, a ) 8.809(2) Å,b ) 10.896(2) Å,c ) 13.727(2) Å,R ) 103.04(1)°, â )
101.23(2)°, γ ) 109.37(2)°, Z ) 1; [Cu(trans-dieneN4)](TCNQ)3: triclinic, P-1, a ) 7.872(1) Å,b ) 9.840(1)
Å, c ) 14.819(1) Å,R ) 92.32(1)°, â ) 95.05(1)°, γ ) 95.66(1)°, Z ) 1.

Introduction

The possibility of combining organic radicals derived from
donor or acceptor molecules as TTF or TCNQ and transition-
metal fragments has attracted the interest of many researchers
in the field of molecular solids. At the present the correlation
between the supramolecular organizations and the associated
properties continues attracting attention.1 For synthetic chemists
it is a real challenge to find some keys to understanding the
main factors that can determine the wide variety of supramo-
lecular organizations.

One of the problems in establishing some keys is the practical
absence of systematic studies focusing the influence of the
different factors concerning the radicals and the transition-metal
fragments. As the interesting revisions of H. Endres2 and W.
Kaim3 have pointed out, one of the important factors to be
considered in the TCNQ derivatives is the highσ-donor ability
of the anion radical, which permits the design of concrete
supramolecular architectures by application of the concepts and
models of coordination chemistry.

We have been interested in a systematic study of the reactivity
of TCNQ- radicals, or mixtures of TCNQ-/TCNQ species,

toward paramagnetic transition-metal fragments having different
auxiliary N-donor ligands which contribute to the stabilization
of different coordination numbers and stereochemistries. The
reaction of neutral TCNQ with copper(II) or nickel(II) deriva-
tives affords integrated stacks with very low electronic transfer
between the donor and acceptor units.4

Different architectures are observed when the anion radical
TCNQ- reacts with copper(II) or nickel(II) derivatives. Depend-
ing on the metal environment stability two different supramo-
lecular architectures with dimerized (TCNQ)2

2- have been
obtained. When the metal has a closed stable coordination
environment, there is not direct metal-TCNQ interaction and
the organic acceptors dimerize in isolated (TCNQ)2

2- units. The
crystal packing of these compounds is driven by electrostatic
interactions between the cationic metal fragments and the
anionic TCNQ dimers that alternate in the crystal.5 A different
situation is found when the metal atom has either vacant
coordinative positions or labile ligands which can be easily
displaced by the anion radical TCNQ-. In these compounds
the TCNQ isσ coordinated to the metal by one nitrile group.
The dimerization of the anion radicals is also observed, leading
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M. B.; Caulfield, J. L.; Singleton, J.; Pratt, F. L.; Hayes, W.; Ducasse,
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Leichert, Y.; Megnamisi-Belombe, M.; No¨the, D.; Weiss, J.Z. Anorg.
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to the formation of infinite chains in which the (TCNQ)2
2-

dimers bridge consecutive metallic units.5e,6

The common feature found in these compounds is the
formation of the dimeric dianion from the anion radical, the
only TCNQ species present in the solid.

A different situation occurs when a mixture of neutral and
anionic TCNQ is used in the reaction with the metal fragments.
Thus, we have obtained polymorphs of the compound [Cu-
(cyclam)(TCNQ)3],7 in which the chains-Cu-(TCNQ)2-Cu-
previously mentioned are observed, but now there is an extra
TCNQ molecule joining adjacent chains byπ overlap. The
TCNQs are clearly different, with those bonded to the metal
having the characteristics of radical anions while those between
chains are formally neutral. As a consequence there should be
a practically unappreciable electronic delocalization between the
TCNQ units.

We have not found previous studies of the type of interaction
between a mixture of TCNQ in its neutral and anionic forms
and the metal derivatives that have no tendency to coordinate
the organic acceptor. From the comparison with the known
structural types found in TCNQ compounds we could expect a
higher electronic delocalization in a way similar to that found
in Cs2(TCNQ)3.8 In this way we present here the results of the
reactivity between TCNQ in different oxidation states and [Ni-
(N4)]2+ and [Cu(N4)]2+ fragments in which we exclude the
possibilities of direct interaction between the metal atom and
the TCNQ radical by the use of unsaturated azamacrocycles
that stabilize tetracoordinated metal environments.5d,9 The
macrocycles used are

Experimental Section

All the reactions have been carried out under oxygen-free nitrogen.
[Ni(cis-dieneN4)](ClO4)2,10 [M( trans-dieneN4)](ClO4)2 (M ) Ni, Cu),11

and Et3NH(TCNQ)212 were obtained by published methods, and their
purities were checked by elemental analyses.

Hazard Warning. Perchlorate salts are potentially explosiVe and
should be used in small amounts and handled with care.13

All the new compounds have been obtained by the same method:
A solution containing 1 mmol of Et3NH(TCNQ)2 in 15 mL of
acetonitrile was dropwise added over a solution of 0.5 mmol of the
perchlorate metallomacrocycle in 15 mL of methanol. After complete
mixing a dark blue solid appeared, which was filtered off, washed with
methanol and diethyl ether, and dried under vacuum.

(5,7,7,12,12,14-Hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,14-
diene)nickel(II) (7,7,8,8-Tetracyanoquinodimethanide), [Ni(cis-
dieneN4)](TCNQ)3. Yield: 59%. Anal. Calcd for C52H44N16Ni: C, 65.6;
H, 4.6; N, 23.5. Found: C, 65.1; H, 4.8; N, 23.5. IR (cm-1): 2155vs,
1566m, 1508m, 1331m, 1149m, 986m, 829w, 782w.

(5,7,7,12,14,14-Hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-
diene)nickel(II) (7,7,8,8-Tetracyanoquinodimethanide), [Ni(trans-
dieneN4)](TCNQ)3. Yield: 66%. Anal. Calcd for C52H44N16Ni: C, 65.6;
H, 4.6; N, 23.5. Found: C, 66.2; H, 4.6; N, 23.9. IR (cm-1): 2190s,
2177vs, 2155vs, 1562m, 1525m, 1500m, 1328m, 1119m, 831w, 789w.

(5,7,7,12,14,14-Hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-
diene)copper(II) (7,7,8,8-Tetracyanoquinodimethanide), [Cu(trans-
dieneN4)](TCNQ)3. Yield: 67%. Anal. Calcd for C52H44N16Cu: C,
65.3; H, 4.6; N, 23.4. Found: C, 65.0; H, 4.7; N, 23.5. IR (cm-1):
2197s, 2162vs, 1561m, 1530m, 1507m, 1330m, 1158m, 990m, 825w.

Physical Measurements.Elemental analyses were carried out by
the Servicio de Microana´lisis of the Universidad Complutense de
Madrid. Infrared spectra were recorded as KBr pellets on a Nicolet
Magna-550 FT-IR spectrophotometer. Electronic diffuse-reflectance
spectra were recorded on a Cary-5 spectrophotometer equipped with a
praying mantis 3000-200 nm accessory. Magnetic experiments were
made on polycrystalline samples using a SQUID magnetometer MPMS-
XL-5 manufactured by Quantum Design. The temperature dependence
of the magnetization in the range between 2 and 300 K was recorded
using a constant magnetic field of 0.5 T. The experimental data have
been corrected for the magnetization of the sample holder and for atomic
diamagnetism as calculated from the known Pascal’s constants. X-band
powder EPR spectra have been obtained on a Bruker ESP 300 apparatus
equipped with a Bruker ER035M gausometer and an Oxford JTC4
cryostat. Electrical conductivity measurements at variable temperature
were performed either by the two (single crystals) or four (powder)
point methods, using an APD cryogenics INC HC2 helium cryostat.14

X-ray Structure Determination. Good quality crystals have been
obtained by slow diffusion of dilute reactant solutions. For the two
compounds studied a deep blue prismatic crystal was coated with resin
epoxy and mounted in aκ diffractometer. The cell dimensions were
refined by least-squares fitting of theθ values of 25 reflections. The
intensity data were collected by theω-2θ technique and corrected for
Lorentz and polarization effects. Atomic scattering factors were taken
from ref 15.

The structure was solved by Patterson and Fourier methods and
refined by applying full-matrix least-squares onF2 with anisotropic
thermal parameters for the non-hydrogen atoms. The hydrogen atoms
were included with fixed isotropic contributions at their calculated
positions determined by molecular geometry. The calculations were
carried out with the SHELXL93 software package.16 A summary of
the fundamental crystal data is given in Table 1.

Results and Discussion

The reaction between Et3NH(TCNQ)2 and the perchlorate
salts of the unsaturated metallomacrocycles described above
gives rise to derivatives of general formula [M(N4)](TCNQ)3.
In these derivatives, especially in the nickel ones, no charge
transfer between the TCNQ and the metal is expected, and the
anionic species (TCNQ)3

2- should be present in these com-

(5) (a) Lacroix, P.; Kahn, O.; Gleizes, A.; Valade, L.; Cassoux, P.NouV.
J. Chim.1984, 8, 643. (b) Bencini, A.; Midollini S.; Zanchini, C.Inorg.
Chem.1989, 28, 1963. (c) Mun˜oz, M. C.; Cano, J.; Ruiz, R.; Lloret,
F.; Faus, J.Acta Crystallogr., Sect. C.1995, 873. (d) Ballester, L.;
Gutiérrez, A.; Perpin˜án, M. F.; Azcondo, M. T.; Sa´nchez-Pela´ez, A.
E.; Amador, U.Anal. Quim. Int. Ed.1996, 92, 275. (e) Ballester, L.;
Gutiérrez, A.; Perpin˜án, M. F.; Amador, U.; Azcondo, M. T.; Sa´nchez-
Peláez, A. E.; Bellitto, C.Inorg. Chem.1997, 36, 6390.

(6) (a) Cornelissen, J. P.; Diemen, J. H.; Groenveld, L. R.; Hasnoot, J.
G.; Speck A. L.; Reedijk, R. J.Inorg. Chem.1992, 31, 198. (b)
Ballester, L.; Barral, M. C.; Gutie´rrez, A.; Monge, A.; Perpin˜án, M.
F.; Ruiz-Valero, C.; Sanchez-Pela´ez, A.Inorg. Chem.1994, 33, 2142.
(c) Azcondo, M. T.; Ballester, L.; Gutie´rrez, A.; Perpin˜án, M. F.;
Amador, U.; Ruiz-Valero, C.; Bellitto, C.J. Chem. Soc., Dalton Trans.
1996, 3015.

(7) Ballester, L.; Gil, A. M.; Gutie´rrez, A.; Perpin˜án, M. F.; Azcondo,
M. T.; Sánchez-Pela´ez, A. E.; Amador, U.; Campo, J.; Palacio, F.
Inorg. Chem.1997, 36, 5291.

(8) Fritchie, C. J.; Arther, P., Jr.Acta Crystallogr.1966, 21, 139.
(9) Azcondo, M. T.; Ballester, L.; Coronado, E.; Gil, A. M.; Go´mez-

Garcı́a, C. J.; Gutie´rrez, A.; Perpin˜án, M. F.; Ramos, J.; Sa´nchez, A.
E. Synth. Met.1997, 86, 1833.

(10) Curtis, N. F.; Curtis, Y. M.; Powell, H. K. J.J. Chem. Soc. A1965,
1015.

(11) Miyamura, K.; Kohzuki, M.; Narushima, R.; Saburi, M.; Gohshi, Y.
J. Chem. Soc., Dalton Trans.1987, 3093.

(12) Melby, L. R.; Herder, R. J.; Mahler, W.; Benson, R. E.; Mochel, W.
E. J. Am. Chem. Soc.1962, 84, 3374.

(13) Wolsey W. C.J. Chem. Educ.1973, 50, A335 and references therein.
(14) (a) Wudl, F.; Brice, M. R.J. Chem. Educ.1990, 67, 717. (b) van der

Pauw, L. J.Philips Res. Rep.1958, 13, 1.
(15) International Tables for X-ray Crystallography; Kynoch Press: Bir-

mingham, U.K., 1974; Vol. IV, p 72.
(16) Sheldrichk, G. M., SHELXL-93, University of Go¨ttingen, Germany,

1993.
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pounds. The TCNQ either can be equally charged as in Cs2-
(TCNQ)38 or have the two extra electrons located on two radical
anions, the third TCNQ remaining in the neutral state, as in
[Cu(cyclam)(TCNQ)3].7 Since the starting material is composed
of one neutral and one anionic TCNQ per formula unit, we
expect an excess of neutral TCNQ in these reactions. This fact
is confirmed by the appearance from the reaction mixture of
TCNQ crystals after prolonged crystallization periods.

Crystal Structure of [Ni( trans-dieneN4)](TCNQ)3. An
ORTEP view of the molecular unit is shown in Figure 1. The
most significant bond lengths are listed in Table 2.

The nickel atom, located on an inversion center, is tetraco-
ordinated in a square-planar environment. The two nickel-
nitrogen distances are 1.905(5) and 1.934(6) Å, the shorter
distance corresponding to the sp2 nitrogen. The bond distances
and angles of the macrocycle are similar to those found in the
starting [Ni(trans-dieneN4)](ClO4)2,17 or in the isomeric [Ni-
(cis-dieneN4)]2+.5d,18

There are two crystallographically different TCNQ molecules,
types A and B. In the unit cell we found two TCNQ type A
molecules, symmetry related by an inversion center located

between them, and one TCNQ type B molecule whose middle
point coincides with another inversion center. All the TCNQs
are parallel with an angle between planes of 0.12(2)°. The
TCNQ π clouds overlap with distances of 3.13(1) Å (A-B)
and 3.45(1) Å (A-A). The longitudinal axis of all the TCNQs
are quasi parallel along the stack, the TCNQ B being rotated
only 4.6(8)° relative to the TCNQ A, giving rise to a monodi-
mensional stack. These different distances enable the stack to
be seen as formed by TCNQ trimers ABA (Figure 2). The
overlap inside the trimer is of the type ring over external bond
(Figure 3a).

There is a great deal of work relating the carbon-carbon bond
distances in every TCNQ to the degree of charge held on it.19

By using the Kistenmacher relation, we can deduce that the
two extra electrons are almost equally distributed over all the

(17) Bailey, M. F.; Maxwell, I. E.J. Chem. Soc., Dalton Trans.1972, 938.
(18) Endres, H.; Keller, H. J.; Moroni, W.; No¨the, D.; Dong, V.Acta

Crystallogr., Sect. B1978, 34, 1703.

(19) (a) Flandrois, S.; Chasseau, D.Acta Crystallogr., Sect. B1977, 33,
2744. (b) Kistenmacher, T. J.; Emge, T. J.; Bloch, A. N.; Cowan, D.
O. Acta Crystallogr., Sect. B1982, 38, 1193.

Table 1. Crystal and Refinement Data for [M(trans-dieneN4)](TCNQ)3

compd [Ni(trans-dieneN4)](TCNQ)3 [Cu(trans-dieneN4)](TCNQ)3
empirical formula C52H44N16Ni C52H44N16Cu
mol wt 951.6 956.4
cryst syst triclinic triclinic
space group P-1 (no. 2) P-1 (no. 2)
a, Å 8.809(2) 7.872(1)
b, Å 10.896(2) 9.840(1)
c, Å 13.727(2) 14.819(1)
R, deg 103.04(1) 92.32(1)
â, deg 101.23(2) 95.05(1)
γ, deg 109.37(2) 95.66(1)
Z 1 1
V, Å3 1157.7(4) 1136.5(2)
Dcalcd, Mg m-3 1.37 1.40
temp, K 293 293
λ(Mo KR), Å 0.71073 0.71073
µ, cm-1 4.76 5.34
R1,a I > 2σ(I) 0.052 0.085
wR2,b I > 2σ(I) 0.065 0.184

a R1) ∑(|Fo| - |Fc|)2/∑Fo
2. b wR2 ) {∑[w(Fo

2 - Fc
2)2]/∑[w(Fo

2)2]}1/2.

Figure 1. ORTEP view (30% thermal ellipsoids) and atom labeling
of [Ni( trans-dieneN4)](TCNQ)3. The atom labeling of the copper
compound is identical.

Table 2. Selected Bond Lengths (Å) for
[M( trans-dieneN4)](TCNQ)3

[Ni( trans-dieneN4)](TCNQ)3 [Cu(trans-dieneN4)](TCNQ)3

Ni-N1 1.905(5) Cu-N1 1.96(1)
Ni-N2 1.934(6) Cu-N2 2.03(1)
N3-C9 1.134(8) N3-C9 1.11(2)
N4-C10 1.143(11) N4-C10 1.11(2)
N5-C19 1.144(12) N5-C19 1.14(2)
N6-C20 1.121(9) N6-C20 1.13(2)
N7-C21 1.141(12) N7-C21 1.14(1)
N8-C22 1.140(8) N8-C22 1.11(2)
C9-C11 1.440(8) C9-C11 1.47(2)
C10-C11 1.429(11) C10-C11 1.40(2)
C11-C12 1.391(11) C11-C12 1.36(2)
C12-C13 1.422(10) C12-C13 1.43(2)
C12-C14 1.434(8) C12-C14 1.44(2)
C13-C15 1.348(11) C13-C15 1.32(2)
C14-C16 1.340(11) C14-C16 1.32(1)
C15-C17 1.425(7) C15-C17 1.44(2)
C16-C17 1.420(10) C16-C17 1.41(2)
C17-C18 1.401(11) C17-C18 1.37(2)
C18-C19 1.423(12) C18-C19 1.45(2)
C18-C20 1.426(8) C18-C20 1.42(2)
C21-C23 1.416(12) C21-C23 1.47(2)
C22-C23 1.432(8) C22-C23 1.42(2)
C23-C24 1.406(11) C23-C24 1.38(2)
C24-C25 1.425(7) C24-C25 1.42(2)
C24-C26 1.436(10) C24-C26 1.40(2)
C25-C26′ 1.349(11) C25-C26′ 1.34(2)
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TCNQs since each type A unit has a charge of approximately
-0.6 and the type B unit of-0.7. In this way we can see the
trimers as dianions (TCNQ)3

2-, with the two electrons delo-
calized among the three molecules. The overlap takes place
between the double bonds of the quinoid rings since the TCNQ
type A molecules have their longitudinal axis parallel but shifted
1.72(1) Å along the perpendicular direction (Figure 3b). The
longer intertrimer distance (3.45(1) Å) indicates that the
electrons are delocalized inside the trimers, but this delocal-
ization almost disappears along the chain, a fact that must be
reflected in the conductivity value.

Although the TCNQ is not directly coordinated to the metal,
the organic stack is not completely isolated from the metallo-
macrocycles, which are located at both sides of the TCNQ stack,
forming an angle of 116.2(2)° with the TCNQs. The macro-

cycles are linked by hydrogen bonds with the TCNQ A in the
only interaction between the anionic and the cationic parts of
the compound. The data of this hydrogen bond are N2-H2 )
1.009(5) Å, H2‚‚‚N6 ) 1.973(8) Å, and angle N2-H2-N6 )
169(1)°. Due to the crystal symmetry each macrocycle is
hydrogen bonded to two TCNQ units belonging to different
stacks.

Crystal Structure of [Cu( trans-dieneN4)](TCNQ)3. This
structure is similar to that described for the nickel compound.
Its labeling scheme is identical to that shown in Figure 1 for
the nickel derivative. Selected bond lengths are listed in Table
2. With the limitations imposed by the poorer quality of the
crystal, we can conclude that the bond distances and angles are
similar to those for the nickel derivative.

This compound also presents two crystallographically dif-
ferent TCNQ molecules, TCNQ A, located on a general position,
and TCNQ B, located on an inversion center. These TCNQs
overlap in the ring over external bond mode (Figure 3a), forming
a monodimensional stack integrated by trimeric species
(TCNQ)32- with intratrimer distances of 3.19(2) Å and inter-
trimer distances of 3.25(2) Å. The more similar distances agree
with a greater delocalization along the chain confirmed by the
conductivity values.

The TCNQ stacks are also separated by rows of cationic
metallomacrocycles, hydrogen bonded to the organic acceptors,
N2-H2 ) 0.91(2) Å, H2‚‚‚N8 ) 2.27(3) Å, and angle N2-
H2-N8 ) 142(1)°. In contrast with the nickel derivative this
H-bond is formed by the TCNQ B, which due to its centrosym-
metric nature bridges two metallomacrocycles, while in the
nickel compound the TCNQ A formed only one bond per
molecule.

A second difference between the nickel and the copper
compounds is the intertrimer overlapping. Thus, while in the
nickel derivative it is lateral along the transverse axis, in the
copper derivative a frontal ring over external bond of the same
type as that found inside the trimers is observed. Since the
TCNQs belonging to different trimers are slipped in the direction
opposite that found inside the trimer, the stack is formed by a
sort of zigzag chain (Figure 4). A similar stack of dianionic
trimers has been found in a molybdenum dithiocarbamate
derivative,20 although in this case the trimers are much more
isolated with greater intrastack distances, a fact that must give
rise to poorer conductive properties.

Electrical Conductivity. The three compounds are semicon-
ductors with room temperature conductivity values measured
in pressed powdered samples of 8.3× 10-3, 3.1 × 10-3, and
3.3 × 10-3 S cm-1 for [Ni(cis-dieneN4)](TCNQ)3, [Ni(trans-
dieneN4)](TCNQ)3, and [Cu(trans-dieneN4)](TCNQ)3, respec-
tively.

The single-crystal conductivity for the twotrans-dieneN4

derivatives has also been measured by the two-probe method
in the temperature range 300-170 K. Both compounds show
the expected semiconducting behavior with room temperature
conductivity values of 0.155 S cm-1 for the nickel and 0.145 S
cm-1 for the copper compound. Assuming an inverse exponen-
tial dependence of the single-crystal conductivity with temper-
ature, activation energies of 0.35 eV for the nickel and 0.12 eV
for the copper compound are obtained. The lower activation
energy of the latter could be correlated with the shorter
intramolecular distances found in the TCNQ stack of the copper
compound.

(20) Conan, F.; Sala-Pala, J.; Garland, M. T.; Baggio, R.Inorg. Chim. Acta
1998, 278, 108.

Figure 2. View of the stack in [Ni(trans-dieneN4)](TCNQ)3: TCNQ
A, white circles, TCNQ B, black circles.

Figure 3. View of the TCNQ overlap in [Ni(trans-dieneN4)](TCNQ)3:
(a) A-B overlap (intratrimer), (b) A-A′ overlap (intertrimers).
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Optical Spectra. In consonance with the delocalization
suggested by the conductivity values, the IR spectra of both
compounds present a very broad electronic absorption centered
around 3200 cm-1 with the TCNQ vibronic modes superim-
posed on it, a characteristic feature of derivatives showing
electronic delocalization (Figure 5).21

The IR spectrum of the TCNQ derivatives is very illustrative
about the formal oxidation state and the coordinative status of
these organic acceptor molecules.22 Thus, the neutral TCNQ
shows the characteristic vibration frequenciesν(CN) ) 2228
cm-1, ν20(b1u) ) 1530 cm-1, ν34(b2u) ) 1524 cm-1, ν4(ag) )
1424 cm-1, ν50(b3u) ) 860 cm-1, andν7(ag) ) 705 cm-1, while
for the radical anion the vibration modes can be observed at
2194/2177, 1577, 1507, 1386, 824, and 722 cm-1. Especially
significant about the charge degree are theungeradebandsν20

(which appears at 1507 cm-1 in our compounds) andν50 (at

824 cm-1), both shifted to lower frequencies when the charge
on the TCNQ is increased.23

The broadening of the bands in our derivatives makes it
difficult to obtain definite conclusions from the IR frequency
values; however, the splitting of the band in the 1500-1550
cm-1 range can suggest the presence of TCNQ in intermediate
oxidation states as deduced from the structural data of [Ni(trans-
dieneN4)](TCNQ)3.

The solid-state electronic spectra of the three compounds are
very similar, with absorption bands at 26200, 17300, 11600,
7100, and 4200 cm-1. The first two bands are characteristic of
TCNQ derivatives and correspond to the two first locally excited
levels of the anion radical, while the band at 11600 cm-1 has
been assigned to a charge-transfer involving radical anions.24

The two lower frequency bands are very broad and characteristic
of mixed valence TCNQ compounds.25 The most interesting
band is that centered at 4200 cm-1 resulting from a charge
transfer between radical anionic and neutral species (CT2), which
appears around 6000 cm-1 and shifts to lower frequencies when
the charge delocalization increases.

Magnetic Properties.The bulk static magnetic susceptibility
has been measured over the temperature range 2-300 K for
the three compounds.

The nickel derivatives are weakly paramagnetic. This mag-
netism should come from the anion radicals, as the nickel is in
a square-planar environment. The observed behavior can be
fitted to a Curie law (C/T) plus a temperature-independent
paramagnetic contribution (TIP). TheC and TIP values areC
) 0.005 emu‚K‚mol-1 and TIP) 800× 10-6 emu‚mol-1 for
thecis derivative andC ) 0.025 emu‚K‚mol-1 and TIP) 730
× 10-6 emu‚mol-1 for the trans derivative. The lowC values
(approximately 0.01 and 0.06 electron per formula) indicate the
presence of small amounts of paramagnetic impurities that may
come from isolated TCNQ- radicals in the structure (1 every
225 or 45 TCNQ molecules, respectively). On the other side,
the observed TIP values may have, besides the TIP contribution
from the Ni(II) ions (on the order of (100-150) × 10-6

emu‚mol-1), a Pauli parmagnetic contribution coming from the
delocalized electrons of the anion radicals. These values are in
the range of the Pauli paramagnetism observed in other
conducting radical salts.26 It is interesting to note that in both
Ni compounds the TIP contribution is higher than that of the
Cu one. Nevertheless, this fact may be an experimental artifact
coming from the very low signals measured in the Ni com-
pounds and only reflects the experimental difficulty in making
the diamagnetic corrections (from the sample and the sample
holder). In fact, at high temperatures the diamagnetic signal
coming from the sample holder is on the same order (and even
higher) as the paramagnetic signal of the Ni samples, and thus,
these diamagnetic corrections become crucial. That means that
the TIP values of both Ni compounds must be considered as
approximate rather than exact values, removing the necessity
of attributing the extra TIP to the Pauli-like paramagnetism.

The copper compound follows a Curie law withC ) 0.3879
emu‚K‚mol-1 with a TIP of 288× 10-6 emu‚mol-1 (Figure
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Figure 4. TCNQ stack in [Cu(trans-dieneN4)](TCNQ)3: TCNQ A,
white circles; TCNQ B, black circles.

Figure 5. IR spectrum in a KBr pellet of [Ni(cis-dieneN4)](TCNQ)3.
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6a). As for the nickel derivatives, this TIP is larger than that
coming from Cu(II) (60× 10-6 emu‚mol-1) and probably arises
from an incomplete diamagnetic correction. TheC value
corresponds to that expected for a Cu(II) ion (S ) 1/2) with a
g value of 2.034, very close to that observed by EPR (Figure
6b). In fact, the room temperature EPR spectrum of a powdered
sample shows a large isotropic signal (∆H ) 32 G) centered at
g ) 2.038, corresponding to the square-planar Cu(II) ions, which
coexists with a narrow line (∆H ) 4 G) centered atg ) 2.003,
corresponding to a very small amount of isolated TCNQ-

impurities. This small amount of paramagnetic impurities is
almost impossible to detect from the static susceptibility
measurements as they are masked by the signal of the cations
(which is 2 orders of magnitude bigger, as deduced from the
ratio between the areas of the EPR signals). In the low-
temperature EPR spectrum the copper signal shows the typical
axial pattern since it is split into a parallel component (g| )
2.10) and a perpendicular one (g⊥ ) 2.03). There is no
significant variation however in the mediumg value, 2.05.

These results indicate on one hand that the Cu(II) ions are
magnetically well isolated, as expected from the good isolation
imposed by the tetraaza ligand and the weak hydrogen bonds
between these rings and the TCNQ units and, on the other hand,
that the electrons located in the organic stacks do not contribute
to the magnetic susceptibility since the trimeric units (TCNQ)3

2-

hold two spins and their ground state must be diamagnetic. The
thermally accessible triplet state should be scarcely populated
even at room temperature, and therefore the contribution to the
magnetic susceptibility of the TCNQ radicals is negligible.

Conclusion

The presence of TCNQ units not fully reduced favors the
formation of stacks with electronic delocalization. This delo-
calization is also favored by the uncoordination of the TCNQ
to the metal atom as is immediately evidenced by comparison
with the compound [Cu(cyclam)](TCNQ)3,7 also with three
TCNQ units and two negative charges per metal atom. In this
case the charges are completely localized, and we have two
radical anions coordinated to the metal atom and forming
dimeric dianions and one neutral TCNQ that overlaps with
them: AA‚‚B‚‚AA ‚‚B‚‚AA. In contrast, the compounds here
described form trimers with all the TCNQs in the same formal
oxidation state, and the stack mode is ABA‚‚‚ABA ‚‚‚ABA. It
seems obvious that the coordination of the TCNQ molecule is
responsible for their higher or lower electronic delocalization
degree.

Conductivity measurements show that these compounds are
semiconductors with high room-temperature conductivities and
high activation energies in agreement with the trimeric structure
of the TCNQ stacks. From the magnetic point of view, the weak
bond between the TCNQ radicals and the metallic centers
prevents any exchange coupling between the metal centers.
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Figure 6. (a) ømT product as a function of temperature for [Cu(trans-
dieneN4)](TCNQ)3. The solid line represents the best fit to a Curie law
with a TIP contribution. (b) Room temperature EPR spectrum of a
powdered sample of the same compound.
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