
FULL PAPER

Tetracyanoquinodimethanido Derivatives of (Terpyridine)- and
(Phenanthroline)metal Complexes � Structural and Magnetic Studies of

Radical-Ion Salts[‡]

Cristina Alonso,[a] Loreto Ballester,[a] Angel Gutiérrez,*[a] M. Felisa Perpiñán,[a]
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Several derivatives of formulae [M(terpy)2](TCNQ)2 or
[M(terpy)2](TCNQ)3 (M = Ni, Cu, Zn; terpy = 2,2�:6�,2"-terpyr-
idine; TCNQ= 7,7,8,8-tetracyanoquinodimethane) and
[M(phen)3](TCNQ)2 or [M(phen)3](TCNQ)4 (M = Fe, Ni;
phen = 1,10-phenanthroline) have been obtained. The crystal
structures of [M(terpy)2](TCNQ)2 (M = Ni, Cu) show that the
metal is surrounded by the terpyridine nitrogen atoms in a
closed octahedral environment and the TCNQ anions are
dimerised by π overlap. The cationic [M(terpy)2]2+ and the
anionic [TCNQ]2

2− groups alternate in the crystal. For the de-
rivatives with three TCNQ groups, the existence of a stack
of trimeric [TCNQ]3

2− ions having electronic delocalisation is

Introduction

In the field of molecular networks containing organic
radicals, macroscopic properties such as magnetic order or
electric conductivity can be produced when the appropriate
supramolecular arrangement is achieved.[1,2] On this basis,
when paramagnetic metallic centres are integrated within
organic radicals as building blocks in molecular networks,
‘‘hybrid’’ materials combining the properties of the organic
and inorganic components can be formed.[3,4]

Special attention has been given to the assembly of orga-
nonitrile radical complexes with transition metals because
of their rich interaction possibilities. One of the most exten-
sively used radicals in these studies has been the planar or-
ganic molecule 7,7,8,8-tetracyanoquinodimethane (TCNQ)
since it shows a low reduction potential which makes it a
suitable acceptor in charge transfer processes and also
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proposed. The compound [Fe(phen)3](TCNQ)2, which shows
a strong interaction between TCNQ anions, led to the forma-
tion of a σ bond in the diamagnetic species [TCNQ−TCNQ],
while the nickel analogue is expected to have a localised
structure formed by alternation of cationic metal complexes
and dimeric [TCNQ]2

2− anions similar to those observed in
the analogous terpy derivatives. The derivatives having four
TCNQ groups also show electronic delocalisation and a 1D
stack based on the magnetic data is proposed.

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

shows, in its anion-radical form, a high σ-donor ability for
coordinating to transition metals.[5�8] Another typical fea-
ture of this acceptor is the tendency to overlap its π-delocal-
ised system with neighbouring molecules to form stacks
with different degrees of electronic delocalisation.[9�12]

The compounds having vacant positions around the me-
tal react with TCNQ salts forming new compounds where
the anion-radical is coordinated via one or more of its ni-
trile groups.[6,8,13�15] When complexes with a fully coordi-
nated metal environment are used, new species without di-
rect bonding interactions between the metal and the TCNQ
are formed. When TCNQ is fully reduced, dimerisation to
[TCNQ]22� is usually observed[7,8,16] but when TCNQ is
partially reduced, a greater electronic delocalisation along
with the formation of infinite stacks is observed.[9�12]

The present work reports our studies on the interactions
of TCNQ in different formal oxidation states with closed
shell first row transition metal complexes aimed at looking
for electronic delocalisation in our systems. We have used
nitrogen donor ligands with aromatic rings such as terpy
(2,2�:6�,2"-terpyridine) or phen (1,10-phenanthroline) which
are susceptible to forming weak π interactions with the
TCNQ rings.[17�26] These interactions are more common
when neutral TCNQ is present and can modulate the
TCNQ overlap responsible for the stacking.
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Results and Discussion

All metallic compounds were obtained by metathesis re-
actions from the parent derivatives. When only anionic
TCNQ was added to the reaction mixture in the form of
LiTCNQ, the compounds [M(terpy)2](TCNQ)2, (M � Ni,
1; Cu 2; Zn, 3) or [M(phen)3](TCNQ)2, (M � Fe, 7, Ni 8)
were obtained. TCNQ is in the anionic form in each case
since it must neutralise the two positive charges on the me-
tal ion. The tendency for TCNQ to dimerise means that the
anions appear as dimers, i.e. [TCNQ]22�. The exception to
this behaviour is [Fe(phen)3](TCNQ)2 where the π interac-
tion between the radical anions is so strong that a σ-
carbon�carbon bond is formed. The formation of this σ-
dianion (TCNQ�TCNQ) has previously been observed
only in a few cases.[27�31]

In the reaction with (NEt3H)(TCNQ)2, with both neutral
and anionic TCNQ present, the derivatives obtained corre-
spond to the formulae [M(terpy)2](TCNQ)3 (M � Ni 4; Cu
5; Zn 6) or [M(phen)3](TCNQ)4 (M � Fe 9; Ni 10). The
TCNQ species in these compounds show an average formal
charge of 0.66 e� and 0.5 e�, respectively, suggesting some
degree of electronic delocalisation, a fact that is usually re-
flected in the formation of 1D TCNQ chains resulting from
overlap of the π clouds of adjacent units.[11,12,32�38]

The new compounds are only slightly soluble in polar
solvents such as acetonitrile or dimethyl sulfoxide. These
solvents break any interactions between the metal cations
and the TCNQ units which could be present in the solid
state. For this reason, the solutions behave as a mixture of
the metallocations and TCNQ, either in anionic or in neu-
tral form. The spectroscopic and electrochemical data of
these solutions do not give any additional information to
that obtained for solid state samples, as previously de-
scribed.[8,11,14] The spectroscopic data from solid-state
samples will be commented upon below.

Crystal Structures

[Ni(terpy)2](TCNQ)2 (1)

This compound crystallises in the P21/n space group. Fig-
ure 1 shows an ORTEP view of the molecular unit. The
crystal structure can best be described as formed from
alternating [Ni(terpy)2]2� cations and dimeric
[TCNQ]22�anions. The nickel atom is hexacoordinated by
the nitrogen atoms of the two terpy ligands in a mer ar-
rangement which is expected for the ligand geometry. The
nickel�nitrogen distances range between 1.994(1) and
2.132(1) Å with the shortest distances corresponding to the
central nitrogen of each terpy ligand due to the strain im-
posed by the coordination.[39�41]

There are two crystallographically independent TCNQ
molecules, A and B, in the asymmetric unit. The
carbon�carbon bond lengths in the TCNQ rings are
characteristic of the fully reduced radical-anion.[42] This is
expected since the two positive charges in the metallic cat-
ion must be neutralised. Every TCNQA overlaps with a
TCNQB in the ring-over-ring mode, thereby forming
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Figure 1. ORTEP view and labelling scheme of [Ni(terpy)2]-
(TCNQ)2 (1); the atom labelling of the copper compound (2) is
identical

[TCNQ]22� dianions with the shortest interplanar distance
being 3.28(1) Å. The TCNQ planes are parallel to within
1.38(6)°. These planes form an angle of 31.32(6)° with one
of the terpy ligands but no short contacts (less than 3.4 Å)
could be found, suggesting that the cations and anions only
interact by electrostatic forces in the crystal (Figure 2).

[Cu(terpy)2](TCNQ)2 (2)

This compound crystallises in the P21/c space group. Its
labelling scheme is identical to that shown in Figure 1 for
the nickel derivative.

Figure 2. Unit cell contents for [Ni(terpy)2](TCNQ)2 (1); atoms in
TCNQ A are shown as white circles and in TCNQ B as black
circles

The metal environment is similar to that of the nickel
derivative but the Cu�N distances vary more due to the
Jahn�Teller effect which is expected for the copper centre.
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This induces a rhombic distortion with opposite distances
of 1.956(6) and 2.016(7) Å for the central nitrogen atoms,
2.103(6) and 2.137(7) Å for one pair of extreme nitrogen
atoms and 2.250(7) and 2.277(7) Å for the other pair. A
similar distortion has been observed in the structure of the
parent nitrate and in related derivatives.[43�45] In accor-
dance with these data the EPR spectrum of this compound
at room temperature shows a rhombic pattern with g values
of 2.20, 2.12 and 2.02.

There are also two crystallographically independent
TCNQ anions in the cell, namely A and B, but in contrast
with the nickel derivative each TCNQ overlaps with a sym-
metry related anion giving rise to two different [TCNQA]22�

dimers with a ring-over-external bond overlap and a short-
est interplanar distance of 3.14(1) Å and a [TCNQB]22� di-
anion overlapping in the ring-over-ring mode with a short-
est distance of 3.19(1) Å (Figure 3).

Figure 3. Unit cell contents for [Cu(terpy)2](TCNQ)2 (2); atoms in
TCNQ A are shown as white circles and in TCNQ B as black
circles

Figure 5. ORTEP view and labelling scheme of [Fe(phen)3](TCNQ)2 (7)
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The TCNQA dimers are isolated from the [Cu(terpy)2]2�

cations although the TCNQB centres do overlap with the
terpy rings of different cations through their external bonds
(Figure 4) with shortest distances of 3.29(1) and 3.31(1) Å.
The angle formed between the terpy and the TCNQB is
28.0(2)°. These overlaps allow a small degree of electronic
delocalisation along the tetrameric terpy·TCNQB·
TCNQB·terpy stack. The stack does not continue through
the solid, thus limiting possible delocalisation.

Figure 4. View of the overlap between TCNQB and the terpy li-
gands of two adjacent [Cu(terpy)2] cations

[Fe(phen)3](TCNQ�TCNQ) (7)

This compound crystallises in the Cc space group. Fig-
ure 5 shows the molecular unit with the labelling scheme.
The structure can be described as formed from alternating
sheets of [Fe(phen)3]2� cations and σ-dimerised
[TCNQ�TCNQ]2� anions. In the cations, the iron atom is
hexacoordinated by the nitrogen atoms of three phen li-
gands with iron-nitrogen distances between 1.95 and 2.01
Å which is in the range usually found in other iron�phen
derivatives.[46,47] The dimerised anion is obtained through
the formation of a long bond between two exocyclic car-
bons. The carbon�carbon distance of 1.645(7) Å is similar
to that found in the few cases in which this σ dimerization
has been observed.[27�31] The formation of this bond is re-
flected in the tetrahedral conformation adopted by the
linked carbon atoms, with angles between the ring plane
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and the C(CN)2 plane of 49.4(7) and 46.4(7)°, while the rest
of the molecule is essentially planar.

The anions and cations are packed (Figure 6) in alternat-
ing sheets parallel to the ab plane and no interactions other
than the usual van der Waals contacts can be found be-
tween them. Inside the anionic sheets the [TCNQ�TCNQ]
units are arranged in chains along the [�1 1 0] direction
with shortest contacts of 3.37(2) Å between C45 and C56.

Figure 6. View of the alternating sheets of [Fe(phen)3]2� cations
and [TCNQ�TCNQ]2� anions in the structure of 7

Spectroscopic Studies

The IR spectra of the studied derivatives show the typical
features found in other uncoordinated TCNQ
compounds.[48�50] The most significant bands for the neu-
tral TCNQ are ν(CN) � 2228 cm�1, ν20(b1u) � 1530 cm�1

and ν50(b3u) � 860 cm�1. These bands are shifted to lower
frequencies on increasing the electronic charge on the
TCNQ.

The derivatives with two TCNQ units per metal atom,
1�3 and 8, show these bands with typical values for the
uncoordinated anion-radical, in accord with the localised
picture of dimeric [TCNQ]22� anions alternating with cat-
ionic [MN6]2� units in the solid structure, as the crystal
structure of 1 and 2 revealed.

Table 1. Electronic spectra and electrical conductivity data of some representative compounds

Compound CT2 [cm�1] σ [S cm�1] (298 K) Ea [eV]

[Ni(terpy)2](TCNQ)2 (1) 1.1 10�10 1.12
[Ni(terpy)2](TCNQ)3 (4) 3754 1.9 10�2 0.25
[Zn(terpy)2](TCNQ)3 (6) 4378 3.6 10�3 0.38
[Ni(phen)3](TCNQ)4·2CH3CN (10) 4630 1.8 10�4 0.41
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The spectrum of 7 shows different features attributable
to the formation of a TCNQ�TCNQ σ bond. Thus, in the
ν(CN) region there are two bands, the first appears at 2172
cm�1 and is composed of several component bands as a
consequence of the lowering of the symmetry imposed by
the bond formation. The second band, however, appears at
2125 cm�1, a value shifted to lower frequency compared
with those usually found in the anion radical. The out of
plane bending mode ν50 also appears at 805 cm�1 and has
been suggested as characteristic of the presence of the σ
dimer,[30] since the usual value for the monoanionic species
is 825 cm�1.

The derivatives with three or four TCNQ units per metal
atom always have the organic acceptor partially reduced,
forming stacks with some degree of electronic delocalisa-
tion. This fact is reflected in the IR spectra of these species
whose main feature is the presence of the tail of a low en-
ergy electronic absorption (CT2) with broad vibrational
bands superimposed on it.[51�53] The frequency values, es-
pecially the ν50 band, are intermediate between the usual
values of the neutral and monoanionic TCNQ, suggesting
that the acceptor has a formally nonintegral oxidation state.
The low energy electronic transition (CT2) appears in our
compounds in the 3500�5000 cm�1 region and can be attri-
buted to a charge transfer between adjacent radical anionic
and neutral TCNQ groups, the lower the value the higher
the electronic delocalisation.

As a consequence of this delocalisation, these com-
pounds show semiconducting behaviour with relatively high
values of electrical conductivity at room temperature and
low activation energies which can be correlated with the
frequency of the CT2 electronic charge transfer as can be
seen in Table 1. The activation energy was obtained by al-
ways assuming an Arrhenius dependence of the conduc-
tivity on temperature.

As expected, the derivatives with two TCNQ molecules
per formula unit have localised electronic charges leading
to very low conductivity values. The terpy derivatives with
three TCNQ groups are much better semiconducting spec-
ies. This fact can be explained if we attribute, to these com-
pounds, a solid-state structure consisting of infinite stacks
of TCNQ units separated by rows of [M(terpy)2]2� cations.
Every acceptor molecule in the stack would bear a negative
charge of 0.66 giving rise to the formation of overlapping
[TCNQ]32� trimers with partial electronic delocalisation.
This structure has been previously observed in related de-
rivatives exhibiting similar properties but with three TCNQ
groups per metal atom.[11,12]



A. Gutiérrez et al.FULL PAPER
The derivatives with four TCNQ groups per metal atom

also show electronic delocalisation since the formal charge
on every acceptor is 0.5. The reported structures of deriva-
tives consisting of TCNQ0.5� show these anions stacked
in nonuniform columns either forming dimerised
([TCNQ]2�)[38,54] or tetramerised ([TCNQ]42�)[33,34,36,55]

units. Both pictures correspond to a semiconductor and
could suggest, for our derivatives 9�10, a similar structure
in the solid state.

Magnetic Properties

The bulk magnetic susceptibilities of the new compounds
have been measured in the temperature range 2�300 K.

The magnetic moments of the nickel derivatives 1 and 4
follow the Curie law above 25 K with an abrupt descent in
their values below this temperature as is shown for the for-
mer in Figure 7. This fact can be attributed to an aniso-
tropic distortion of the nickel(ii) environment which results
in a zero field splitting of the ground state.[56] Equation (1)
for the average magnetic susceptibility takes into account
this single-ion anisotropy, where gNi is the Landé g factor
for the nickel ion, kB is Boltzmann’s constant, β is the Bohr
magneton, x � D/kBT with the parameter D measuring the
zero-field splitting and Nα is the temperature-independent
paramagnetism.

Figure 7. Temperature dependence of χT for 1 and 2; the solid lines
represent the best fit using the equations described in the text

The best fit was obtained when gNi � 2.156, D � 3.34
cm�1 and Nα � 3.3�10�4 cm3mol�1 for 1, and 2.07, 3.87
cm�1 and 9�10�5 cm3mol�1, respectively, for 4. In both
cases the values are typical of slightly distorted octahedral
nickel(ii) environments with no contribution to the mag-
netic moment from the organic radical anions. This is con-
sistent with the presence of the dimerised anion-radical.
The formation of dimeric [TCNQ]22� implies a strong anti-
ferromagnetic coupling of both spins which renders the di-
anion diamagnetic at room temperature. The magnetic sus-
ceptibility variation can then be exclusively attributed to the
contribution of the isolated metal ion. In accord with this
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behaviour, the zinc derivatives 3 and 6 are diamagnetic since
no magnetic contribution can be expected from the metal
ion.

The copper derivative 2 shows a steady increase in its χT
value on increasing the temperature (Figure 7). The small
decrease in the value at low temperatures can be ascribed
to very weak antiferromagnetic interactions between the al-
most isolated copper(ii) centres and can be fitted with the
Curie�Weiss law. The increase in the χT value above 125 K
is due to a small contribution from the TCNQ dimers which
show a lower antiferromagnetic coupling than exhibited by
the nickel and zinc derivatives. The lower value of the coup-
ling implies that the triplet state is thermally accessible and
populated near room temperature, giving rise to the contri-
bution from the radicals to the magnetic susceptibility. Tak-
ing these two contributions into account, the molar mag-
netic susceptibility was fit, using Equation (2), to the sum
of the Curie�Weiss law for the copper(ii) ion and the
Bleaney�Bowers equation[57] for the antiferromagnetically
interacting TCNQ radicals, where gCu is the Landé g factor
for the copper ion, J is the exchanging coupling constant
for the TCNQ dimers, g is the Landé g factor for the TCNQ
radicals and is assumed to be 2.003.

The rest of the parameters are the same as in Equa-
tion (1). The best fit for the experimental data, represented
as a solid line in Figure 7, corresponds to gCu � 2.161, θ �
�0.21 K, J � �278 cm�1 and Nα � 3.2�10�4 cm3mol�1.

In contrast, compound 5 does not show any contribution
from the organic radicals to the magnetic susceptibility
which can be fit to the sum of the Curie�Weiss contri-
bution from the copper ion, the first term in Equation (2)
and the temperature-independent paramagnetism. The val-
ues obtained are gCu � 2.26, θ � �0.9 K and Nα �
8.4�10�4 cm3mol�1. The high value of the TIP compared
with those of the other compounds can probably be attri-
buted to an incomplete diamagnetic correction although it
is also plausible that it is due to a Pauli contribution orig-
inating from the delocalised electron of the anion radicals
since the value is in the range of the paramagnetism ob-
served in other conducting radical salts.[12,58] On the other
hand, the low θ value for both copper derivatives indicates
that the exchange between neighbouring copper spins can
be considered negligible.

The phen derivatives show different behaviour, especially
those showing electronic delocalisation. The iron derivative
7 is diamagnetic and corresponds to the presence of a low
spin iron(ii) and coupling between the two electrons with
the formation of a TCNQ�TCNQ σ-bond. The magnetic
susceptibility of the nickel derivative 8 is characteristic of
isolated S � 1 spins and can be fitted to Equation (1) with
values of gNi � 1.94, D � 1.28 cm�1 and Nα � 10�4

cm3mol�1.
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The magnetic susceptibilities of the derivatives 9 and 10,

with four TCNQ units per metal atom, show the contri-
bution of the organic radicals which only partially couple
in an antiferromagnetic manner.

The iron derivative 9 is weakly paramagnetic and this
paramagnetism can only be attributed to the organic rad-
icals since the low spin iron(ii) has no unpaired electrons.
The susceptibility dependence with temperature (Figure 8)
can be interpreted as the sum of three contributions: (i) the
contribution of the spins located on the TCNQ which can
be adjusted to a 1D antiferromagnetic chain of S � 1/2
spins and which is responsible for the maximum around
65 K, (ii) a Curie contribution from a paramagnetic im-
purity which may arise from isolated radicals in the struc-
ture which gives the increase in susceptibility at lower tem-
peratures and (iii) temperature-independent paramagnet-
ism. The first contribution has been fit with a Heisenberg
linear chain model using the expression derived by Hatfield
et al.[59] and constitutes the first term of Equation (3) where
x � |J|/kBT and A, B, C, D, E and F are functions of α, a
parameter that takes into account the distortion in the
chain and can vary from α � 0 (corresponding to isolated
TCNQ� dimers) to α � 1 (corresponding to a uniform
chain of S � 1/2 spins). The second term of Equation (3) is
the Curie contribution from the impurities with C being the
Curie constant, while the final term is the TIP. The other
parameters have the same meaning as in Equations (1)
and (2).

The best fit has been obtained assuming g � 2.003 for
the TCNQ group and affords J � �44 cm�1, α � 0.67, C �
0.007 cm3mol�1K and Nα � 1.5�10�4 cm3mol�1. These
parameters indicate the presence of a 2% of paramagnetic
impurity and that the TCNQ units are probably stacked
into infinite chains. The low values of the exchange con-
stant and the α parameter suggest that these molecules can
form dimeric [TCNQ]2� units with poorer π overlap be-
tween adjacent dimers than can be found inside the dimer.
Similar behaviour was found in [Fe(cyclam)(NCS)2]-
(TCNQ)2

[38] with a similar J value (�43 cm�1) but with a

Figure 8. Plots of the magnetic susceptibility (left) and χT (right) of 9 as a function of the temperature; the solid line corresponds to the
fit of the experimental data
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more uniform stack reflected in a higher α value (0.85) and
also in [Zn(phen)3](TCNQ)2

[5] which shows only half of
the TCNQ anions stacked in an alternating chain
(J � �41 cm�1, α � 0.8).

The nickel derivative 10 shows different magnetic behav-
iour. The general variation of χT (Figure 9) shows typical
values for a nickel(ii) ion in the 15�50 K range with a pro-
nounced decrease at low temperatures which can be inter-
preted in terms of the zero-field splitting induced by the
anisotropy in the nickel environment and an increase in χT
values at higher temperatures, attributable to the contri-
bution of the stacked TCNQ units. The data below 50 K
were then fit to Equation (1) affording the values gNi �
2.139, D � 1.54 cm�1 and Nα � 2.1�10�4 cm3mol�1, while
the data above 50 K were treated as consisting of three con-
tributions: that of the nickel ion, the contribution from the
antiferromagnetically interacting TCNQ radicals and the
temperature-independent paramagnetism [Equation (4)]. In
this temperature range we have ignored the contribution
from the nickel zero field splitting since the low value pre-
viously found can be considered negligible. For this reason
the nickel contribution is simply that obtained by the Curie
law. The TCNQ groups have been assumed to be showing
behaviour similar to that found in the iron derivative and
their contribution has therefore been fit to a Heisenberg
linear chain model where χTCNQ corresponds to the first
term of Equation (3).

The best fit, shown in Figure 9 as a solid line, affords the
following values gNi � 2.14, J � �103 cm�1, α � 0.36 and
Nα � 5�10�4 cm3mol�1. The picture given by these data
suggests an even less uniform chain in this compound which
shows pairs of S � 1/2 spins coupling strongly in an antifer-
romagnetic way with weaker coupling between adjacent
pairs. However, the lack of crystal structures precludes
closer conclusions being drawn between the nonuniform 1D
TCNQ stack deduced from magnetic observations and the
actual structure in the solid state.
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Figure 9. Plot of χT for 10 as a function of the temperature; the
solid line corresponds to the fit of the experimental data; the inset
shows the magnetic susceptibility plot of this compound

Concluding Remarks

The formation TCNQ derivatives with different stoichio-
metries can be seen as the result of the combination of two
factors, namely the electrostatic interaction resulting from
the neutralisation of the positive charges in the metallic
fragment by the TCNQ� anion-radicals and the steric re-
quirements that the cationic fragment imposes.[36] In deriva-
tives having only monoanionic TCNQ, namely [M(ter-
py)2](TCNQ)2 and [M(phen)3](TCNQ)2, the tendency of
the anion-radical to dimerise gives rise to the formation of
S � 0 dianions [TCNQ]22�. Since the metal coordination
environment is saturated, no direct interaction with the
TCNQ can be observed and the packing of metal cations
surrounded by dimeric dianions is the structural motif
which describes the solid state arrangement. This is also
true when the strong interaction between adjacent TCNQ
gives rise to the formation of a σ-bonded dimer in
[Fe(phen)3](TCNQ)2. The strong coupling inside the
[TCNQ]22� dimer leads to a diamagnetic state for the or-
ganic acceptors which do not contribute to the magnetic
susceptibility. The exception is [Cu(terpy)2](TCNQ)2, for
which the dimer excited triplet state becomes thermally ac-
cessible. This fact can be attributed to a weakening in the
antiferromagnetic intradimer coupling as a consequence of
the π interactions between TCNQ� and the aromatic ring
of one terpy ligand found in the crystal structure of this
compound. This is not observed in the analogous nickel
derivative. In previous reports, the isolated [TCNQ]22�

never contributes to the magnetic susceptibility[8,12,13,50] but
when the dimers overlap with adjacent π systems, a weaker
coupling can be observed.[11,50,55,60] In the previous cases,
the dimeric dianion overlapped with a more or less neutral
TCNQ but the unprecedented situation in this complex is
that this role is assumed by one of the aromatic rings of
the ligand.

In the derivatives with TCNQ in nonintegral oxidation
states two compositions have been found, namely [M(ter-
py)2](TCNQ)3 and [M(phen)3](TCNQ)4. The magnetic
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properties of these derivatives are in accordance with the
presence of 1D stacks of either trimeric [TCNQ]32� or
tetrameric [TCNQ]42� units. Thus, in derivatives with
TCNQ0.66�, no contribution from the organic acceptor is
usually observed,[12] whereas with stacked TCNQ0.5� units,
linear chain magnetic behaviour from the organic part has
been proposed.[38,61] The different stoichiometry for these
derivatives can be explained in terms of the size of the metal
cation and on the basis that only electrostatic interactions
can occur between the cationic units and the negative
TCNQ stacks. Assuming that the cations behave as rigid
spheres which do not interpenetrate, we can estimate the
diameter of the [M(terpy)2]2� unit as ca. 11.3 Å, i.e. as
measured in 1 (in fact the measured nickel-nickel distance
of 11.8 Å matches well with this assumption), while a diam-
eter for the [M(phen)3]2� unit of ca. 13.4 Å has been esti-
mated from the crystal structure of 7. The TCNQ stack
must then accommodate the three or four TCNQ units,
bearing the two negative charges, in the same space occu-
pied by the counterion. Since the stacking distances be-
tween adjacent TCNQ units appear in the 3.10�3.25 Å
range, three TCNQ units will occupy 9.3�9.75 Å, while
four TCNQ units need 12.4�13.0 Å in the stack. According
to this picture, three TCNQ derivatives will form next to a
dipositive cation of less than ca. 12 Å in diameter whereas
the four TCNQ unit derivative must be obtained with big-
ger cations.

Experimental Section

General Remarks: All reactions were carried out under oxygen-
free nitrogen. The parent reagents [M(terpy)2](NO3)2,[43,62]

[M(phen)3](NO3)2,[63] LiTCNQ[64] and (NEt3H)(TCNQ)2
[64] were

obtained by the published methods and their purities were checked
by elemental analysis. Elemental analyses were carried out by the
Servicio de Microanálisis of the Universidad Complutense de Mad-
rid. Infrared spectra were recorded as KBr pellets with a Nicolet
Magna-550 FT-IR spectrophotometer. Electronic spectra were re-
corded using a Cary-5 spectrophotometer. The spectra were re-
corded either in solution or in the solid state. The solid samples
were prepared by rubbing the sample on optical glass. Magnetic
experiments were carried out on polycrystalline samples using a
SQUID magnetometer MPMS-XL-5 manufactured by Quantum
Design. The temperature dependence of the magnetisation in the
range between 2 and 300 K was recorded using a constant magnetic
field of 0.5 T. The experimental data were corrected for the magne-
tisation of the sample holder and for atomic diamagnetism as calcu-
lated from Pascal’s constants. Electrical conductivity data were
measured by the two points method on single crystals using an
APD cryogenics INC HC2 helium cryostat.

Preparation of the [M(terpy)2](TCNQ)2 Derivatives: All compounds
of this type were obtained by the same procedure. A solution con-
taining LiTCNQ (0.15 mmol) in methanol (15 mL) was added
dropwise to a solution of the starting nitrate (0.075 mmol) in a
mixture of methanol (15 mL)/water (5 mL). After complete mixing
a blue solid appeared which was filtered, washed with methanol
and dried under vacuum.

[Ni(terpy)2](TCNQ)2 (1): Yield 45 mg, 64%. C54H30N14Ni (933.6):
calcd. C 69.5, H 3.2, N 21.0; found C 69.6, H 3.2, N 20.9. IR
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(KBr): ν̃ � 2183 s, 2176 s, 2155 s, 1584 m, 1504 m, 1473 m, 1450
w, 1350 m, 1177 m, 987 w, 830 w, 820 w, 772 m cm�1.

[Cu(terpy)2](TCNQ)2 (2): Yield 50 mg, 71%. C54H30CuN14 (938.5):
calcd. C 69.1, H 3.2, N 20.9; found C 68.8, H 3.4, N 21.1. IR
(KBr): ν̃ � 2183 s, 2174 s, 2157 s, 1583 m, 1505 m, 1474 m, 1450
w, 1363 m, 1175 m, 987 w, 824 w, 770 m cm�1.

[Zn(terpy)2](TCNQ)2 (3): Yield 47 mg, 67%. C54H30N14Zn (940.3):
calcd. C 69.0, H 3.2, N 20.8; found C 68.4, H 3.3, N 20.5. IR
(KBr): ν̃ � 2184 s, 2174 s, 2151 s, 1583 m, 1506 m, 1475 m, 1452
w, 1358 m, 1182 m, 988 w, 828 w, 772 m cm�1.

Preparation of the [M(terpy)2](TCNQ)3 Derivatives: A solution con-
taining (NEt3H)(TCNQ)2 (0.13 mmol) in acetonitrile (20 mL) was
added dropwise to a solution of the starting nitrate (0.065 mmol)
in a mixture of methanol (15 mL)/water (5 mL). After complete
mixing a dark blue solid appeared which was filtered, washed with
methanol and dried under vacuum.

[Ni(terpy)2](TCNQ)3 (4): Yield 46 mg, 62%. C66H34N18Ni (1137.8):
calcd. C 69.7, H 3.0, N 22.2; found C 69.6, H 3.1, N 22.3. IR
(KBr): ν̃ � 2200 m, 2186 s, 2175 s, 2155 s, 1572 m, 1505 m, 1472
m, 1449 w, 1357 m, 1159 m, 983 w, 833 w, 826 w, 773 m cm�1.

[Cu(terpy)2](TCNQ)3 (5): Yield 49 mg, 66%. C66H34CuN18 (1142.7):
calcd. C 69.4, H 3.0, N 22.1; found C 69.5, H 3.0, N 21.9. IR
(KBr): ν̃ � 2196 s, 2168 s, 2155 s, 1570 m, 1508 m, 1476 m, 1451
w, 1352 m, 1330 m, 1182 m, 990 w, 837 w, 826 w, 773 m cm�1.

[Zn(terpy)2](TCNQ)3 (6): Yield 43 mg, 58%. C66H34N18Zn (1144.5):
calcd. C 69.3, H 3.0, N 22.0; found C 68.7, H 3.1, N 21.7. IR
(KBr): ν̃ � 2194 s, 2168 s, 2155 s, 1564 m, 1506 m, 1476 m, 1454
w, 1361 m, 1323 m, 1134 m, 985 w, 832 w, 773 m cm�1.

Preparation of the [M(phen)3](TCNQ)2 Derivatives: A solution con-
taining LiTCNQ (0.2 mmol) in methanol (15 mL) was added drop-
wise to a solution of the starting nitrate (0.1 mmol) in a methanol/

Table 2. Crystal and refinement data for [Ni(terpy)2](TCNQ)2 (1), [Cu(terpy)2](TCNQ)2 (2) and [Fe(phen)3](TCNQ)2
.2CH3OH (7)

1 2 7

Empirical formula C54H30N14Ni C54H30CuN14 C62H40FeN14O2

Formula mass 933.63 938.46 1068.93
Crystal system monoclinic monoclinic monoclinic
Space group P21/n (No. 14) P21/c (No. 14) Cc (No. 9)
a [Å] 8.653(2) 8.858(1) 12.856(1)
b [Å] 22.828(5) 18.569(1) 14.955(1)
c [Å] 23.779(5) 27.463(1) 25.999(3)
α [°] 90 90 90
β [°] 93.16(3) 94.51(1) 91.718(2)
γ [°] 90 90 90
Z 4 4 4
V [Å3] 4690(1) 4503.4(6) 4996.3(8)
Dcalcd. [Mg·m�3] 1.322 1.384 1.422
µ [mm�1] 0.468 0.541 0.366
θ range [°] 1.72�30.55 1.49�22.97 1.57�28.74
Reflections collected 53215 5096 9448
Independent reflections 13777 4975 5591
Refined parameters 622 622 716
Goodness of fit 0.893 0.920 0.604
Absolute structure parameter � � 0.05(5)
R1[a] [I � 2σ(I)] 0.0416 0.0496 0.0423
wR2[b] [I � 2σ(I)] 0.0892 0.0863 0.1084

[a] R1 � Σ(|Fo| � |Fc|)2/ΣFo
2. [b] wR2 � {Σ[w(Fo

2 � Fc
2)2]/Σ[w(Fo

2)2]}1/2.
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water (15 mL � 5 mL) mixture. After complete mixing, a blue solid
appeared which was filtered, washed with methanol and dried un-
der vacuum.

[Fe(phen)3](TCNQ)2 2CH3OH (7): Yield 68 mg, 64%.
C62H40FeN14O2 (1068.9): calcd. C 69.7, H 3.8, N 18.3; found C
69.3, H 3.7, N 18.1. IR (KBr): ν̃ � 2179 s, 2125 s, 1600 s, 1580 m,
1503 s, 1330 m, 1179 m, 846 m, 804 w, 723 m cm�1.

[Ni(phen)3](TCNQ)2 (8): Yield 69 mg, 69%. C60H32N14Ni (1007.7):
calcd. C 71.5, H 3.2, N 19.4; found C 70.8, H 3.3, N 19.2. IR
(KBr): ν̃ � 2177 s, 2152 s, 1585 m, 1505 w, 1426 m, 1357 s, 1180
m, 987 w, 844 w, 838 w, 827 w, 726 m cm�1.

Preparation of the [M(phen)3](TCNQ)4 Derivatives: A solution con-
taining (NEt3H)(TCNQ)2 (1 mmol) in acetonitrile (15 mL) was ad-
ded dropwise to a solution of the starting nitrate (0.5 mmol) in
methanol (15 mL). After complete mixing, a dark blue solid ap-
peared which was filtered, washed with methanol and diethyl ether
and dried under vacuum.

[Fe(phen)3](TCNQ)4
.2CH3CN (9): Yield 46 mg, 61%. C88H46FeN24

(1495.4): calcd. C 70.7, H 3.1, N 22.5; found C 71.3, H 3.2, N 22.0.
IR (KBr): ν̃ � 2200 s, 2158 s, 1558 m, 1520 w, 1506 w, 1425 m,
1320 s, 1304 s, 1096 s, 952 w, 850 w, 841 w, 721 w, 688 m cm�1.

[Ni(phen)3](TCNQ)4
.2CH3CN (10): Yield 43 mg, 57%.

C88H46N24Ni (1498.2): calcd. C 70.5, H 3.1, N 22.4; found C 70.3,
H 3.2, N 22.3. IR (KBr): ν̃ � 2196 w, 2169 s, 2156 s, 1558 m, 1520
m, 1505 m, 1426 m, 1328 m, 1131 m, 953 w, 845 w, 728 m, 697
m cm�1.

X-ray Crystallographic Studies: Good quality crystals of 1, 2 and 7
were obtained by slow diffusion of dilute solutions of the reactants.
A summary of the fundamental crystal data is given in Table 2.
The crystal data were collected at the ‘‘CAI de Difracción de Rayos
X, UCM’’. In each of the three cases, a deep blue crystal was co-
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ated with resin epoxy and mounted on a Bruker Smart CCD dif-
fractometer using graphite-monochromated Mo-Kα radiation (λ �

0.71073 Å) operating at 50 kV and 25A. Data were collected over
a reciprocal space hemisphere by combination of three exposure
sets. Each frame exposure time was 20 s covering 0.3° in ω. The
cell parameters were determined and refined by least-squares fits
of all reflections collected. The first 50 frames were recollected at
the end of the data collection to monitor crystal decay but no ap-
preciable decay was observed. The structures were solved by direct
and Fourier methods and refined by applying full-matrix least
squares on F2 with anisotropic thermal parameters for the non-
hydrogen atoms. The hydrogen atoms were included with fixed iso-
tropic contributions in their calculated positions determined by
molecular geometry. The calculations were carried out with the
SHELX97 software package.[65] CCDC-238898 (1), -238899 (2)
and -238900 (7) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: (internat.) � 44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk).
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