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The reaction between [Mn(MAC)(H2O)2]Cl2·4H2O and
LiTCNQ (MAC = 2,13-dimethyl-3,6,9,12,18-pentaazabi-
cyclo[12.3.1]octadeca-1(18),2,12,14,16-pentaene) affords a
complex with the formula [Mn(MAC)(TCNQ)2] (1), whose
crystal structure has been determined. Its structure consists
of neutral mononuclear entities. The manganese(II) ion is
heptacoordinated, with a pentagonal bipyramidal geometry.
The apical positions are occupied by the TCNQ·− radicals,
while the macrocyclic ligand is coordinated at the equatorial
positions. The seven Mn−N distances range from 2.273(3) to
2.301(6) Å. The strong intermolecular π−π stacking interac-
tions between the TCNQ radicals (3.2 Å) leads to weave-like

Introduction

Since the pioneering work of Melby et al.,[1] the TCNQ·�

radical has been widely used as a building-block for the
construction of molecular solids with exciting physical
properties.[2] Among these the magnetic ordering,[3] as well
as the electrical conductivity are particularly attractive.[4]

The neutral TCNQ molecule acts as a strong acceptor due
to its low reduction potential to form the radical anion,
TCNQ·�. The reaction between various metallocenes,
[M(Cp*)2] (Cp* � C5Me5) with TCNQ leads to a family
of charge transfer complexes, [M(Cp*)2] ·�[TCNQ]·�, with
strong magnetic interactions between the spin carriers.
Some of these compounds are molecular magnets.[5]
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infinite chains, which propagate along the crystallographic c
axis. The cryomagnetic investigation of 1 revealed a weak
intermolecular antiferromagnetic coupling of the Mn2+ ions
(J = −0.18 cm−1), which is mediated by the diamagnetic
(TCNQ)2

2− pairs resulting from the stacking interactions in
the crystal. The intermolecular exchange interaction be-
tween the Mn2+ ions was further confirmed by variable tem-
perature EPR spectroscopic measurements [|J| = 0.15(5)
cm−1], which have been carried out in both the X and Q
bands.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Due to its high σ-donor character towards transition-
metal ions, the TCNQ·� ion can act as a ligand generating
a rich coordination chemistry.[6,7] The synthetic approach
consists of the reaction of transition-metal complexes with
LiTCNQ. The TCNQ·� radical coordinates at a vacant site
on the metal centre, or replaces a weakly coordinated ligand
in the coordination sphere of the metal ion. Most of these
complexes have the general formula [M(N4)(TCNQ)2],
where (N4) denotes various polyamine ligands (e.g. tetra-
azamacrocyclic ligands, open tetraamines, two ethylenedi-
amine molecules, etc.) and M2� � Fe2�,[8] Ni2�,[9] Cu2�,[10]

and Co2�.[10a] Using TCNQ·� as a ligand, we have recently
synthesised the first coordination compound containing
three different types of spin carriers: 2p (TCNQ·�), 3d
(Cu2�) and 4f (Gd3�).[11] The TCNQ·� species coordinates
to both Cu2� and Gd3� ions.

As a part of our research program on the exchange inter-
actions mediated by π�π stacking, we report here the syn-
thesis, crystal structure, magnetic and EPR spectroscopic
properties of a new Mn2��TCNQ·� compound,
[Mn(MAC)(TCNQ)2], where MAC stands for the pentaaza-
macrocyclic ligand (2,13-dimethyl-3,6,9,12,18-pentaaza-
bicyclo[12.3.1]octadeca-1(18),2,12,14,16-pentaene).
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Results and Discussion

Description of the Structure

The structure of compound 1 consists of mononuclear
entities with the TCNQ·- anions coordinated to the metal
ion (Figure 1). The manganese() ion exhibits a coordi-
nation number of seven with a pentagonal bipyramidal ge-
ometry. The TCNQ·� groups are coordinated in the apical
positions, while the equatorial positions are occupied by the
nitrogen atoms of the macrocyclic ligand. The seven Mn�N
distances range from 2.273(3) to 2.301(6) Å. The shortest
Mn�N distance corresponds to the Mn�pyridyl nitrogen
bond. Selected bond lengths and angles are given in Table 1.
The values of the interatomic distances in the TCNQ spec-
ies are diagnostic of their electronic nature. In the case of
compound 1, the carbon�carbon distances fall in the range
expected for TCNQ·� anions.[2,4c]

Figure 1. Molecular structure of [Mn(MAC)(TCNQ)2] and the
atom numbering scheme.

Table 1. Selected bond lengths (Å) and angles (°)
(symmetry codes i: 2 � x, y, 2.5 � z)

2.273(3)Mn1�N1
Mn1�N4i 2.285(6)
Mn1�N4 2.285(6)
Mn1�N3 2.297(3)
Mn1�N3i 2.297(3)
Mn1�N2i 2.301(6)
Mn1�N2 2.301(6)
N1�Mn1�N4i 86.21(6) N1�Mn1�N4 86.21(6)
N4i�Mn1�N4 172.42(8) N1�Mn1�N3 142.27(6)
N4i�Mn1�N3 91.17(8) N4�Mn1�N3 94.82(8)
N1�Mn1�N3i 142.27(6) N4i�Mn1�N3i 94.82(8)
N4�Mn1�N3i 91.17(8) N3�Mn1�N3i 75.46(8)
N1�Mn1�N2i 69.47(6) N4i�Mn1�N2i 87.01(8)
N4�Mn1�N2i 90.34(8) N3�Mn1�N2i 148.05(8)
N3i�Mn1�N2i 72.92(8) N1�Mn1�N2 69.47(6)
N4i�Mn1�N2 90.34(8) N4�Mn1�N2 87.01(8)
N3�Mn1�N2 72.92(8) N3i�Mn1�N 2148.05(8)
N2i�Mn1�N2 138.94(8)
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An analysis of the packing diagram reveals interesting
interactions at the supramolecular level. The small separ-
ations between anionic radicals arising from different
[Mn(MAC)(TCNQ)2] units (3.2 Å) indicate the occurrence
of strong π�π interactions. Consequently, the overlap of the
TCNQ·� π clouds generates weave-like chains propagating
along the crystallographic c axis (Figure 2). The distance
between the manganese atoms within the supramolecular
chain is 13.03 Å. Consequently, the structure can be de-
scribed as consisting of 1-D infinite chains:

···�[Mn(MAC)]�(TCNQ)2�[Mn(MAC)]�(TCNQ)2�
[Mn(MAC)]�(TCNQ)2�···

in which the [Mn(MAC)] moieties are connected through
dimerized TCNQ·� ligands.

Figure 2. Packing diagram showing the formation of chains
through the π�π stacking interactions between the TCNQ radicals.

Magnetic Measurements

The magnetic properties of compound 1 are shown in the
form of an χMT versus T plot (Figure 3). The value of the
χMT product at room temperature (4.2 cm3 mol�1K) is
lower than expected for the two types of spin carriers:
Mn2� (S � 5/2) and two TCNQ·� radicals (each one with
S � 1/2). In fact, the room temperature value corresponds
exactly to S � 5/2, that is, only to one Mn2� (indeed, the
expected value of the χMT product for S � 5/2 is 4.37 cm3

mol�1K). The lower value of the χMT product at room tem-
perature for 1 can be explained by the strong antiferromag-
netic coupling between the stacked TCNQ·� radicals con-
necting the [Mn(MAC)]2� entities. This phenomenon has
been observed with other compounds, where the stacking
interactions between TCNQ·� radicals lead to diamagnetic
(TCNQ)2

2� dimers.[2,9] As the temperature is lowered χMT
remains constant down to 70 K, then decreases abruptly,
reaching a value of 1.9 cm3 mol�1 K at 2.0 K. Considering
the TCNQ·� ions do not contribute to the magnetic
moment of 1, the magnetic properties can be simulated by
taking into account only the [Mn(MAC)]2� units. The de-
crease of χMT in the lower temperature range can be due
to the zero-field splitting (D) of the manganese() ion
and/or to a weak intermolecular antiferromagnetic interac-
tion between the local spins mediated by the π�π stacking
interactions. A least-squares fit of the susceptibility data,
taking into account the zero field splitting, led to D � 5.1
cm�1, a value which is too high for a manganese() com-
plex. We recall that for the parent compound,
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[Mn(MAC)(H2O)2]Cl2·4H2O, the value of the D parameter
obtained from EPR spectroscopic measurements was found
to be 0.07 cm�1.[12] The alternative way of rationalizing the
magnetic behaviour is to consider only the exchange inter-
actions of the manganese() ions within the supramolecular
chain. The exchange pathway is provided by the diamag-
netic (TCNQ)2

2� dimers. Consequently the magnetic data
can be analysed using the Hamiltonian: H � �JΣSiSi � 1.
The temperature dependence of the magnetic susceptibility
is given by Equation (1) and Equation (2):[14]

χM
chain � {Ng2β2SMn(SMn � 1)/3kT}{(1 � u)/(1 � u)} (1)

(Fisher’s infinite chain model) with:

u � coth[JSMn(SMn � 1)/kT] � [kT/JSMn(SMn � 1)] (2)

Figure 3. Temperature dependence of the χMT product. The solid
line represents the best fit curve.

The least-squares fit of the data leads to J � �0.18 cm�1

and g � 1.99. The low J value is quite reasonable, since the
distance between the manganese() ions within a chain is
large (13.03 Å).

By fitting the data using the Curie�Weiss law, χM
�1 �

(T � θ)/C, we obtained θ � �0.7 K, C � 4.230 cm3mol�1K
and g � 1.98. Given that θ � zJ’S(S � 1)/3k and S � 5/2,
it follows that zJ� � �0.34 cm�1. As the packing diagram
shows, z � 2 and consequently J� � �0.17 cm�1, in good
agreement with Fisher’s model.

EPR Measurements

EPR spectra have been recorded on powder samples.
Both X-band and Q-band (Figure 4) spectra consist of a
single signal centred at g � 2.028(5). The shape and the
peak-to-peak linewidth of the signal, ∆B, are frequency-de-
pendent. A slight asymmetry of the signal with ∆B�945 Oe
is observed in the X-band at room temperature, the shape
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of the signal being intermediate between Lorentzian and
Gaussian. As the frequency is increased, the asymmetry dis-
appears and ∆B decreases to 595 � 50 Oe at room tempera-
ture (Figure 4). As the temperature is decreased, the line-
width of the signal increases. The measurements in the X-
band show that this increase occurs mainly in the range of
100�300 K, and at T � 12 K ∆B increases to 1590 � 20
Oe. The temperature dependence of the spectrum in the Q-
band shows that as the temperature is decreased, the line-
width increases from 595�50 Oe at room temperature to
1120 � 100 Oe at 4.2 K.

Figure 4. Experimental (solid lines) and simulated (dotted lines)
EPR spectra at the Q-band (A) and at X-band (B) of compound 1
at room temperature. A narrow signal in the Q-band spectrum is
due to the radical placed in the resonator for measuring the fre-
quency.

The decrease in linewidth as a function of frequency is
known as the ’’10/3’’ effect.[15] The frequency dependence
of the linewidth of the signal has been previously observed
for some compounds of Mn2�.[16] This effect was inter-
preted using the Kuba and Tomita equation obtained for a
simple cubic lattice composed of S � 1/2 ions,[17] in which
the frequency dependence of the linewidth of the signal is
described as the frequency dependence of its dipole contri-
bution. Our estimation of the dipole contribution to the
linewidth of compound 1 shows that it is not determinant
and cannot describe the frequency dependence observed for
this compound.
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The powder spectra of compound 1 do not show the fine

and hyperfine structures due to the dipole�dipole and ex-
change interactions between neighbouring manganese()
ions. It is known that if the exchange interaction,
�JSiSi � 1, exceeds the dipole-dipole and other interactions,
an exchange-narrowed line is observed. The form of the
EPR spectrum of the studied compound and its change
with frequency and temperature were interpreted by sup-
posing that the main contribution to the linewidth is due to
the unresolved fine structure and not to the dipole�dipole
interaction.

The frequency dependence of the EPR spectra was ana-
lysed using a simulation program that was written taking
into account the fine structure [due to the zero-field split-
ting of manganese() ion] and the hyperfine structure for
S � 5/2, the exchange interaction, and by averaging these
structures according to the kinetic equations given in ref.[18]

The linewidth of each component of the hyperfine structure
was chosen by taking into account the dipole-dipole contri-
bution. The value of the D parameter was taken as 0.07
cm�1.[12] In the absence of the exchange interaction, the
form of the spectrum of a polycrystalline Mn2� sample in
the X-band would be asymmetric. In the Q-band the form
of the spectrum changes because the ratio between the fine
structure parameter and the Zeeman energy changes. The
exchange interaction averages out the fine structure but
some differences in the X- and Q-bands remain. The obser-
vation of these differences enables us to estimate the J value.
The asymmetry observed in the X-band is the manifestation
of the incomplete averaging of the fine structure. The ad-
justment of the simulated and observed spectra at room
temperature at the two frequencies allowed us to estimate
the value of the exchange interaction |J| as 0.15(5) cm�1,
which is in reasonably good agreement with the value ob-
tained through cryomagnetic measurements. In our model,
the temperature dependence of the spectrum in the X-band
can be explained by the change in either of the parameters
D or J. The assumption about the change in the D param-
eter, which shows a certain change in the distortion of the
nearest environment of Mn2�, agrees with the EPR spectro-
scopic data of [Mn(MAC)(H2O)2]Cl2·4H2O.[12] The increase
of the linewidth in the Q-band, however, can be described
only by a decrease in the J parameter. The EPR spectro-
scopic data therefore enable us to suppose that the exchange
interaction decreases weakly as the temperature is de-
creased.

In conclusion, we have shown by means of two indepen-
dent techniques (magnetic susceptibility and EPR spectro-
scopic measurements) that the intermolecular π�π stacking
of the TCNQ·� ligands, which leads to diamagnetic
(TCNQ)2

2� dimers, is able to mediate weak exchange inter-
actions between the manganese() ions.

Experimental Section

Preparation of [Mn(MAC)(TCNQ)2] (1): The manganese precursor,
[Mn(MAC)(H2O)2]Cl2·4H2O, was synthesised according to the lit-

 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2003, 1995�19991998

erature.[12] LiTCNQ was obtained according to ref.[1] The reaction
was carried out under oxygen-free nitrogen, using standard Schlenk
techniques and degassed solvents. A solution of LiTCNQ (0.4 g,
1.9 mmol) in methanol/acetonitrile (1:1, 10 mL) was added drop-
wise to a solution of [Mn(MAC)(H2O)2]Cl2·4H2O (0.44 g,
0.9 mmol) dissolved in methanol/acetonitrile (30 mL). The result-
ant mixture was allowed to stand at room temperature. After sev-
eral hours, red crystals resulted, which were filtered off and washed
with methanol/acetonitrile (1:1). IR data (KBr, cm�1): ν̃ � 3247
m, 2188 vs, 2166 s, 1580 s, 1499 s, 1341 s, 1170 s, 1103 w, 937 w,
914 w, 818 m, 718 w, 476 w. C39H29MnN13 (734.68): calcd. C 63.76,
H 3.98, N 24.78; found C 63.5, H 4.3, N 24.3.

Crystallographic Data Collection and Structure Determination: The
diffraction intensities for compound 1 were collected on a STOE
Image Plate IPDS II-System. The structures was solved by direct
methods and refined against F2 by using SHELXL-97.[13] Heavy
atoms were refined anisotropically. Hydrogen atoms were included
using the riding model with Uiso tied to Uiso of the parent atoms.
Crystallographic data and other pertinent information are
summarised in Table 2. CCDC-196351 contains 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 Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB2 1EZ, UK; Fax: (internat.) �44-1223/336-
033; E-mail: deposit@ccdc.cam.ac.uk].

Table 2. Crystal data and structure refinement for compound 1

Empirical formula C39H29MnN13

Formula mass 734.68
Crystal system monoclinic
Space group C2/c
a (Å) 10.6960(7)
b (Å) 15.8054(13)
c (Å) 21.2076(16)
β (°) 93.93(1)
V (Å3) 3576.81(15)
Z 4
Dcalcd. (g cm�3) 1.364
R1 [Fo � 4σ(Fo)] 0.0478
R1 (all data) 0.0546

Other Measurements: IR spectra (KBr pellets) were recorded on a
BIO-RAD FTS 135 spectrometer. Magnetic susceptibility measure-
ments were carried out using a SQUID magnetometer (MPMS
Quantum Design). EPR measurements of the powder samples were
carried out on ERS-230 and Varian spectrometers in the tempera-
ture range 300�10 K (X-band), 300�100 K and at 4.2 K (Q-band).
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