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The compound [Fe(cyclam)(NCS)2](TCNQ)2, where cyclam is 1,4,8,11-tetraazacyclotetradecane and TCNQ is a
partially reduced 7,7,8,8-tetracyanoquinodimethane fragment, has been obtained from the corresponding thiocyanate
by metathesis reaction. The compound crystallizes in the triclinic system, space groupP1h, a ) 7.832(3) Å,b )
8.008(2) Å,c ) 15.501(3) Å,R ) 79.85(2)°, â ) 85.11(2)°, γ ) 74.18(3)°, Z ) 1. The crystalline lattice consists
of one-dimensional TCNQ units, stacked along thea direction, and it is stabilized by interactions with the Fe(III)
hexacoordinated complex cations. All of the TCNQ’s are crystallographically equivalent, with bond parameters
typical of partially reduced acceptors with a formal charge of 0.5 electron. Two different distances between adjacent
TCNQ units are observed, i.e., 3.29 and 3.42 Å, indicating the presence of dimeric (TCNQ)2

- in the chains. The
temperature dependence of the magnetic susceptibility was described as due to two contributions: the first one
comes from the Curie contribution of the Fe(III) complex while the second arises from the magnetic exchange
interactions between the nearest neighbor TCNQ anions. The latter is typical of one-dimensional antiferromagnetic
chains ofS ) 1/2 spins, localized on (TCNQ)2

- units, and it could be fitted according to a one-dimensional
Heisenberg antiferromagnet model.

Introduction

The synthesis of molecular-based solids obtained by as-
sembling two different supramolecular systems, by combining
organic radicals and open-shell transition metal fragments, has
provided in the recent past an interesting series of structurally
characterized systems.1 Among the variety of organic radicals,
those containing the acceptor TCNQ have been proved to offer
special structural features due to the possibility of forming
σ-bonds with the transition ions.2 The existence ofσ-bonds
between TCNQ•- and transition metal ions can affect the
supramolecular architecture and the stabilization of different
electronic states in systems with low M(n+1)+/Mn+ redox
potentials.

Compounds containing Fe(III) ions and TCNQ have been
widely studied since Miller et al. in 1979 reported the synthesis
ot the first ferrocenyl derivative [Fe(C5Me5)2]+(TCNQ)-.3 From

these first results, notable structures and different magnetic
behaviors have been obtained, but only in the past decade have
compounds with common transition metal fragments and Fe-
(II) been reported. In 1996 Haasnoot et al. reported the
interesting [FeII(abpt)(TCNQ)2], abpt) 4-amino-3,5-bis(pyridin-
2-yl)-1,2,4-triazole, showing spin crossover.4 H. Oshio et al.
reported in 1995 the formation of [Fe(CH3OH)4(TCNQ)2]-
TCNQ‚2CH3CN obtained from the reaction between Fe(NO3)3‚
9H2O, H2salen, and LiTCNQ. A similar reaction with Mn(III)
afforded the Mn(III) compound [Mn(salen)(TCNQ)0.5][Mn-
(salen)(TCNQ)0.5(MeOH)], H2salen ) N,N′-disalicylidene-
ethylenediamine, and the significative differences with the iron
compound have been interpreted in terms of the corresponding
redox potentials.5 Finally, Dunbar et al. have recently reported
the characterization of [Fe(TCNQ)2(L)2], L ) H2O, MeOH.6

From these results and from our knowledege about the
possibilities of controlling the formation ofσ-bonds in Ni-
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TCNQ and Cu-TCNQ systems7 we have tried to assemble in
the lattice mixed-valence TCNQ stacks, in an attempt to avoid
the tendency of this molecule to di- or trimerize. For this reason
only very few examples of compounds with segregated uniform
chains of (TCNQ)2- anions have been isolated and, to our
knowledge, only one structurally characterized.8 To accomplish
this objective a transition metal fragment with a heteroleptic
hexacoordinated iron(III), [Fe(cyclam)(NCS)2]+ (cyclam )
1,4,8,11-tetraazacyclotetradecane), was chosen, because it con-
tains a stable six-coordinated environment around the metal ion,
thus preventing the formation ofσ-bonds with the TCNQ. In
order to favor the formation of mixed-valence derivatives and
therefore the delocalization of the electronic charge on the
acceptor molecules, the triethylammonium salt of the TCNQ,
which contains both neutral and radical-anionic molecules, was
used as reagent.

Experimental Section

[Fe(cyclam)(NCS)2](SCN)9 and (Et3NH)(TCNQ)210 were prepared
by following the published methods, and the purity was checked by
elemental analysis.

[Fe(cyclam)(NCS)2](TCNQ)2. This compound was obtained by slow
diffusion of an acetonitrile solution of 0.1 mmol of (Et3NH)(TCNQ)2
into a methanol solution containing 0.1 mmol of [Fe(cyclam)(NCS)2]-
(SCN). After 1 day, dark blue crystals of the title compound had been
obtained. Yield: 45%. Anal. Calcd for FeC36H32N14S2: C, 55.5; H,
4.1; N, 25.1. Found: C, 55.8; H, 4.1; N, 25.2. IR (cm-1): 3170m,
2881w, 2184s, 2150s, 2051vs, 1557s, 1539w, 1501s, 1445m, 1302s,
1116s, 1093s, 1055s, 951m, 841m, 695m.

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. Solid state electronic spectra were
recorded on a Cary-5 spectrophotometer, the sample being rubbed on
optical glass. Magnetic experiments were made on polycrystalline
samples using a SQUID magnetometer MPMS-5S manufactured by
Quantum Design. The temperature dependence of the magnetization
in the range between 5 and 250 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 gaussmeter and an Oxford JTC4 cryostat.
Single-crystal electrical conductivity measurements at variable tem-
perature were performed by the two points method, using an APD
cryogenics INC HC2 helium cryostat.11

X-ray Structure Determination. Good quality crystals have been
obtained by the synthetic method. 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 12.

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 located on a Fourier difference synthesis and their positions refined
with fixed isotropic contributions. The calculations were carried out
with the SHELXL93 software package.13 A summary of the funda-
mental crystal data is given in Table 1.

Results and Discussion

Crystal Structure of [Fe(cyclam)(NCS)2](TCNQ)2. This
compound crystallizes in the triclinic system, space groupP1h.
An ORTEP view of the cationic unit is shown in Figure 1.
Selected bond lengths and angles are listed in Table 2.

The iron atom is located on an inversion center and is
coordinated to the four macrocyclic nitrogen atoms with
distances of 1.993(3) and 1.996(3) Å. The quasi-regular
octahedral environment is completed by two isothiocyanate
groups bonded in trans positions at 1.896(2) Å, a distance
somewhat shorter as corresponds to an sp nitrogen.

All of the TCNQ groups in the crystal are crystallographically
equivalent, and therefore they must bear the same electronic

(5) Oshio, H.; Ino, E.; Ito, T.; Maeda, Y.Bull. Chem. Soc. Jpn.1995, 68,
889.
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Pauw, L. J.Philips Res. Rep.1958, 13, 1.
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Birmingham, U.K., 1974; Vol. IV, p 72.
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Table 1. Crystal and Refinement Data for
[Fe(cyclam)(NCS)2](TCNQ)2

empirical formula C36H32FeN14S2

fw 780.73
cryst syst triclinic
space group P1h (No. 2)
a, Å 7.833(1)
b, Å 8.008(1)
c, Å 15.507(1)
R, ° 79.84(1)
â, ° 85.10(1)
γ, ° 74.14(1)
Z 1
V, Å3 920.3(2)
Fcalcd, Mg m-3 1.41
T, K 293
λ(Mo KR), Å 0.71073
µ, cm-1 5.72
Ra 0.035
Rw

a 0.088

a R ) ∑(|Fo| - |Fc|)2/∑Fo
2. b Rw ) (∑[w(Fo

2 - Fc
2)2]/∑[w(Fo

2)2])1/2.

Figure 1. ORTEP view (50% probability thermal ellipsoids) and atom
labeling of [Fe(cyclam)(NCS)2](TCNQ)2.
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charge. This charge has been related to the variation of the
intramolecular C-C distances of the organic molecule on
reduction.14 Table 3 lists the TCNQ bond distances of our
compound and those of neutral and monoanionic TCNQ for
comparison. The observed distances clearly indicate that the
acceptor is present as TCNQ0.5-.

The TCNQ molecules form one infinite stack (Figure 2) along
the a direction, with two different short-contact distances
between neighboring groups. The shortest distance, 3.29(1) Å,
corresponds to the C(12)-C(12) contact between adjacent
TCNQ units (Figure 3a). The other contact distance is 3.42(1)
Å and corresponds to the overlap of theπ clouds of six of the
carbon atoms of adjacent TCNQ’s (Figure 3b). In conclusion
the TCNQ’s form an alternate stack made of TCNQ0.5- units,
and these stacks are separated in the crystal by rows of metal
cations in correspondence to the anion units. Thus, the charge
modulation in the crystal should be the responsibility of this
packing.

Although a poorπ overlap is observed between the nearest
TCNQ molecules along the chains, the chain itself can be
considered as formed by (TCNQ)2

- dimers. This type of packing
has been previously observed in (MEM)(TCNQ)2, where MEM
is theN-methyl-N-ethylmorpholinium cation,8,16but in our case
the shorter interdimeric distance corresponds to a poorer overlap
between adjacent TCNQ units.

The cations [Fe(cyclam)(NCS)2]+ interact with the TCNQ
with formation of hydrogen bonds between the cyclam amino
groups and two nitriles of the TCNQ molecule. The structural
data for these H bonds are N(5)‚‚‚H(2), 2.33(3) Å, H(2)-N(2),
0.78(3) Å, angle N(5)‚‚‚H(2)-N(2), 163(3)°; N(7)‚‚‚H(1), 2.25-
(4) Å, H(1)-N(1), 0.87(3) Å, N(7)‚‚‚H(1)-N(1), 149(3)°. Every
TCNQ is then bonded to two different [Fe(cyclam)(NCS)2]+

cations by opposite nitrile groups, and the metallomacrocyclic
cation is bonded to four TCNQ units belonging to two adjacent
stacks (Figure 2). In this way the formation of these hydrogen
bonds confers some rigidity to the solid structure favoring
the TCNQ stacks, but simultaneously it could be responsible
for the alternate intermolecular distances in the stack since
every pair of TCNQ’s is hydrogen bonded to the same
metallomacrocycles, a fact that could keep the TCNQ at fixed
distances.

Spectroscopic Studies.Vibrational spectroscopy has been
used for detailed characterization of the TCNQ derivatives to
give infomation on the formal oxidation state and the coordi-
native status of these organic acceptor molecules.17 Table 4
reports the characteristic vibration frequencies of TCNQ for the
title compound and those of the neutral acceptor and the radical
monoanion for comparison.

Typical TCNQ vibrations in our derivative show intermediate
frequencies between neutral and radical-anionic TCNQ although
others appear out of range. Furthermore, because several authors
have reported deviations from the expected linear dependence
of the CN frequencies with the charge held on the TCNQ, we
have used the C-C stretching mode b1u, ν20, as indicative of
the degree of charge. This frequency occurs at 1529 cm-1, thus
confirming an average charge of 0.5.18 The same result is
observed by using the out of plane bend b3u, ν50, whose
frequency also shows a linear variation with the charge on the
uncoordinated TCNQ molecule.

Along with the TCNQ absorptions, the bands at 2051 and
951 cm-1 are characteristic of a N-coordinated isothiocyanate.

The main feature of the IR spectrum is, however, the presence
of the tail centered around 4200 cm-1, with the vibronic TCNQ
bands superimposed on it. This band is due to a CT electronic
transition and is a characteristic feature of derivatives showing
electronic delocalization along the TCNQ stack.19

Electronic spectra provide more evidence for the origin and
the magnitude of the charge transfer observed here. The solid
state electronic spectrum of this compound shows absorption
bands centered at 26 200, 17 300, 11 600, 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 11 600 cm-1 has been assigned to a
charge transfer involving radical anions.20 The two lower
frequency bands are very broad and characteristic of mixed-
valence TCNQ compounds.21 The band centered at 4200 cm-1

results from a charge transfer between radical-anionic and
neutral species (CT2), that frequently appears around 6000 cm-1

and shifts to lower frequencies when the charge delocalization
increases. It is worth noticing the close relation between the
energy of the intermolecular charge transfer transition and the
activation energy,Ea, obtained from the electrical conductivity
measurements.

Electrical Conductivity. The conductivity has been measured
in a single crystal of dimensions 0.16× 0.44× 0.8 mm, in the
temperature range 293-8 K. The compound shows a semicon-
ducting behavior with room temperature conductivity of 3.4×
10-3 S cm-1. In the temperature range 170-293 K the
conductivity follows an exponential variation with the temper-
ature (σ ) σ0 exp[-Ea/kT]) giving an activation energy of 0.21
eV. Below 170 K the behavior is no longer linear.

Magnetic Measurements.The single-crystal EPR spectrum
of the title compound shows one single signal, corresponding
to a low-spin iron(III) atom, in the three orientations with values
of gx ) 2.07,gy ) 2.06,gz ) 2.09, giving an average isotropic

(14) (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.

(15) Goldberg, S. Z.; Eisenberg, R.; Miller, J. S.; Epstein, A. J.J. Am.
Chem. Soc.1976, 98, 5173 and references therein.

(16) (a) Kobayashi, H.; Ohashi, Y.; Marumo, F.; Saito, Y.Acta Crystallogr.,
Sect. B1970, 26, 459. (b) Sundaresan, T.; Wallwork, S. C.Acta
Crystallogr., Sect. B1972, 28, 1163. (c) Sundaresan, T.; Wallwork,
S. C.Acta Crystallogr., Sect. B1972, 28, 2474.

(17) (a) Bozio, R.; Girlando, A.; Pecile, C.J. Chem. Soc., Faraday Trans.
1975, 71, 1237. (b) Bigoli, F.; Deplano, P.; Devillanova, F. A.;
Girlando, A.; Lippolis, V.; Mercuri, M. L.; Pellinghelli, M. A.; Trogu,
E. F. J. Mater. Chem.1998, 8, 1145.

(18) (a) Kampar, E.; Neilands, O.Russ. Chem. ReV. 1986, 55, 334. (b)
Painelli, A.; Girlando, A.; Pecile, C.Mol. Cryst. Liq. Cryst.1986,
134, 1.

(19) Rice, M. J.; Pietronero, L.; Bruesch, P.Solid State Commun.1977,
21, 757.

(20) (a) Oohashi, Y.; Sakata, T.Bull. Chem. Soc. Jpn.1973, 46, 3330. (b)
Schwartz, M.; Hatfield, W. E.Inorg. Chem.1987, 26, 2823.

(21) Torrance, J. B.Acc. Chem. Res.1979, 12, 79.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for
[Fe(cyclam)(NCS)2](TCNQ)2

Fe-N(1) 1.993(3) C(8)-C(10) 1.383(6)
Fe-N(2) 1.997(3) C(10)-C(11) 1.432(5)
Fe-N(3) 1.897(3) C(10)-C(15) 1.428(6)
S-C(6) 1.602(4) C(11)-C(12) 1.346(6)
N(3)-C(6) 1.161(5) C(12)-C(13) 1.431(6)
N(4)-C(7) 1.137(6) C(13)-C(14) 1.424(5)
N(5)-C(9) 1.145(5) C(13)-C(16) 1.390(6)
N(6)-C(18) 1.136(6) C(14)-C(15) 1.341(6)
N(7)-C(17) 1.134(5) C(16)-C(17) 1.416(6)
C(7)-C(8) 1.421(6) C(16)-C(18) 1.425(6)
C(8)-C(9) 1.420(5)

N(3)-Fe-N(2) 90.36(13) Fe-N(3)-C(6) 171.7(3)
N(3)-Fe-N(1) 90.83(14) N(3)-C(6)-S 179.5(4)
N(2)-Fe-N(1) 94.15(14)
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value ofg ) 2.07. No free radical signal is observed, suggesting
the existence of antiferromagnetic interactions between the spins
located on the TCNQ anions.

The dc magnetic susceptibility,øM, of [Fe(cyclam)(NCS)2]-
(TCNQ)2, corrected for the diamagnetic contributions, was
measured in the temperature range 5-250 K at an applied field
of 500 G. The temperature dependences of the 1/øM values obey
the Curie-Weiss law above 70 K, and the Curie constant,C,
and the Weiss constant,θ, as obtained from the fit of the data,
are estimated to be 1.157 emu K mol-1 and-57 K, respectively.
The value ofC corresponds to an effective magnetic moment
of 3.04µB, which is higher than the value expected for a spin

system containing Fe(III) ion in the low-spin d5 configuration
(S ) 1/2) and that from the dimeric (TCNQ)2

- ions (S ) 1/2).
The magnetic moment, as calculated from the equationµeff )
2.828(øT)1/2, decreases from 2.85µB, at 250 K, to 1.9µB at 5
K (see Figure 4). The latter value can be identified as due to
the low-spin Fe(III) ion contribution. This result, together with
the large negative value of the Weiss constant, suggests that
antiferromagnetic interactions should arise from the spins
residing on the organic (TCNQ)2

- ions. A simple attempt at
extracting from the total susceptibility,øM, the contribution of
the TCNQ chains was accomplished by subtracting both the
temperature independent paramagnetism,øtip, and the Curie
susceptibility of the iron(III) complex, and the results are
reported in Figure 5. The value oføtip was estimated by plotting
ø vs 1/T and taking the susceptibility value forT f ∞, i.e., 9.6
× 10-4 emu mol-1. The temperature dependent chain suscep-
tibility estimated in this way shows a broad maximum centered
at ∼75 K. This is a typical magnetic behavior expected for aS
) 1/2 spin 1D system or for a dimericS ) 1/2 system. On the
basis of the crystal structure, the magnetic data above 30 K
were fitted to the Heisenberg linear chain model22 with the
equation derived from Hatfield et al.:23

whereA, B, C, D, E, and F are parameters which take into
account the possible distortion of the chain and have been
computed for values of 0< R < 1 (R ) 0 corresponds to the
dimeric (TCNQ)2- isolated unit, whileR ) 1 is for the uniform

(22) Bonner, G.; Fisher, M. E.Phys. ReV. A 1964, 135, 640.
(23) Hall, J. W.; Marsh, W. E.; Weller, R. R.; Hatfield, W. E.Inorg. Chem.

1981, 20, 1033 and references therein.

Table 3. Comparative Analysis of the TCNQ Intramolecular Bond Distances (Å) in [Fe(cyclam)(NCS)2](TCNQ)2

compound a b c d e b- c c - d c/(b+ d)

TCNQa 1.345 1.448 1.374 1.441 1.140 0.074 -0.067 0.476
TCNQ- a 1.373 1.423 1.420 1.416 1.153 0.003 0.004 0.500
TCNQ0.5- a 1.354 1.434 1.396 1.428 1.141 0.040 -0.032 0.488
[Fe(cyclam)(NCS)2](TCNQ)2 1.343 1.429 1.386 1.420 1.139 0.043 -0.034 0.486

a Reference 15.

Figure 2. Two views of the TCNQ stacking mode in the crystal of [Fe(cyclam)(NCS)2](TCNQ)2.

Figure 3. The two different close contacts of every TCNQ in the stack.

øorg ) [Ng2µB
2/kT]{[A + Bx + Cx2]/[1 + Dx + Ex2 + Fx3]}

[Fe(cyclam)(NCS)2](TCNQ)2 Inorganic Chemistry, Vol. 38, No. 20, 19994433



chain) andx ) |J|/kT. This model is based on the assumption
that theS ) 1/2 spins are localized on every TCNQ dimer.

The computed curve forøorg vs T, with g ) 2, and varying
J/k and the parameterR, are compared with the experimental
curve in Figure 5. It is apparent that the curve withR ) 0.85

andJ ) -62 K is reproducing the experimental data. Below
30 K no sign of a sudden drop in the magnetic susceptibility
plot is observed, thus suggesting an absence of a spin-Peierls
distortion at low temperatures.

Conclusion

We have obtained a novel 1D stable iron(III)-TCNQ
derivative with electronic delocalization in the organic part. The
TCNQ’s are stacked, forming a nonuniform chain with alter-
natively short contacts and longπ overlaps. This asymmetry in
the overlap is probably responsible for the relatively low
conductivity and high activation energy of this compound, and
it is in contrast with the expectation that the 1D TCNQ
compound with this degree of charge should behave as a metal.
The magnetic behavior could be described as due to the Curie
contribution of the iron(III) complex cation and to the antifer-
romagnetic exchange interaction between the organic acceptors
along the chain; this interaction can be fitted by using the
Bonner-Fisher one-dimensional Heisenberg model with an
antiferromagnetic exchange of-62 K between neighboring
spins. From our data we cannot ascertain if a spin-Peierls
distortion is present at low temperatures, a transition observed
in the structurally related (MEM)(TCNQ)2;24 probably the stack
stabilization produced by the hydrogen bonds between TCNQ
and the metallomacrocyclic cations precludes this distortion.

In conclusion, the semiconducting behavior of the title
compound is likely attributable to an electron localization,
caused by the combined effect of the presence of strong electron
correlation and the interactions with localized charge and spins
of the cations.25
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Table 4. Most Significative Vibration Frequencies (cm-1) of the TCNQ Units

compound ν(CtN) ν20(b1u) ν34(b2u) ν4(ag) ν50(b3u) ν7(ag)

[Fe(cyclam)(NCS)2](TCNQ)2 2184/2150 1557 1501 1445 841 695
TCNQ0 2228 1545 1524 1424 860 705
TCNQ- 2194/2177 1577 1507 1386 824 722

Figure 4. Plot of the variation of the total magnetic moment with the
temperature.

Figure 5. Plot of the magnetic susceptibility located in the organic
stack as a function of the temperature. The solid line corresponds to
the fit of the experimental data to a Heisenberg linear chain model
(see text).
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