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Radical-cation salts of iodine-substituted TTF derivatives [di-
iodoethylenedithiotetrathiafulvalene (1) diiodoethylenedithio-
diselenadithiafulvalene (2), or iodoethylenedithiotetrathia-
fulvalene (3)] with the [Fe(CN)5NO]2− nitroprusside anion,
namely, 14·[Fe(CN)5NO], 24·[Fe(CN)5NO] and 33·[Fe(CN)5-
NO], were synthesized by electrocrystallization from solu-
tions of the appropriate TTF derivative in CH2Cl2 with bis(te-
traphenylphosphonium)nitroprusside [(PPh4)2{Fe(CN)5NO}]
as electrolyte. An X-ray structure analysis indicates that the
crystal structures of 14·[Fe(CN)5NO] and 24·[Fe(CN)5NO] are
very similar. In both cases, molecules 1 and 2 are stacked
along the c direction, with their long molecular axis parallel
to each other. By contrast, in 33·[Fe(CN)5NO], molecules 3
are stacked in triad units in which two of the molecules are
arranged in a face-to-face fashion and the remaining mole-
cule is arranged in a head-to-tail fashion with respect to its

Introduction

Much current research is directed toward the formation
of new molecular materials in which electrical conductivity
coexists with other physical phenomena. One of the recent
trends in this area is the combination of conducting and
optical properties. In this area, the [Fe(CN)5NO]2� anion
([NP]2�) is of highest interest because it possesses extremely
long-lived metastable states at low temperature that can be
generated by laser irradiation.[1�6] It has been proposed
that this electronic transition might be accompanied by pos-
sible changes in the geometry of the complex anion.[5] These
changes may, in turn, affect the conducting properties of
derived radical salts of organic donor molecules. In this
context, the use of the [NP]2� anion and related transition
metal mononitrosyl counteranions in radical cation salts of
TTF- and TSF-derived donors (TTF � tetrathiafulvalene;
TSF � tetraselenafulvalene) has been contemplated.[7�10]

The existence of metastable states has indeed been detected
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neighboring molecules. In all cases, several effective iodine-
nitrogen contacts between donor molecules and
[Fe(CN)5NO]2− anions are observed. The room temperature
electrical conductivities of 14·[Fe(CN)5NO], 24·[Fe(CN)5NO]
and 33·[Fe(CN)5NO] are �10−6, 2.2 × 10−2 and 5 S cm−1, re-
spectively. The temperature dependence of the electrical
conductivity of 33·[Fe(CN)5NO] reveals semiconducting be-
havior with a small activation energy of 30 meV. The temper-
ature dependence of the electrical conductivity of
24·[Fe(CN)5NO] also reveals a semiconducting behavior, but
with two regimes: above 200 K the activation energy is 60
meV and becomes much smaller — 0.2 meV — below this
temperature.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

in (BEDT-TTF)4·K[NP]2 [BEDT-TTF � bis(ethylene-
dithio)tetrathiafulvalene] and (TTF)7[NP]2 by DSC meas-
urements,[10] but no effect of the above-mentioned changes
of the geometry of the [NP]2� anion on the conducting be-
havior of these radical-cation salts has yet been observed.
One, possibly more effective, approach for constructing no-
vel photochromic organic conductors might consist of in-
troducing a strong interaction between the donor molecules
and the counteranions. In such systems, the changes in ge-
ometry of the excited states of the counteranions could af-
fect the conducting properties more efficiently through
stronger intermolecular interactions.

On the other hand, promoting a stronger interaction be-
tween the organic donor and the inorganic counteranions
of radical salts is being investigated more and more for en-
suring a better control of the molecular arrangement of
these salts.[11�17] For example, radical salts of iodine-substi-
tuted TTF-derived donors such as diiodoethylenedithiote-
trathiafulvalene (1) diiodoethylenedithiodiselenadithiaful-
valene (2), or iodoethylenedithiotetrathiafulvalene (3) with
cyano-group-containing anions such as Ag[(CN)2]�,
Pd[(CN)4]2�, or with the [Pd(mnt)2]2� anion (mnt � ma-
leonitriledithiolate), have been synthesized and their crystal
structures examined.[15�17] A PM3 MO calculation of 3
indicates a HOMO extended to the iodine atom. The largest
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coefficient of the lowest unoccupied molecular orbital
(LUMO) on the iodine atom suggests that it would be the
driving force of the strong interactions with the cyano
group. Extremely short I···N distances in the crystal struc-
ture of 33·[Ag(CN)4], which are almost 20% shorter than
the sum of the van der Waals radii (3.53 Å), arise from an
interaction between the lone pair on the nitrogen atom and
the pπ LUMO on the iodine atom.[15] In the crystal struc-
ture of 24·[Pd(CN)4], reticulated donor···anion contacts
were constructed using the strong and directional -I···NC-
interaction.[16]

Combining both strategies, it was hoped that radical-cat-
ion salts of iodine-substituted organic donors and the
[NP]2� anion could be organic conductors in which the
existence of metastable states in the [NP]2� anion could af-
fect the electrical conducting properties via possibly strong
-I···NC- interaction.

Herein we report the synthesis, crystal structure and elec-
trical conducting properties of novel radical-cation salts
formed from the iodine-substituted donor molecules 1, 2
and 3, and the [NP]2� anion.

Results and Discussion

Synthesis

The iodine-substituted TTF-derived donors 1 and 3 were
synthesized in accordance with the literature.[19] Compound
2 was synthesized by a modification of the method used for
the preparation of 1 (see Exp. Sect.).

The salts 14·[Fe(CN)5NO], 24·[Fe(CN)5NO] and
33·[Fe(CN)5NO], were synthesized by electro-crystallization
from solutions of the appropriate iodine-substituted TTF-
derived donors in CH2Cl2 with bis(tetraphenylphosphoni-
um)nitroprusside [(PPh4)2·{Fe(CN)5NO}] as electrolyte.

Figure 1. Atomic numbering scheme for 14·[NP]
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Crystal Structures

14·[NP] and 24·[NP]

These two compounds are isostructural. The asymmetric
unit (Figure 1 and 2) contains two donor molecules and
half an [NP] entity, with the Fe atom lying on a center of in-
version.

Figure 2. Atomic numbering scheme for 24·[NP]

Figure 3a and 3b show projections of the crystal struc-
tures of 14·[NP] and 24·[NP] down the ab plane. Their struc-

Figure 3. Projection down the ab plane for 14·[NP] (a) and 24·[NP]
(b) and projection down the bc plane for both compounds (c). In
Figure 3a and 3b, iodine, sulfur and selenium atoms are depicted
with filled, light grey and dark grey circles, respectively. Thin dotted
and solid lines show chalcogen-chalcogen and iodine-nitrogen in-
termolecular contacts, respectively
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tures consist of sheets of adjacent columns of donor mol-
ecules in the ac plane alternating with layer of anions along
the b direction (Figure 3a and 3b). The donor molecules
stack along the c direction, with their long molecular axis
parallel to each other (Figure 3c). The inter-planar dis-
tances are 3.78(3) and 3.65(3) Å for 14·[NP], and 3.72(5)
and 3.76(5) Å for 24·[NP] i.e., rather longer than the ‘‘π-
cloud thickness’’.[18]

Since the [NP]2� ions are located at a center of symmetry,
there is a positional disorder in the NO� and CN� ligands.
Two kinds of overlapping mode [A/B and B/A�(A)] are ob-
served in 14·[NP], as shown in Figure 4, as well as in 24·[NP]
(not shown).

Figure 4. Modes of overlap of molecules 1 in 14·[NP]: (a) A and B,
and (b) B and A�(A)

In both overlapping modes one molecule is stacked over
the other molecule with a ring-over-bond type mode, since
the molecules are slipped along their long axis.

Moreover, in 14·[NP], some effective side-by-side contacts
are observed between donor molecules of adjacent columns.
Indeed, interatomic distances rather shorter than the sum
of the van der Waal’s radii (3.70 Å) are observed between
sulfur atoms of the ethylenedithio group and of the TTF
moiety [S6···S11: 3.497(6); S2···S15: 3.536(6); S1···S16:
3.541(7); S14···S16: 3.601(8); S1···S5: 3.632(7) Å].

Even more importantly, several short contacts between
the donor 1 and the [NP]2� anion through -I···NC- contacts
are also observed, as indicated by several interatomic dis-
tances between iodine atoms of 1 and nitrogen atoms of the
[NP]2� anion [I1···N22: 3.08(2); I2···N21: 3.11(1);
I11···N22: 3.08(1); I12···N21: 3.25(2) Å], which are shorter
than the sum (3.53 Å) of the van der Waals radii of the
iodine and nitrogen atoms.

Due to the presence of Se atoms, 24·[NP] exhibits more
contacts than 14·[NP]. The interaction between adjacent
columns is accomplished through contacts between differ-
ent sulfur atoms [S1···S1: 3.70(1); S2···S14: 3.59(1); S3···S11:
3.67(1); S4···S12: 3.55(1) and S11···S13: 3.66(1) Å], as well
as between sulfur and selenium atoms [Se1···S3: 3.58(1) Å]
and different selenium atoms [Se1···Se11: 3.67(1); Se2···Se2:
3.83(1); Se2···Se12: 3.67(1) and Se11···Se11: 3.77(1) Å],
shorter than the sum of the corresponding van der Waals
radii of the corresponding chalcogen atoms (3.70 Å for
S···S, 3.80 Å for S···Se, and 3.90 for Se···Se). In addition, as
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for 14·[NP], several short interatomic distances [I1···N22:
3.25(3); I2···N21: 3.07(3); I11···N21: 3.07(3); I12···N22:
3.10(2) Å] are observed between the iodine atoms of 2 and
nitrogen atoms of the [NP]2� anion.

33·[NP]
The asymmetric unit (Figure 5) of 33·[NP] contains half

an [NP] entity, with the Fe atom lying on a center of inver-
sion, and two molecules of the donor 3, among which one
of the donor molecules (the one containing I11) has an oc-
cupancy of one half, since it is placed close to an inver-
sion center.

Figure 5. Atomic numbering scheme for 33·[NP]

Figure 6a and 6b shows the projections of the crystal
structure down to the bc and ab planes. The structure con-
sists of sheets of columns of 3 in the ac plane alternating
with layers of [NP]2� anions along the b direction.

As shown in Figure 6b and 6c, the donor molecules 3 are
stacked in a triad arrangement, ···ABAABA···. A B mol-
ecule is close to the center of symmetry, depicted as the gray
circle, resulting in two orientations of the B molecule (B
and B� generated by a symmetry operation of B) within a
triad. Because of these two orientations of B molecules
within the triad, there are two kinds of stacking mode: one
of type I (shown at the top of Figure 6b and 6c), and the
other of type II (shown at the bottom of Figure 6b and 6c).
In the triad unit, two of the three molecules 3 (A and B)
(type I), or B� and A��� (type II) are arranged in a face-to-
face fashion, whereas the remaining molecule (A� in type I
and A�� in type II) is arranged in a head-to-tail fashion with
respect to the B molecule (type I) or B� (type II). The inter-
planar distances are 3.63(5) Å between the face-to-face mol-
ecules and 3.57(5) Å between the head-to-tail ones. The in-
ter-planar distances are slightly longer than the ‘‘π-cloud
thickness’’ (3.50 Å), but the [A�/A"] inter-planar distance
between the triads is rather shorter [3.07(5) Å]. Figure 7a
shows the overlap between the face-to-face molecules (A
and B in mode I, or B� and A��� in mode II). In this mode,
A and B molecules are slipped transversally, resulting in a
partial overlap of both molecules, but without any short
S···S contacts.

In the head-to-tail mode (Figure 7b and B/A� or A��/B� in
Figure 6b and 6c), the molecules are slipped longitudinally,
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Figure 6. (a): Projection down the bc plane of 33·[NP]. Iodine and
sulfur atoms are depicted with filled and grey circles, respectively.
Dotted and solid lines show sulfur-sulfur and iodine-nitrogen con-
tacts, respectively. (b): Projection down the ab plane showing the
stacking modes of type I and II (the center of inversion is depicted
as the grey circle). (c): Projection down the ac plane showing the
S···S contacts between triads of type I and II (see text for the mean-
ing of the symbols)

resulting in a ring-over-bond type overlap between these
molecules. This configuration leads to several S···S contacts,
depicted with the symbol ** in Figure 6c [S1···S14: 3.650(7);
S2···S13: 3.43(3); S3···S12: 3.489(7) and S4···S11: 3.586(8)
Å]. By contrast, the overlap between A� and A�� molecules
belonging to different triads is minimal (one sulfur atom
over a dithiacyclopentene ring; Figure 7c). A� and A�� are
connected through one contact between the S2 atoms

 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2003, 2333�23382336

Figure 7. Modes of overlap in 33·[NP] between A/B (a), B/A� (b),
and A�/A�� (c)

[3.502(4) Å]. Effective side-by-side contacts between sulfur
atoms of adjacent triads are observed between A molecules
[symbol ## in Figure 6c: S3···S6: 3.566(4); S5···S6: 3.427(5)
Å], between A and B molecules [symbol * in Figure 6c:
S3···S16: 3.551(7); S5···S16: 3.677(8) Å], and between B
molecules when the adjacent triad is of the same nature
[symbol # in Figure 6c: S13···S16: 3.49(1) and S15···S16:
3.37(1) Å]. Also, effective contacts between donor mol-
ecules and [NP]2� anions are observed, as indicated by
short interatomic distances between the iodine atom of mol-
ecule 3 and nitrogen atoms of the [NP]2� anion [N21···I1:
2.93(1) and N22···I11: 3.51(2) Å].

In these three obtained salts, the I···N distances between
the donor molecules and [NP]2� counterion are 8�18%
shorter than the sum of the van der Waals radii of iodine
and nitrogen atoms. These values indicate the existence of
a strong interaction between the iodine atom of the donor
molecules and a cyano group of the [NP]2� counterion.
This strong interaction arises from an interaction between
the lone pair on the nitrogen atom and the σρ-LUMO on
the iodine atom as is seen in the crystals of 32·[Ag(CN)2]
and 24·[Pd(CN)4].[15,16]

Electrical Conductivity

The electrical conductivities of 14·[NP], 24·[NP] and
33·[NP] at room temperature are �10�6, 2.2 � 10�2 and 5
S cm�1, respectively. It should be noted that, although the
structures of 24·[NP] and 14·[NP] are similar, the conduc-
tivity value determined for 24·[NP] is 104 times larger than
that determined for 14·[NP]. This difference is likely to be
due to the larger van der Waals radius of the selenium atom
(2.00 Å), compared to that of the sulfur atom (1.85 Å),
which induces interactions within the stack of 24·[NP] that
are not observed in 14·[NP].

The temperature dependence of the resistivity was meas-
ured for 24·[NP] and 33·[NP] (Figure 8). In both cases the
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resistivity increases with decreasing temperatures, indicating
a semiconducting behavior. In the case of 33·[NP], a small
activation energy of 30 meV could be determined over the
entire range (300�50 K) of temperatures. In contrast, two
regimes are observed for 24·[NP]: from 293 K down to
around 200 K the activation energy is 60 meV, and below
200 K a much smaller activation energy of 0.2 meV is
found. The electrical conducting properties of these three
salts can be readily understood by considering their crystal
structures. The interplanar distances of 1 and 2 molecules
in their columns are rather longer than the ‘‘π-cloud thick-
ness’’. This means that the large interplanar distances be-
tween molecules suppress an effective overlap of the π-or-
bital of the donor molecules along the stacking direction.
As a result of this unfavorable π-orbital interaction, these
two salts have comparably low conducting behaviors. On
the other hand, the semiconducting property of 33·[NP] can
be reasonably understood by considering that the column
structure is triadic and not uniform.

Figure 8. Temperature dependence of the resistance of single crys-
tals of 24·[NP] (°) and 33·[NP] (�)

Conclusion

The synthesis, crystal structures and electrical conduc-
tivities of three new radical salts 14·[NP], 24·[NP] and
33·[NP] have been described. Both 24·[NP] and 33·[NP] are
semiconductors, but two regimes, with a very low activation
energy at low temperatures, are observed only for 24·[NP].
Although the structures of 24·[NP] and 14·[NP] are very
similar, the only-sulfur containing 14·[NP] is an insulator
with a room-temperature conductivity 104 times smaller
than that of the sulfur-selenium containing 24·[NP].

The strategy of using iodine-substituted organic donors
for promoting stronger donor-counteranion interaction ac-
tually led in the three salts studied here to effective contacts
between the donor molecules and the [NP]2� anions. This
is the first example in which donor molecules are connected
with [NP]2� anions through strong and directional interac-
tions of the -I···NC- type.

The detection of long-lived metastable states at low tem-
perature generated by laser irradiation and conductivity
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measurements under irradiation remain to be carried out
and are under progress.

Experimental Section

General Remarks: 1H NMR spectra were recorded in CDCl3 on a
Bruker AC200 spectrometer. Chemical shifts are quoted relative to
the residual solvent peak (CDCl3: δ � 7.26 ppm). Mass spectra
were recorded on a NERMAG R10-10 mass spectrometer
operating in the DCI mode.

Synthesis of 2: Compound 2 was synthesized by a modification of
the method used for the preparation of 1.[19] A solution of 4,5-ethyl-
enedithio-1,3-diselenol-2-one (217.9 mg, 0.7212 mmol) and 4,5-di-
iodo-2-thioxo-1,3-dithiole (556.8 mg) in toluene (20 mL) containing
freshly distilled P(OEt)3 (2.7 mL) was refluxed for 6 h. After removal
of the solvent under reduced pressure a dark brown residue was
obtained. This residue was purified by chromatography on silica gel
using carbon disulfide (CS2) as eluent to afford 2 (33.9 mg, 72%
yield) which was recrystallized from CS2/hexane. M.p. 173 °C. MS
(DCI/NH3): m/z � 643 [M�] 1H NMR (CDCl3/CS2): δ � 3.31 ppm.

Electrocrystallization of 14·[NP], 24·[NP] and 33·[NP]: Single crystals
of 14·[NP], 24·[NP] and 33·[NP] were prepared by galvanostatic oxi-
dation of the donor molecules (7.2 mg of 1 for 14·[NP], 9.1 mg of 2
for 24·[NP] and 3.8 mg of 3 for 33·[NP]) with (Ph4P)2[NP] (62 mg for
14·[NP] and 24·[NP], and 40 mg for 33·[NP]) as supporting electrolyte
in CH2Cl2 (20 mL) under an argon atmosphere at 25 °C. A standard
H-shaped cell and platinum-wire electrodes (1 mm diameter) were
employed for the preparation of single crystals, applying constant
currents (0.6 µA mg for 14·[NP] and 24·[NP], and 0.2 µA for 33·[NP]).
Crystals were formed in the anode compartment, collected and
washed with CH2Cl2: orange platelet-shaped crystals for 14·[NP],
brown platelet-shaped crystals for 24·[NP], and black needle-shaped
crystals for 33·[NP]. The composition of 14·[NP], 24·[NP] and 33·[NP]
was determined by X-ray structure analyses.

X-ray Crystallographic Study: The X-ray diffraction data were col-
lected at 180 K for 14·[NP] and 24·[NP], and 160 K for 33·[NP] on
a STOE imaging plate diffractometer with graphite monochrom-
ated Mo-Kα radiation (λ� 0.71069 Å). Crystallographic data are
gathered in Table 1.

The structures were solved by direct methods (SHELXS 97)[20] and
refined on F0

2 with full-matrix least-squares analysis. The calcu-
lations were carried out with the CRYSTALS[21] and WINGX[22]

package programs running on a PC. For 14·[NP], the final cycle of
least-squares refinement on F0

2 for 5771 data and 367 parameters
converged to wR2(F0

2) � 0.231 for all data and to R � 0.075 for
3117 data with I � 2σ(I). For 24·[NP], the final cycle of least-
squares refinement on Fo

2 for 5888 data and 358 parameters con-
verged to wR2(F0

2) � 0.237 for all data and to R � 0.090 for 1915
data with I � 2σ (I). For 33·[NP], the final cycle of least-squares
refinement on Fo

2 for 3948 data and 349 parameters converged to
wR2(F0

2) � 0.181 for all data and to R � 0.072 for 3420 data with
I � 2σ(I). The drawings of the molecular structures were produced
using CAMERON.[23] The atomic scattering factors were taken
from International Tables for X-ray Crystallography.[24]

CCDC-193065�193067 (14·[NP], 24·[NP]34·[NP], respectively) con-
tain 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].
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Table 1. Crystal data for 14·[NP], 24·[NP] and 33·[NP]

14·[NP] 24·[NP] 33·[NP]

Empirical formula C37H16FeI8N6OS24 C37H16FeI8N6OS16Se8 C29H15I3FeN6OS18

M 2401.0 2766.2 1477.1
Crystal system Triclinic Triclinic Triclinic
Space group P1̄ P1̄ P1̄
a [Å] 12.7200(13) 12.7630(19) 10.9690(15)
b [Å] 17.2380(20) 17.3930(30) 15.2250(21)
c [Å] 7.4400(8) 7.4840(12) 6.6320(9)
α [°] 97.111(13) 96.531(20) 99.468(16)
β [°] 92.968(12) 92.119(18) 96.697(17)
γ [°] 102.456(13) 102.264(19) 92.149(17)
V [Å 3] 1575.5(6) 1609.7(8) 1091.0(4)
Z 1 1 1
dcalcd. [g·cm�1] 2.53 2.86 2.25
F(000) 1121.9 1265.8 711.9
µ(Mo-Kα) [cm�1] 4.994 9.151 3.368
Data collection
Temperature [K] 180 180 160
Diffractometer Stoe IPDS Stoe IPDS Stoe IPDS
Scan mode Φ Φ Φ
Scan range Φ [°] 0 � Φ � 250 0 � Φ � 250 0 � Φ � 250
No. of collected reflns. 5771 5888 3948
No. of reflns. used 3117 [I � 2σ(I)] 1915 [I � 2 σ (I)] 3420 [I � 2 σ (I)]
R 0.075 0.090 0.072
wR2 0.231 0.237 0.181
No. of parameters 367 358 349

Electrical Conductivity Measurement: The electrical conductivity
measurements were carried out on single crystals of 14·[NP],
24·[NP] and 33·[NP] using the four-probe method in the tempera-
ture range of 50�300 K. Contacts to the electrode were ensured by
gold paste.
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