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bstract

Molecule-based materials show a large variety of physical properties such as conductivity, magnetism, optics, which render them attractive
or a new generation of electronic devices. Electrochemical processing is one of the methods that may be applied to grow thin conductive films.
epending on the systems, the technique itself and the two-dimensional growth may afford new phases and/or similar or different properties
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from those observed on single crystals. Several examples of compounds carrying dithiolato-, polyoxo- or cyano-ligands are provided and the
particular use of silicon wafers as substrates is considered.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The miniaturization of components is an important goal
in the electronic industry nowadays. Top down and bottom
up approaches are being developed. The first one uses con-
ventional inorganic materials while one of the interests of
the second one is to organize atoms or molecules on sur-
faces. Among the second type, using single molecules, sys-
tems have been produced as nanoparticles, nanowires, thin
films or monolayers[1–7]. Towards the goal of producing re-
liable components chemists must be able to produce materials
showing electronic properties in the bulk, but also demon-
strate the ability of these materials to be organized on sur-
faces, i.e. the feasibility step towards devices. If we consider
purely organic molecular systems, work has proceeded much
further than with metal–organic systems. Organic electronic
components have already been incorporated into products
s
fi

r
T
cal properties of the precursors. Gas phase reactions in-
volved in vacuum deposition or chemical vapor deposition
(CVD) techniques imply the use of vaporizable precursors.
In Langmuir–Blodgett (LB), dip coating, drop casting, spin
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ily, i.e. the magnets V(TCNE)2, Cr(TCNE)2, Nb(TCNE)2
and Mo(TCNE)2, obtained by CVD from TCNE (Fig. 1)
and V(C6H6)2 [9], Cr(C6H6)2 [10], Nb(iPr2-dad)3 (iPr2-
dad = 1,4-diisopropyl-1,4-diazabuta-1,3-diene)[11], and
Mo(C6H5CH3)2 [12], respectively.

When transition metal complexes act as building blocks,
their chemical composition remains unchanged through
material formation, as for example the dithiolene com-
plex [Ni(dmit)2] in the preparation of the superconduc-
tor TTF[Ni(dmit)2]2 [13,14]. Of the metallic conductors
known to date, i.e. the metallic neutral single molecule
system, Ni(tmdt)2, is also a dithiolene complex[15]. Cp-
dithiolenes complexes showing magnetic properties have
been prepared[16]. Many conductive phases containing tran-
sition metal complexes associated with the TTF-like or-
ganic molecules have been isolated[17,18]. Complexes also
provide magnetic properties to the final material either as

F iolate
l 3-
d ;
dcbdt2− = 1,2-dicyano-benzene-4,5-dithiolate; tmdt2− = trimethylene-
tetrathiafulvalene-dithiolate; dmtdt2− = dimethylthio-tetrathiafulvalene-
dithiolate; TTF = tetrathiafulvalene; TCNE = tetracyanoethylene; BEDT-
TTF = bis-ethylenedithio-tetrathiafulvalene; BETS = bis-ethylenedithio-
tetraselenafulvalene.
oating, stamping or ink-jet printing techniques, the pre
ors are used in solution and therefore have to be so
tability either in the gas phase or in solution is anothe
uirement. The advantage of solution techniques versu
hase ones is that they are performed at room tempe
nd allow for the use of a larger variety of substrates inc

ng polymers. Nevertheless, in the molecule-based ma
ls domain, gas phase processing methods deal with

ower temperatures (typically <100◦C) than those applie
or metallic or ceramic film growth (typically from 200
400◦C). Moreover, in ultra high vacuum conditions, s

aces of high quality are obtained and therefore show a
uitability for in situ studies through nanoprobe techniq
or producing conductive thin films, electrodeposition is
ther available solution-based technique where an ele
hemical activation of the precursor is necessary to a
he material.

Transition metal complexes have been widely use
fford molecule-based materials. They act as metal so
r as building blocks. When they act as a metal sou

he material formation results from ligand exchange, a
xample in the formation of members of the M(TCNE)2 fam-
ig. 1. Chemical structures and abbreviated usual names of dith
igands and donor molecules. dmit2− = dimercaptoisotrithione or 1,
ithio-2-thione-4,5-dithiolate; dmid2− = 1,3-dithio-2-one-4,5-dithiolate
uch as organic light-emitting diodes (OLEDs) displays, thin
lm transistors (TFTs) or flexible electronic paper[8].

In order to process metal–organic molecule-based mate-
ials as thin films, various techniques may be applied[7].
he choice of technique depends mainly on the chemi-

a single property in magnets such as [(Cp*)2Fe][TCNE]
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[19] and [(Cp*)2Mn][Ni(dmit)2] [20] or as an associated
one in magnetic conductors or superconductors[21,22]
such as (BEDT-TTF)4(H3O)[M(C2O4)3],C6H5CN (M = Fe,
Cr) [23], and (BEDT-TTF)3[MnCr(C2O4)3],CH2Cl2 [24],
(BETS)x[MnCr(C2O4)3], CH2Cl2 [25] or (BETS)2FeCl4
[26]. Other types of complexes such as the nitroprusside
[Fe(CN)5NO]2− building block, known to exhibit pho-
tochromic properties, have tentatively been associated with
donor molecules to afford photochromic conductors[27–32].
The spin crossover (SCO) phenomenon, a property allowing
bi-stability sometimes accompanied with a memory effect,
has been observed in iron, chromium and manganese com-
plexes[33–35]. Prussian blue and its analogues form another
family of highly studied molecule-based magnetic materials
containing transition metals. These materials exhibit various
novel magnetic properties which have been summarized in re-
cent reviews[36–38]. For example, V[Cr(CN)6]0.86·2.8H2O
is a molecular magnet exhibiting a higher than room tem-
peratureTc value (315 K)[39]. Although they differ from
coordination-type complexes cited above, polyoxometalates
(POMs) should also be mentioned. These inorganic species
appear as counter-ions in conductive materials where the con-
ductive part issues either from TTF-like donors or from poly-
mers[40,41]. Transition metal dithiolenes form one of the
largest existing families of building blocks used so far to pre-
pare molecule-based conductors[42–44].
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gold electrodes, but on icosanoic acid pre-coated PET[51].
Copper substrates[52] and ITO (indium tin oxide)[53,54]
anodes are used to grow deposits of neutral M(dmit)2
material (M = Ni, Pd). Electronics is largely based on
silicon technology. Therefore, we have considered the use
of silicon(1 0 0) wafers as electrodes to grow the films.
The conductivity of silicon covers a wide range of values
depending on whether the material is doped or not. We
perform electrolyses using intrinsic silicon, which is a low
conductive type (σ = 5× 10−3–3× 10−3 S cm−1) and p-type
one. The entire silicon wafer (diameter 2 in., thickness
275�m) or strips of it (3 cm× 0.5 cm) is used.

Cleaning procedures are applied before dipping the sub-
strate in the electrolyte solution. Pt is immersed in a 2 mol L−1

NaOH aqueous solution, then rinsed with acid, water and fi-
nally acetonitrile[46]. Au substrates are electrochemically
polished in a solution containing ethylene glycol, HCl and
ethanol and annealed in a H2 flame just before electrodepo-
sition [47]. Si is cleaned in a NH4F/HF solution (12.5% HF
50% and 87.5% NH4F 40%) to remove the native oxide layer
and then washed with distilled water and with the solvent
used for electrodeposition. The cleaning procedures have two
goals: removing impurities from the surface and etching the
surface in order to improve the anchorage of the deposit. In
the case of silicon substrates, the cleaning treatment can lead
to a nanostructuration of the surface, an increase of its rough-
n tings.
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Electrocrystallization of molecule-based materials as
le crystals has been reviewed[45]. Therefore, only thin film

ormation using the electrodeposition method is consid
n this paper. Within the examples selected, the compl
ither the oxidized species itself or acts as the counter-io

he latter case, it may afford an additional property. Tra
ion metal complexes appearing as building blocks in si
r multiproperty conductive, magnetic or photochromic

erials are considered. Growth on various types of subs
s presented. The use of silicon wafers is singled out.

. Experimental

.1. Substrates

Film growth is governed by an electrochemical activat
nd therefore conductive substrates must be used;
inds have been applied. A platinum foil is used to g
lms of the (NBu4)0.9[Ni(dmid)2] phase [46]. Use of a
ingle-crystal Au(1 1 0) substrate is reported for grow
pitaxial Prussian blue thin films[47]. A SnO2 substrate[48],
lassy carbon and highly oriented pyrolytic graphite[49] are
sed for the deposition of chromium analogues of Prus
lue. Gold electrodes evaporated on cadmium ste
re-coated PET (polyethylene-terephthalate) subs
overed by an LB-film of [(C10H21)3NCH3][Au(dmtdt)2]
re applied for the electrochemical formation of the ne
onductor [Au(dmtdt)2] [50]. An earlier study shows th
ormation of LB-[Au(dmit)2] films also using evaporate
ess, and an improvement of the adherence of the coa
Pt wire is typically used as counter electrode and s

ated calomel electrode (SCE) or AgCl/Ag are the refer
lectrodes when potentiostatic electrolysis is applied.

.2. Electrodeposition procedure

The substrate is used as the anode and galvano
r potentiostatic electrolysis is carried out using sim
olutions of the precursors as in conventional electro
allization [45]. H-type cells are the more commonly us
or galvanostatic electrolysis. One-compartment cells
lso convenient, in particular when silicon wafers are u

55]. In this case, larger volumes (300 mL) of electro
olution are necessary relatively to H-type cells (10–20 m
aking advantage of a large volume of electrolyte and a
lectrode surface, the electrolysis can be performed eith
rowing a thin film or to prepare large amounts of mater

.e. at least 10 times more than on a standard plat
lectrode.

. Results

.1. Dithiolene derivatives

The dithiolene complexes described here belong to
us families of molecule-based materials:� donor–accepto
DA) compounds, fractional oxidation state compou
FOSC), and neutral compounds.Fig. 1shows the structur
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of the dithiolate ligands and donor molecules appearing in
the examples.

3.1.1. (NBu4)0.9[Ni(dmid)2]
To our knowledge, the FOSC [NBu4]0.9[Ni(dmid)2] is the

first dithiolene-based material to be reported as grown as thin
films [46]. Amorphous films having a thickness of 10�m are
electrochemically deposited, at 25�A cm−2, on Pt foils. The
SEM micrograph of these films show a net-like or dendritic
structure. The authors attribute this type of growth to the
high currents applied during the film growth in favor of a
large number of nuclei. A device could be built using these
films and showed bi-stable electrical switching and memory
phenomena[46].

3.1.2. (NBu4)0.29[Ni(dmit)2]
The conductive (NBu4)0.29[Ni(dmit)2] phase is used in the

fabrication of a thin film solid state device for the detection
of gases at room temperature[56]. A gold interdigitated elec-
trode system is applied. The film is grown at constant poten-
tial from a solution of the (NBu4)[Ni(dmit)2] precursor in a
1:1 mixture of dichloromethane and nitrobenzene. The room-
temperature conductivity of the film is 4× 10−2 S cm−1 to be
compared with the single crystal value of 10 S cm−1 [57]. The
difference in conductivity between film and single crystal is
consistent with the random orientation of crystallites within
t
a be-
i is
s
d d
( es-
e th
s
o -
t ses
w t that
w d
w irre-
v -
a by
t
s ma-
t

3
e

o
o -
t nsity
o in
fi en-
t face
c s on
[ -
g lon-

Fig. 2. SEM image of [NBu4]2[Ni(dcbdt)2]5 deposit on silicon.

gated platelets (30–55�m long, 1–8�m width) randomly
distributed on the substrate surface (Fig. 2).

The electrical conductivity of the films is about
1.2× 10−2 S cm−1 at room temperature and follows a ther-
mally activated semiconducting behavior identical to that re-
ported for single crystals[61]. The room-temperature con-
ductivity of the film is one order of magnitude lower than
that of single crystals (0.15 S cm−1). Within single crystals,
the [−2 1 0] direction is the direction of highest conductivity.
The contributions of other directions due the random orienta-
tion of the crystallites on the surface, and the polycrystalline
nature of the film which generates grain boundaries, account
for the lower conductivity value of the film versus that of
the crystal. However, the conductivity ratio between single
crystal and film is rather low and indicative of a more than
one-dimensional system.

3.1.4. TTF[Ni(dmit)2]2
Electrodeposition of the�-DA TTF[Ni(dmit)2]2 phase is

carried out on intrinsic Si(1 0 0) plates as anode and a plat-
inum wire as cathode. The anodic oxidation of the TTF is
performed at constant current density (1.5�A cm−2) at room
temperature. Within 5 days, a black air-stable thin film is
formed on the silicon electrode. When leaving the substrate
for a longer time (>1 week) under the same conditions, thick
(up to 300�m) and still adhesive deposits suitable for con-
d n
m rical
g
E ents.
T -size
s sm, is
c sses
[

gree-
m -
t good
a the
fi ec-
he film and the fact that (NBu4)0.29[Ni(dmit)2] exhibits an
nisotropic conductive behavior, ratios in conductivity

ng 2:1:10−3 [57]. Nevertheless, the resistance of the film
ensitive to the presence of gases such as SO2 and NO and
ecreases in both cases. In the presence of SO2, the reduce
NBu4)[Ni(dmit)2] species are produced, while in the pr
nce of NO, oxidized [Ni(dmit)2]0 species are formed. Bo
pecies have lower conductivities than (NBu4)0.29[Ni(dmit)2]
n single crystals, 3× 10−8 and 3× 10−3 S cm−1, respec

ively [58]. Therefore, the resistance of the film increa
hen SO2 and NO gases are detected. The authors repor
hen the sensor is submitted to SO2 gas and further flushe
ith Ar, its resistance increases are reversible, while
ersibility is observed in the presence of NO[56]. The mech
nism through which reversibility occurs is not explained

hese authors. As Ar cannot oxidize the (NBu4)[Ni(dmit)2]
pecies back to the original FOSC one, the nature of the
erial present after Ar flush remains unknown.

.1.3. (NBu4)2[Ni(dcbdt)2]5
Thin films of the FOSC [NBu4]2[Ni(dcbdt)2]5 phase ar

btained by galvanostatic electrolysis of [NBu4][Ni(dcbdt)2]
n a silicon wafer in a one-compartment cell[59]. The oxida

ion is performed at room temperature and at a current de
f 0.5�A cm−2. An ∼10�m continuous and adherent th
lm is obtained after a 4 days electrolysis duration. Elem
al analysis of a sample of film scratched from the sur
onfirms that the same 2:5 stoichiometry is obtained a
NBu4]2[Ni(dcbdt)2]5 single crystals[60]. Electron micro
raphs demonstrate that the film is made up of thin e
uctivity measurements are obtained[62]. Scanning electro
icrographs show a dense film made of roughly sphe
rains with sizes ranging from 0.6 to 1�m (Fig. 3) and
DS analysis confirms the presence of Ni and S elem
he observation of connected nano- or micrometer
pheres, grown by a nucleation-coalescence mechani
ommonly reported in electrochemical deposition proce
63].

Spectroscopic analyses (IR, Raman, XPS) are in a
ent with those reported for TTF[Ni(dmit)2]2 single crys

als. Furthermore, the Raman signal-to-noise ratio is as
s that of single crystals, confirming the good quality of
lms, a crucial point for their potential applications in mol



1990 L. Valade et al. / Coordination Chemistry Reviews 249 (2005) 1986–1996

Fig. 3. SEM image of TTF[Ni(dmit)2]2 deposit on silicon.

ular electronic devices.Fig. 4 shows the electrical behavior
of the electrodeposited material. Samples exhibit metallic be-
havior down to ca. 14 K, a temperature at which the resistance
slightly increases. At 14 K, the resistance is around 4.3 times
smaller than the resistance at 300 K, and is still 4 times smaller
at 4.5 K. Such a behavior is reversible when warming back to
room temperature, a reversibility is also observed on single
crystals[13].

Taking into account the size and shape of the samples, the
conductivity is ca. 12 S cm−1 at room temperature, and larger
than 50 S cm−1 at 14 K. Obviously, these values are much
lower than the values reported for the conductivities on sin-
gle crystals (300 S cm−1 at 300 K, and 1.5× 105 S cm−1 at
2 K). Nevertheless, whatever the substrate, due in part to grain
boundaries and/or heterogeneous morphologies, the conduc-
tivity of thin films is usually very low and exhibits a semicon-
ductive behavior. These TTF[Ni(dmit)2]2 films are the first
example within the dithiolene family to display a metallic
behavior down to very low temperature.

F -
p (black
d

Fig. 5. SEM image of (BEDT-TTF)[Ni(dcbdt)2] deposit on silicon.

3.1.5. (BEDT-TTF)[Ni(dcbdt)2]
Efforts to prepare single crystals of the�-DA (BEDT-

TTF)[Ni(dcbdt)2] compound by conventional electrocrystal-
lization were not successful. Using a Si(1 0 0) electrode as an-
ode and galvanostatic oxidation (1�A) of BEDT-TTF in the
presence of NBu4[Ni(dcbdt)2], this phase could be isolated
as a thin film[59]. Within 2 days, a black deposit (thickness
∼10�m) is obtained on the silicon electrode. The compo-
sition, the microstructure and the spectroscopic data of the
films remain unchanged after several months exposure to air.
The deposit consists of faced microcrystals (size: 5–100�m;
thickness: 1–10�m) uniformly covering the substrate surface
(Fig. 5).

In addition to the crystalline deposit, single crystals grew
on the edge of the substrate. One of these crystals was
studied by X-ray diffraction, allowing the structure of the
new phase to be determined. The compound is isostruc-
tural with previously described (BEDT-TTF)[Au(dcbdt)2]
[64] and can be regarded as BEDT-TTF containing layers al-
ternating with [Ni(dcbdt)2] containing ones along the [1 1 0]
direction (Fig. 6).

The room-temperature conductivity, evaluated on a com-
pressed pellet of the film collected from the silicon sur-
face, is about 3× 10−6 S cm−1. This low value is similar
to that obtained on (BEDT-TTF)[Au(dcbdt)2] single crystals
(<10−5 S cm−1), and consistent with the structural arrange-
m
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ent of the compound[60].

.1.6. LB-[Au(dmtdt)2] and LB-[M(dmit)2], M = Au, Ni
The application of the Langmuir–Blodgett technique is

ther way to organize molecule-based materials on sur
3]. A comprehensive review on electrically conductive L
lms has been published[65]. A more recent one reports
onductive and magnetic LB-systems[66]. A selection o
ransition metal-containing systems where preparation o
nal material includes an electrochemical activation wil
escribed herein. One of the characteristics of the LB-me

s that it implies the use of precursors carrying long chain



L. Valade et al. / Coordination Chemistry Reviews 249 (2005) 1986–1996 1991

Fig. 6. Structural organization of donor and acceptor layers in (BEDT-TTF)[Ni(dcbdt)2].

stituents. Therefore, the presence of such long chains modi-
fies the interactions between the molecules in the solid state
and may be accompanied with a drastic change of their phys-
ical properties. However, when the chains are located on part
of the precursor to be eliminated under material formation,
the final compound may be organized without modification
of its properties. This strategy is applied to the preparation of
films of the neutral systems [Au(dmtdt)2] [50], [Ni(dmit)2]
[67,68], and [Au(dmit)2] [51,69,70]. Typically, in a first step,
LB-films of 3C10-Au(dmtdt)2 ormCn-M(dmit)2 (M = Au, Ni)
are prepared (mCn = (CnH2n+1)mN(CH3)4−m wheren= 10,
14, 16, 18 andm= 2, 3). The “waiting time” defined as the
time for which the starting compound is kept at the surface of
the water is shown to be an important film-forming parame-
ter in the case of LB-[Au(dmit)2] [70]. In a second step, gold
electrodes are evaporated on the films and used for electro-
chemical oxidation of the 1:1 LB-salts. The gold electrodes
are sometimes formed on the substrate before LB-film forma-
tion[69]. In contrast to other examples described in this paper,
the oxidation reaction takes place, not in solution, but within
a supported phase. It operates on the gold complex molecules
supported on the PET surface and imbedded in a cadmium
stearate or an icosanoic acid layer, for the Au-tmdt and Au-
dmit systems, respectively. The electrolysis is performed at
constant current density, typically 0.1–0.2�A cm−2 for 2–5 h
and affords the LB-[Au(dmtdt)] and LB-[Au(dmit) ] phases
w s are
f The
c e
f
o si-
b
o
d tivity
v th of
t the
m of
f
d r-
b
T B-
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ered, the discrepancy in conductivity values may be related
to another feature, i.e. incomplete oxidation in some sam-
ples, which leads to a composite material associating neu-
tral and 1:1 phases[51]. In the case of LB-[Au(dmtdt)2],
the authors mention that the oxidation of the 1:1 LB-salt
partially occurs during film formation, because of the high
reactivity of the monovalent ions towards oxygen. Further
electrolysis is however necessary to complete the oxida-
tion process and afford conductive films. Before electroly-
sis, the LB-[Au(dmtdt)2] films are insulating. After electrol-
ysis, they exhibit a conductivity of 1 S cm−1 at room temper-
ature and a semiconductive behavior down to 110 K with
an activation energy of 0.05 eV. Hückel molecular orbital
calculations lead to the conclusion, based on the extended
�-system afforded by the dmtdt ligand, that [Au(dmtdt)2]
LB-films have a chance to exhibit metallic conduction[50]
as does the neutral Ni(tmdt)2 phase which also exhibits an
extended�-system[73]. Although this review focuses on
electrochemically grown films, a field effect transistor (FET)
device can be produced using LB-layers of (N-octadecyl-
pyridinium)[Ni(dmit)2] chemically doped through exposi-
tion to iodine vapor[74]. Also, within the field of sensors, LB-
films of bis[(4-diethylamino)dithiobenzyl]nickel are very ef-
ficient for the detection of hydrazine in the gas phase[75].
The conductivity of the films is sensitive to 0.5 ppm of this
compound in the gas phase at room temperature[76,77].

3
at

c
p ition
i lu-
m ex-
h f
F oly-
s .e.
( -
v ed
a film
f ess.
T Ni
a

2 2
hich no longer contain long chains. The gold electrode

urther used to measure the conductivity of the films.
onductivity of the LB-[Au(dmit)2] films is reported to rang
rom 0.1 to 40 S cm−1 at room temperature[51]. The 2C14-
riginating LB-[Au(dmit)2] films are reported to be pos
ly superconductive at 3.9 K[71,72]. The 3C10-originating
ne exhibits a metallic conductivity down to 150 K[69]. The
iscrepancy observed in the room-temperature conduc
alues is due to two features. The first one is the leng
he alkyl chains of the ammonium cation which affects
olecular organization during LB-growth. As a matter

act, the conductivity of the oxidized LB-[Au(dmit)2] films
ecreases from 33 to 0.12 S cm−1 when the number of ca
on atoms of the alkyl chain increases from 10 to 18[69].
his feature is also reported for the conductivity of L

Ni(dmit)2] films [67,68]. When the C10 precursor is consid
.1.7. [M(dmit)2], M = Ni, Pd
(1C15)2[Ni(dmit)2] is electrolyzed on ITO glass slices

onstant potential and affords the FOSC (1C15)x[Ni(dmit)2]
hase as a film. In this case, no previous LB-depos

s performed. By further covering the film with an a
inum layer, an electrical memory switching system
ibiting bi-stability can be built[53,54]. Another type o
OSC films is obtained from the galvanostatic electr
is of a [M(dmit)2] salt containing a polymeric cation, i
PVOP)2[M(dmit)2] with M = Ni and Pd and PVOP = poly(4
inyl-N-octanylpyridinium)[52]. Copper substrates are us
s anodes. A copper layer is further evaporated on the

or 2-probe conductivity measurements within the thickn
he room-temperature conductivity of the films of both
nd Pd derivatives is about 10−4 S cm−1.
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Fig. 7. SEM images of [Ni(tmdt)2] deposits on silicon. Scale bar applies
to all images. Top: 2.5�A cm−2, 5 days. Middle: 1.1�A cm−2, 12 days.
Bottom: 1.4�A cm−2, 19 days.

3.1.8. [Ni(tmdt)2]
This neutral compound exhibits a metallic conductivity.

At room temperature, the conductivity of single crystals is
400 S cm−1 [73]. Thin films are grown on silicon substrates
from acetonitrile solutions of (NMe4)2[Ni(tmdt)2] by the gal-
vanostatic technique[78]. Typically, current densities ranging
from 1.1 to 2.5�A cm−2 are applied for 5–20 days, while the
solution is heated at 30◦C. Depending on these conditions,
various crystal shapes, flakes, rods or spherical grains, are ob-
served within the crystalline films (Fig. 7). The silicon wafer
is uniformly covered with the deposit. The thickness of the
deposits goes from 4�m (top film) to 25�m (bottom film).

The results of IR, Raman and XPS studies of the deposits
are consistent with the formation of the neutral [Ni(tmdt)2]
phase. XRD performed on the deposit indicates that the
structure of the compound is identical to that of single
crystals. Four-probe conductivity measurements give room-
temperature values ranging from 1 to 30 S cm−1 to be com-

pared with 400 S cm−1 on single crystals. The existence of
resistive grain boundaries forbids metallic behavior within
the films. However, very low activation energies are mea-
sured, i.e. a few meV.

3.2. Prussian blue and chromium analogues

3.2.1. Prussian blue FeIII 4[FeII (CN)6]3
Epitaxial Prussian blue (PB) thin films grow on single-

crystal Au(1 1 0) substrates[47]. Growth of the PB film is
performed according to[79], by applying a constant poten-
tial (+0.3 V versus SCE) to the gold substrate electrode for
1 h at room temperature. The reference electrode is SCE and
a Pt wire acts as counter electrode. The electrolytic solution
consists of K3[Fe(CN)6] and [Fe(NO3)3] salts dissolved in
a KCl supporting electrolyte solution prepared in water. The
films are perfectly continuous and appear as aligned pyrami-
dal structures on the surface.

A recent review describes the electrosynthesis, in situ char-
acterization, and applications of other metal hexacyanofer-
rates (metal = Cu, Pd, In, V, Co, and Ni)[80]. Potentiody-
namic cycling is performed between pre-set potential limits
of the working electrode placed in a supporting electrolyte
containing the metal ion and ferricyanide species. A metal-
active electrode can be used for copper and nickel analogues
[ phite,
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81]. In other cases, inert electrodes (glassy carbon, gra
t or Au) are used and the metal ions are added to the

rolytic solution. When optical applications are envision
ransparent conducting electrodes are used, such as tin-
ndium oxide (ITO) or fluorine-doped tin oxide glass. Disp
indows, photoimaging, biological sensing, magneto-o
witching are among the described examples of device
ng metal hexacyanoferrates thin films.

.2.2. Chromium analogues of Prussian blue
Mixed valence chromium cyanides which are PB a

ogues are grown as thin films on a SnO2 working elec-
rode[48]. Depending on the conditions, the stoichiome
f the product varies. Thin films of various colors are

ained depending on the electrode potential. Ferrimag
hin films with high Tc values are produced. The high
c = 270 K is obtained for Cr2.12(CN)6. The Tc of the sys

ems can be tuned by varying the electrochemical co
ions. When the magnetic films are used as electrode
iased from−1.2 to−1.0 V versus SCE in a KCl aqueo
olution, redox reactions occur and are accompanied
hanges of color and magnetic properties. Upon this typ
lectrochemical activation, a reversible shift ofTc is demon
trated, the corresponding cyanide being switched reve
ack and forth between ferrimagnetism and paramagne
hin films (1–2�m thick) of amorphous and crystalline fo
f KnCrx[Cr(CN)6] are electrodeposited on glassy carbo

TO electrodes[49]. Reactants are CrCl3, K3Cr(CN)6 in KCl
queous solution. Films exhibiting various grain-like m
hologies (balls or cubes) are obtained by cycling the
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Fig. 8. SEM image of�-(BETS)4[Fe(CN)5NO] deposit on silicon.

tential of the working electrode 5–10 times between−0.2
and−1.0 V. The magnetization data reveal magnetic order-
ing with aTc as high as 260 K and hysteresis.

3.3. Nitroprusside compounds and ruthenium analogues

3.3.1. θ-(BETS)4[Fe(CN)5NO] and
(BEDT-TTF)4K[Fe(CN)5NO]2

Electrodeposition using a 2 in. Si(1 0 0) wafer as anode
and a platinum wire as counter electrode leads to the growth
of thin films of the �-(BETS)4[Fe(CN)5NO] phase[55].
Oxidation of the BETS donor molecule is performed un-
der galvanostatic conditions (0.1�A cm−2) at room tem-
perature in the presence of (Ph4P)2[Fe(CN)5NO]. The �-
(BETS)4[Fe(CN)5NO] phase may exhibit coupled conduc-
tive and photochromic properties. SEM images (Fig. 8) show
that the deposit uniformly covers the surface of the sub-
strate. The film contains platelets of irregular shapes but also
diamond- and hexagonal-shaped single crystals.

The conductivity of the film is about 1.6 S cm−1 at room
temperature. This high value compared to 10−2 S cm−1 ob-
tained on single crystal shows the high intrinsic conductivity
of the material. Despite the low conductivity of inter-grain
contacts within the film, the two orders of magnitude ob-
served between the crystal and the film is attributed to the fact
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Fig. 9. SEM image of (BEDT-TTF)4K[Fe(CN)5NO]2 deposit on silicon.

semiconductive behavior of the film is accompanied with
a very low activation energy (Ea = 0.006 eV). Let us re-
call that single crystals of this phase are metallic. The
photochromic properties of�-(BETS)4[Fe(CN)5NO] and
(BEDT-TTF)4K[Fe(CN)5NO]2 films are currently under in-
vestigation.

3.3.2. (BETS)2[RuX5NO], X = Cl, Br
The electrochemical oxidation of BETS in the presence

of K2[RuX5NO] is performed on Si(1 0 0) substrates in a H-
type cell. The counter electrode is a Pt wire and galvanostatic
electrolysis is applied at room temperature using a current
density of 0.2 and 0.9�A cm−2 for X = Cl and Br, respec-
tively. SEM images show that the deposits consist of thick
grain like platelets in the case of Cl derivative. Needles are
observed in addition to grains in the case of the Br derivative.
The two compounds are known to exhibit different conduc-
tive properties[32]. A comparative study of their XRD struc-
tures and of the Raman data obtained from the films demon-
strates a different charge transfer between the BETS moiety
and the [RuCl5NO] or [RuBr5NO] species. In the insulating
Cl derivative, the charge transfer is found to be 1, while in the
semiconductive Br derivative results indicate that it is differ-
ent from 1 and approaches 0.9[82]. These values of charge
transfer are in agreement with the conductive properties of
both compounds.
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hape and size of the crystal did not allow another o
ation[32]. Moreover, the semiconductive thermal beha
Ea = 0.03 eV) compared to the metallic one observed fo
ingle crystal means that the overall electric behavior o
aterial is somewhat affected by the inter-grain contact
Similarly, (BEDT-TTF)4K[Fe(CN)5NO] films are ob

ained from the oxidation of the BEDT-TTF donor in t
resence of K2[Fe(CN)5NO]. As shown onFig. 9, films con-
ist of long needles, a crystallite morphology similar to
f single crystals previously prepared[27].

The conductivity of the film is 3.5 S cm−1, a value very
lose to that of single crystals (14 S cm−1). Moreover, the
.4. Polyoxometalate derivatives

Polyoxometalates (POMs) are of interest to build up
anic/inorganic hybrid materials displaying multiple phy
al properties. POM-containing conductive phases have
repared with TTF-like donors[40,41]. Polymer-POM com
osite films have been reported with a large variety of di
nt polymers[83–87]. POM-based materials have also b
btained as LB-films[88,89], however, as no electrochemi
ctivation is involved in the preparation of these films, t
ill not be described here. Other combinations of condu
olymers with different inorganic species but POMs or t
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Fig. 10. SEM image of (TTF)6[N(C2H5)4]H(PW12O40) deposit on silicon.

sition metal complexes, relate to the huge field of modified
electrodes and will not be reviewed either.

3.4.1. TTF[polyoxometalate]
TTF-POMs films can be grown by galvanostatic electroly-

sis (1�A) at room temperature using a H-type cell equipped
with a Si anode (1 cm× 1 cm) and a Pt wire counter elec-
trode. Oxidation of TTF, in acetonitrile and in the presence
of [N(C2H5)4]3(PW12O40) leads to a black amorphous thin
film (no XRD lines). SEM images (Fig. 10) demonstrate a
film made of stacked sheets, with an individual thickness
ranging from 5 to 25�m.

XPS reveals a S/W ratio of 1.92 in agreement with
a 6 TTF/1 PW12O40 stoichiometry (S/W = 2), as in
(TTF)6[N(C2H5)4](H)(PW12O40) single crystals grown on
a Pt anode[90]. The IR spectrum is similar to that
of (TTF)6[N(C2H5)4](H)(PW12O40). The room-temperature
conductivity of the powder collected from the sub-
strate surface is≈2× 10−5 S cm−1, to be compared with
≈10−3 S cm−1 on single crystals. From the magnetic stud-
ies, an effective moment of 1.5�B (RT) is obtained, identical
to that of single crystals.

3.4.2. Polymer-polyoxometalate composites
Within the polymer-POM composites, the POM inorganic
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4. Conclusion

This review highlighted the preparation as thin films of
transition metal-containing molecule-based materials. The
electrodeposition method was considered and can be ap-
plied to all systems where the precursors are soluble and
lead to the final material through an electrochemical activa-
tion. Within the dithiolato-bearing complexes, we have seen
with TTF[Ni(dmit)2]2 that, although films exhibit a polycrys-
talline morphology, they show metal-like behavior. In the case
of [Ni(dcbdt)2] derivatives, the electrodeposition method al-
lowed us to isolate the (BEDT-TTF)[Ni(dcbdt)2] while stan-
dard electrocrystallization was not successful. In the com-
pounds described, the properties observed with single crys-
tals are generally transferred to the film and only influenced
by its polycrystalline character. However, the orientation and
the two-dimensional growth of the film on the silicon sur-
face, played in favor of better conductive properties in the
case of the�-(BETS)4[Fe(CN)5NO] compound. Neutral ma-
terials such as [Au(tmdt)2], [Au(dmit)2] and [Ni(tmdt)2] are
also deposited as thin films. Note that the first two are pre-
pared from LB-salts in which the long chains do not influence
the material properties as they remain in the counter-ion after
electrolysis. The thin film morphology does not modify either
the magnetic properties of Prussian blue and its chromium
analogues. In the domain of photochromic anion-containing
s rtake
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nions are embedded within the polymer matrix. Polypyr
Ppy) systems are electrochemically produced at con
otential on the electrode surface (Pt foil) in the pres
f the POM units acting as supporting electrolytes[85,86].
py-POM films show semiconductive properties an
ide range of room-temperature conductivities ran

rom 0.1 S cm−1 for the Ppy-[Co4(H2O)2(PW9O34)2]10−
omposite[87] to 225 S cm−1 for the Ppy-[CrMo6O24H6]3−
ne [85]. In the Ppy-[Co4(H2O)2(PW9O34)2]10− compos

te, the magnetic properties of the ferromagnetic co
luster remains. This composite was the first hybrid
ormed from a high spin cluster embedded in a polypyr
atrix.
ystems, the use of film samples allowed us to unde
seful Raman studies, for example of (BETS)2[RuBr5NO]
nd (BETS)2[RuCl5NO], from which a better understan

ng of the conductive property difference between these
hases was obtained. Finally, the use of silicon wafers
een largely shown in the selected examples. This sub

s particularly interesting for electronic applications. N
lso that, apart from the film growth, the use of an entire
ilicon wafer, a much cheaper substrate than a gold or
num electrode of the same surface area, allows one to pr
arge amounts of product, i.e. 60–80 mg versus 10–20
als with the standard electrocrystallization conducted
t wire electrode. Film deposition studies of molecule-b
aterials are key steps to the application of these materi
evices. Electrodeposition is one of the methods that ca
pplied. Vapor phase methods, LB-technique, drop cas
pin or dip coating, stamping and ink-jet printing are als
e considered. A combination of various methods may a

he formation of multi-layer structures. The preparatio
B-[Au(tmdt)2] and LB-[Au(dmit)2] films is an example o
uch a possibility.
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