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O complexo [{RuCl3(dppb)}2(µ-4,4’-bipy)] (dppb = PPh2(CH2)4PPh2; 4,4’-bipy= 4,4’-bipiridil)
foi obtido por meio da reação entre 4,4’-bipiridina e mer-[RuCl3(dppb)].H2O, em bom rendimento.
As características do complexo binuclear obtido, estudadas por medidas de FT-IR, UV-Vis, EPR
e análise elementar foram similares às do complexo [RuCl 3(dppb)L] (L= N-heterociclo).
[{RuCl3(dppb)}2(µ-4,4’-bipy)] é solúvel em solventes fracamente polares, facilitando a sua
utilização para produzir filmes de Langmuir e Langmuir-Blodgett (LB). Enquanto que filmes cast
e o complexo em solução são vermelhos, filmes LB são azul-esverdeados, provavelmente devido
à oxidação da bisfosfina. A natureza nanoestruturada dos filmes LB, se manifestou nas medidas
eletroquímicas, já que estes filmes exibem maior corrente de pico do que os filmes cast e dipcoated. As respostas eletroquímicas destes filmes são caracterizadas pelo processo RuIIIRuIII/RuIIRuII,
o qual difere do complexo em solução. Neste último caso, um processo irreversível é observado
devido à formação de novas espécies. A eletroatividade dos filmes LB/[{RuCl3(dppb)}2(µ-4,4’bipy)] indica a possibilidade de utilização em dispositivos eletroquímicos.
[{RuCl3(dppb)}2(µ-4,4’-bipy)] was prepared from the reaction of the 4,4’-bipyridine and mer[RuCl3(dppb)].H2O, in good yield. The characteristics of the binuclear complex studied with FTIR, UV-Vis, EPR and elemental analysis were similar to those of the [RuCl3(dppb)L] (L= Nheterocycle). [{RuCl3(dppb)}2(µ-4,4’-bipy)] is soluble in weakly polar organic solvents, facilitating
its use in the production of Langmuir and Langmuir-Blodgett (LB) films production. While the
cast films and the complex in solution were red, the LB films were green-bluish, probably due to
oxidation of the bisphosphine. The nanostructured nature of the LB films was manifested in
electrochemical measurements, as these films exhibited higher peak currents than cast or dipcoated films. For all films, the electrochemical response was dominated by the RuIIIRuIII/RuIIRuII
process, which differed from that of the binuclear compound. For the latter, an irreversible process
appeared due to formation of new species. The electroactivity of LB films from [{RuCl3(dppb)}2(µ4,4’-bipy)] also pointed to their possible use in electrochemical devices.
Keywords: binuclear ruthenium complexes, bipyridine, Langmuir-Blodgett films, thin films

Introduction
Ordered films of transition-metal complexes have large
potential for various applications, including electrochemical
devices, which requires the understanding of their electrical
and structural properties.1,2 For ruthenium complexes, in
particular, Langmuir-Blodgett films (LB films) may be used
in electrochemical sensors,3-5 molecular devices,6 electronic
tongues,7-9 electroluminescence devices10,11 and as redoxactive and photo-induced sensitizers.12,13 This variety of
*e-mail: kawoh@uepg.br

properties arises from the possibility of tuning the electronic
and electrochemical characteristics of the ruthenium
complex, mostly through changes in the ligand linked to
the central metal. Ligands with low-energy π electrons may
be coupled to metal ions with various redox states.14
Phosphine ligands may exhibit varied steric and electronic
properties that can be used to modify the oxidation
chemistry of ruthenium complexes.15 In addition phosphines
may stabilize isolated compounds or intermediates in
homogeneous catalysis16,17 and in chemotherapy agents.18
The final properties of LB films depend on the
molecular architecture, in addition to the complex
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characteristics determined by the choice of the ligand.
This has motivated several works on organized
structures containing metal complexes, in monolayers, 19-22 one-dimensional rods and tubules. 23
Ruthenium complexes with the Ru-PP core, where PP
is a biphosphine, could form stable monolayers in water,
as was the case of mer-[RuCl 3 (dppb)L] (dppb=
PPh 2(CH 2)4PPh 2; L= pyridine and 4-methylpyridine),
named as Rupy and Rupic, respectively. 24-27 The
molecular organization was extracted from the
information provided by surface pressure-molecular
area (π-A) isotherms, atomic force microscopy (AFM),
UV-vis absorption, FT-IR, reflection-absorption
infrared spectroscopy (RAIRS), Raman scattering, and
fluorescence. 4,27,28 Rupic immobilized in LB film is
useful for the selective oxidation of dopamine and
ascorbic acid, and yielded more reproducible surfaces
in comparison with carbon paste.4
The possible applications for Rupic and Rupy LB films
just described motivated us to seek other synthetic routes
that could lead to novel functional materials. We selected
the mixed-valence chemistry29-31 of polynuclear transition
metals, which has been widely used by inorganic
chemists32 to obtain properties that may be tuned via
specific interactions at the molecular level and/or quantum
confinement. In this paper, we present a detailed study of
the binuclear complex, [{RuCl3(dppb)}2(µ-4,4’-bipy)]
(4,4’-bipy= 4,4’-bipyridine), used in the fabrication of
Langmuir and LB films whose properties will be compared
to those of a mononuclear derivative.

Experimental
Chemicals and solvents
Reagent-grade chemicals were used without further
purification while the reagent-grade solvents were distilled
and dried before use. Purified argon was used for the
elimination of dissolved oxygen in the solvents.
Preparation of [{RuCl3(dppb)}2(µ-4,4’-bipy)]
The complex [{RuCl 3(dppb)} 2 (µ-4,4’-bipy)] was
prepared from mer-[RuCl3(dppb)].H2O33 (100 mg, 1.53
mmol), and 4,4’-bipyridine (Aldrich) (11.9 mg, 0.076 mmol)
in degassed dichloromethane (Merck) (10 mL) The reaction
mixture was stirred for 12 h at room temperature. The volume
of the resulting red solution was reduced in vacuo to ca. 2
mL and diethyl ether (Merck) was then added to precipitate
a red solid which was filtered off, washed several times with
diethyl ether and dried under vacuum. Yield: 81 mg (75%).
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Anal. Calc. for C66H64N2Cl6P42Ru2: C, 55.67; H, 4.53; N,
1.97%. Found: C, 56.27; H, 4.37; N, 1.56%. IR νmax/cm-1:
ν(P-C)= 513, 999, 1095, 1485; γ (C-H)= 696; ν(Ru-Cl)= 241 and
335. UV-vis: λmax/nm (ε = mol-1 L cm-1): 236 (4.55×104), 256
(4.90×104), 328 (5.25×103), 444 (1.12×103), 532 (1.76×103).
EPR: g1= 2.893, g2= 2.124, g3= 1.685.
Langmuir monolayers
Langmuir monolayers of [{RuCl3(dppb)}2(µ-4,4’bipy)] were spread from chloroform (Merck) solutions on
aqueous subphases, with ultra pure water supplied by a
Millipore system with resistivity of 18.2 MΩ cm, in a
KSV5000 Langmuir trough in a class 10,000 clean room.
Surface pressure and surface potential of the monolayer
were measured using a Wilhelmy plate connected to an
electrobalance and a Kelvin probe, respectively, both
provided by KSV. In all experiments, carried out at room
temperature of 22 oC, 15 min elapsed before compression
for solvent evaporation. The speed of barrier compression
was 10 mm min-1, and monolayer stability was investigated
by monitoring the area change at a fixed pressure (25 mN
m-1) for ca. 10 min until the monolayer was stable, which
was denoted by no change in area per molecule. The
monolayers were transferred as Y-type LB films at 25 mN
m-1 onto glass, ITO (tin oxide doped with indium, Asahi
Glass Co.) and Si substrates (2 mm thick, diameter 13
mm, from Aldrich), depending on the characterization
technique to be applied to the sample, as specified below.
The dipping speed was 3 mm min-1 for the withdrawal
and immersion of the substrate, with a waiting time of 5
min, when the substrate was out of the water, before the
next layer was transferred. Transfer ratios were TR = 0.9
for downstrokes and 0.8 for upstrokes.
Physical measurements
The IR spectra of the powdered complex were recorded
from CsI pellets in the 4000-200 cm-1 region and the IR spectra
of the LB films were recorded from films with 61 monolayers
deposited onto Si wafers. These measurements were performed
with a Bomen Michelson FT spectrometer, model MB 102.
The UV-Vis spectra of the complex in dichloromethane solution
and the LB films, deposited with 31monolayers onto quartz
substrate, were recorded with a HP 8452A and Shimadzu
MultiSpec 1501 spectrophotometer, respectively. Elemental
analyses were performed in a Fison EA 1108 model. The
electron paramagnetic resonance spectrum in the solid state
was measured at 160 °C using a Varian E-109 instrument
operating at the X band frequency, within a rectangular cavity
(E-248) fitted with a temperature controller.
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Cyclic voltammetry (CV) experiments of the complex
in solution were obtained in a BAS-100B/W Bioanalytical
Systems Instrument. These experiments were carried out
at room temperature in CH2Cl2 containing 0.10 mol L-1
Bu4N+ClO4– (TBAP) (Fluka Purum) as support electrolyte
using a one-compartment cell where the working and
auxiliary electrodes were stationary Pt foils, and the
reference electrode was Ag/AgCl, 0.10 mol L-1 TBAP in
CH2Cl2, a medium in which ferrocene is oxidized at 0.43 V
(Fc+/Fc). The electrochemical measurements of LB films
were carried out in a Microquimica MQPG-01 potentiostat,
using a 10 mL electrochemical cell with the conventional
three-electrode system: a Pt wire as a counter electrode, an
Ag/AgCl in KCl(sat.) electrode as the reference and the LB
film onto ITO as working electrodes. The measurements
were made in the potential range between -0.1 V and 0.7 V,
with scan rates of 30 mV s -1 and 50 mV s -1 . The
electrochemical properties of the modified electrodes were
studied with cyclic voltammetry in 0.5 mol L-1 KCl solutions
at different pHs, adjusted with HCl or KOH. Redox
potentials (E½) were determined from the average of the
anodic and cathodic peak potentials (Epa and Epc).

Results and Discussion
Synthesis of the binuclear Ru complex
The reaction of the mer-[RuCl 3 (dppb)] . H 2 O 33
complex with the free ligand, 4,4’-bipyridine in
methylene chloride was used to prepare the binuclear
complex of general formula [{RuCl 3(dppb)}2(µ-4,4’bipy)], as a dark red powder, and with good yield. The
mer-[RuCl 3(dppb)].H 2 O complex has been used as
aprecursor to prepare compounds containing RuIIIP-P and
Ru IIP-P cores, 34-37 in which the P-P ligand replaced
chloride ligands. The elemental analysis of the red
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powder obtained after filtration demonstrated that no
further purification was necessary. For the synthetic
method described herein, only a slight excess of ligand
(0.5 equiv.) was needed to prepare [{RuCl3(dppb)}2(µ4,4’-bipy)], owing to the strong chelate effect of the 4,4’bipy ligand. Displacement of one chloride ligand was
also observed by refluxing mer-[RuCl3(dppb)].H2O in
methylene chloride solution, for the formation of the
same product. Other complexes can be formed using
different stoichiometric quantities of the 4,4’-bipy ligand,
as shown in Scheme 1. The nature of the products formed
from the reaction of mer-[RuCl3(dppb)].H2O with 4,4’bipy depended on the complex to ligand ratio. For
example, when a slight excess of ligand (1.1 equiv.) or
an excess of ligand (2 equiv.) was added to the starting
complex, the mononuclear, [RuCl3(dppb)(4,4’-bipy)], or
the tetramer complex {[RuIICl2(dppb)](μ-4,4’-bipy)}4 38
were formed, respectively.
Spectroscopic characterization
The IR spectrum of the [{RuCl3(dppb)}2(µ-4,4’-bipy)]
complex obtained in CsI pellet (see Figure 1) displays
the typical bands of the coordinated ligand at 1485, 1095,
999, and 513 (ν (P-C)), 696 (γ (C-H)), 335 and 241 cm -1
(ν(Ru-Cl)).39 The presence of a RuIII species was confirmed
by EPR measurements, with the spectrum in Figure 2
showing g values (g 1= 2.893, g 2= 2.124, g 3= 1.685)
typical of Ru III complexes with strong rhombic
distortions.34, 39,40 The spectrum is similar to that of the
mononuclear pyridine species with general formula
[RuCl3(dppb)L] (L= pyridine) (g1= 2.928, g2= 2.037, g3=
1.607).34 This is a strong indication that the additional
“RuCl 3(P-P)” core, in the binuclear complex, has no
effect in the rhombic distortions of the RuIII-N-N-RuIII
core.

Scheme 1.
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corresponds closely to that of complex [RuCl3(dppb)L] (L=
pyridine) (see inset shown in Figure 3).34

Figure 1. Transmission FTIR spectra for [{RuCl3(dppb)}2(µ-4,4’-bipy)] in
a CsI pellet and 61-layer LB film transferred from pure water onto a Si wafer.
Figure 3. Electronic absorption spectra of [{RuCl3(dppb)}2(µ-4,4’-bipy)]
in CH2Cl2 1×10-3 mol L-1 solution (solid line) and [RuCl3(dppb)L] (L=
pyridine) (dashed line), in CH2Cl2 1×10-4 mol L-1 solution.

Electrochemical characterization

Figure 2. EPR spectrum of the [{RuCl3(dppb)}2(µ-4,4’-bipy)] (X band
frequency) at -160 oC in the solid state.

The electronic spectrum of the [{RuCl3(dppb)}2(µ-4,4’bipy)] in CH2Cl2 solution exhibits 3 bands in the visible
region, as shown in Figure 3. The band at 328 nm may be
assigned to allowed metal-to-ligand charge-transfer
transition (MLCT), which corresponds to the electron
transfer from the metal dπ orbital to the phosphorus
(3πσ*dπ) orbitals of the dppb ligand. A low-intensity
absorption band in similar position is also observed in
the spectrum of [Ru III(PPh 3) 2 (L)Cl 2] (where L =
8-quinolinolate, 4-methyl-2-(phenylazo)phenolate or
salicylal-diminate anion).41 Based on systematic analyses
of charge-transfer energies: (EMLCT >> /ELMCT)32, the band
at 444 nm can be associated with electron transfer from the
nitrogen atom (bipy) to the metal. The main band at 532
nm can be related to the transition from the chlorine orbitals
to the metal [pπ (Cl–)→ dπ (RuIII)].42 The spectrum is similar
to that observed for the d5 ruthenium(III) compounds
containing PPh 3, N-donors (pyridine, bipyridine, or
phenanthroline), and Cl– ligands,43,44 and this spectrum

Cyclic voltammograms of the [{RuCl3(dppb)}2(µ-4,4’bipy)] complex in solution, at room temperature in CH2Cl2
with 0.1 mol L-1 of TBAP as supporting electrolyte, reveal
an irreversible RuIII/III /RuIII/II process (only one electron
involved), which is similar to that observed for
[RuCl 3 (dppb)L] (L= H 2 O, dmso, pyridine and 4methylpyridine) complexes.33,34 In the first cycle starting at
0.30V, after inversion of the scan rate (at 1.0 V) a reduction
process is observed at –0.23 V (peak 1 inside Figure 4). In
the second cycle, two poorly defined oxidation processes
appear, with Epa at 0.30 V and 0.41 V (peaks 2 and 3,
respectively). This electrochemical behavior could be
tentatively explained considering that with the reduction
of RuIII/III/RuIII/II, at –0.23 V (in the first cycle), the species
[(dppb)RuCl(µ-Cl) 3 ClRu(dppb)]
(equation
2),
[RuCl2(dppb)(4,4’-bipy)2] (equation 3) and [RuCl2(dppb)(µ4,4’-bipy)]4 (equation 4) could be generated at the electrode
surface, according to Scheme 2. Then, the 1-1’, 2-2’ peaks
could be assigned to the reduction of the Ru(III) center of
mixed valence complex [(dppb)RuCl(µ-Cl)3ClRu(dppb)], as
confirmed by cyclic voltammetry on a chemically synthesized
sample.33,34 The 3-3´ peaks could be attributed to the
[RuCl2(dppb)(4,4’-bipy)2] mononuclear complex and to the
tetramer complex [RuCl2(dppb)(µ-4,4’-bipy)]4. The tetramer
complex was isolated chemically by Queiroz et al.38
Monolayers at liquid-air interface
The surface pressure-area (π-A) isotherms of
[{RuCl3(dppb)}2(µ-4,4’-bipy)] complex spread from CHCl3
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[Ru2III/IIICl6(dppb)2(µ-4,4’-bipy) + e- → “[RuCl3(dppb)]” + “[RuCl2(dppb)(4,4’-bipy)]” + Cl

(1)

“[RuCl3(dppb)]” + “[RuCl2(dppb)(4,4’-bipy)]” → [(dppb)RuCl(µ-Cl)3ClRu(dppb)] + 4,4’-bipy

(2)

“[RuCl2(dppb)(4,4’-bipy)]” + 4,4’-bipy → [RuCl2(dppb)(4,4’-bipy)2]

(3)

4 “[RuCl2(dppb)(4,4’-bipy)]” → [RuCl2(dppb)(µ-4,4’-bipy)]4

(4)

Scheme 2.

Figure 4. Cyclic voltammograms of [{RuCl3(dppb)}2(µ-4,4’-bipy)], for
potentials between -0.8 and 1.0 V, vs. Ag/AgCl, recorded in 1×10-3 mol L-1 in
0.1 mol L-1 TBAP in CH2Cl2; sweep rate 100 mV s-1.

Figure 5. Surface pressure-area isotherm for [{RuCl3(dppb)}2(µ-4,4’bipy)] monolayer on ultra pure water subphase recorded at a compression speed of 10 mm min-1, at 22 oC.

Spectroscopic characterization of the LB films
solutions onto pure water at 22 oC were recorded at several
barrier compression rates. The mean area occupied by a
molecule at monomolecular coverage at high pressures was
determined by extrapolation at the condensed state to zero
surface pressure. The value obtained was ~60 Å2 and does
not vary with compression speed. The isotherm in Figure 5
indicates that the complex begins to pack at an area per
molecule of ~55 Å2 and collapses at ~58 mN m-1. From
molecular modeling, two cross section areas were estimated
for [{RuCl3(dppb)}2(µ-4,4’-bipy)], viz. 272 Å2 for the
molecule lying on the plane (flat-on conformation) and
82 Å2 for the molecule perpendicular to the plane (edge-on
conformation). Therefore, the area per molecule obtained
(60 Å2) means that the molecules probably adopt an edgeon conformation, though formation of non-monomolecular
structures is also possible, as observed for related
complexes.1,24,26,45,46 With the data presented herein, we
cannot distinguish unequivocally between these 2
possibilities. Interestingly, the area accupied by the
binuclear complex is twice the value for the related
mononuclear complex, [RuCl3(dppb)L] (L= pyridine)
(31 Å2).26

The LB films were transferred at a surface pressure of
25 mN m-1 onto different substrates. For FTIR measurements, 61-layer LB films were transferred onto Si substrates
that had been dried under vacuum. The spectrum shown in
Figure 1 is similar to that of the powdered complex, with a
slight difference at ca. 1100 cm-1. This difference could be
attributed to oxidation of the phosphorus ligand, which can
occur due to interaction with water and/or air during
fabrication of the Langmuir and LB films.24
The electronic absorption for a 31-layer LB film on a
quartz substrate is shown in Figure 6, together with the
spectra for [{RuCl3(dppb)}2(µ-4,4’-bipy)] complex in
solution and in a cast film. The latter was produced by
dropping a saturated chloroform solution of the complex
onto a quartz substrate, which was then dried under
vacuum before use. The spectra of the solution and cast
films are very similar, but differed considerably from that
of the LB film. While the main absorption band of
[{RuCl3(dppb)}2(µ-4,4’-bipy)] in solution has a maximum
at 532 nm, for the LB film a maximum in absorption
occurs at 637 nm. This shift is indeed consistent with the
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different colors exhibited by the samples, which is bluishgreen for the organized LB film and red for the cast film
and solution. Similar result was observed for
[RuCl3(dppb)L] (L= 4-methylpyridine),24 from which we
can infer that this colour change is caused by oxidation of
the bisphosphine group, thus corroborating the FTIR
characterization described above.

Figure 6. Electronic absorption spectra for [{RuCl3(dppb)}2(µ-4,4’-bipy)]
in CH2Cl2 1×10-3 mol L-1 solution (dashed line), for a 31-layer LB film
transferred from pure water subphase onto quartz (solid line), and for a
cast film (dotted line).

Electrochemical characterization of the LB films
Understanding the electrochemical properties of LB
films is essential for applications in sensors. The cyclic
voltammograms of a 31-layer LB film from
[{RuCl3(dppb)}2(µ-4,4’-bipy)] deposited onto ITO are
shown in Figure 7. For a sweeping rate of 30 mV s-1 an
anodic peak appears at Epa = 0.41 V, with a cathodic peak
at Epc of 0.27 V (less defined) vs. Ag/AgCl 0.5 mol L-1
KCl (pH 1.0), which are attributed to the RuIIIRuIII / RuIIRuII
redox process. The peak current (ipa and ipc) increased
linearly with the square root of the scan rate (v1/2) (R=
0.99927), as illustrated in the inset of Figure 7. Additionally,
the oxidation (reduction) peak potential shifted to more
positive (negative) values with the increase in scan rate.
These two observations indicate a quasi-reversible redox
process.47 The increase in peak to peak separation for higher
scan rates may be associated to redox processes occuring,
not only on superficial species, but also with molecules
inside the film. Therefore, ions from the solution must
migrate to the film to compensate for charge created.
However, the ion diffusion inside the film is slower than in
solution. Thus, at higher scan rates an extra over-potential
is necessary to reach the diffusional limit for the peak
current. The supporting electrolyte at pH 1.0 was used
because a previous study with electrolyte solutions at

Figure 7. (a) Cyclic voltammograms of [{RuCl3(dppb)}2(µ-4,4’-bipy)],
for potentials between -0.1 and 0.7 V, vs. Ag/AgCl, for a 31-layer LB film
transferred from pure water onto ITO; sweep rate 30 mV s-1; (b) Peak
current (Ipa) vs. v1/2 for the 31-layer LB film.

different pHs best responses (with higher peak current
values) were obtained below pH 3 (results not shown).
In addition to investigating LB films, we also studied
the electrochemical properties of cast and dip coated films.
The electrochemical behavior of the films from
[{RuCl3(dppb)}2(µ-4,4’-bipy)] is considerably different
from that of the complex in solution, as indicated in
Figures 5, 7 and 8. This occurs since with the reduction
of RuIII of the [{RuCl3(dppb)}2(µ-4,4’-bipy)] in solution
at -0.23 V, in the first cycle, new species are generated at
the electrode surface, according to Scheme 2 proposed in
this work. The differences in the voltammetric profiles of
the LB films and the complex solution may be attributed
to the immobilization of ruthenium on the solid surface,
which impairs the formation of mono- and binuclear
metallic species that occur in solution. Therefore, only
the redox process associated with the metallic center can
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green-bluish color, instead of the red color observed in
solution, which is attributed to oxidation of the phosphine
ligands. In spite of the similarity of the absorption spectra
of the solution and the cast film, the redox properties of
the latter resembled more those of the LB film. This was
ascribed to the immobilization of ruthenium on the solid
surface, which impairs the formation of binuclear and
polinuclear species occurring in solution. Nevertheless,
the LB films presented larger peak currents, probably due
to the organized nature provided by the Langmuir-Blodgett
technique.
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Figure 8. Cyclic voltammograms of [{RuCl3(dppb)}2(µ-4,4’-bipy)], for
potentials between -ð0.1 and 0.7 V, vs. Ag/AgCl, recorded for a 31-layer
LB film (solid line), cast film (dashed line), dip coated film (dotted line);
sweep rate 30 mV s-1.
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occur. Same results were observed for [RuCl3(dppb)L] (L=
4-methylpyridine).48
The effects of the organized structure of LB films are
manifested in the electrochemical properties. The cast and
dip coated films exhibited closer values of anodic and
cathodic potentials (cast film: at Epa = 0.38 V and Epc=
0.32 V; dip coated film: Epa = 0.39 V and Epc= 0.31 V), in
comparison to the LB film (Epa = 0.41 V and Epc= 0.27
V). The difference in redox processes should be attributed
to the phase separation and formation of aggregates onto
ITO, in contrast to the LB film.4 Peak currents for the LB
films were higher (Ipa = 10 μA and Ipc= -8 μA) than for
the cast (Ipa = 4 μA and Ipc= -4 μA) and dip coated films
(Ipa = 6 μA and Ipc= -5 μA). This increase is probably due
to the layer-by-layer, ordered structure of the LB film.
Moreover, the electroactivity of the LB films also points to
the possibility of employing [{RuCl3(dppb)}2(µ-4,4’-bipy)]
films in electrochemical devices.
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