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CHEMISTRY

Pt, Pd and sintered Fe—(5-10)%Ni electrodes were coated by reductive electrodeposition of electrochemically generated trans-
[RuCl,(vpy), ]-based films (vpy =4-vinylpyridine). The complex trans-[ RuCl,(vpy),] was synthesized from a ruthenium blue
solution and characterized by various techniques including electronic spectroscopy (446 nm), FTIR, 'H and '*C NMR elemental
analysis and cyclic voltammetry (E,,= —103.5mV vs. Ag-Ag™). The results obtained confirmed the proposed structure of the
monomer. Electrochemical studies carried out on films generated by either a potentiostatic or a galvanostatic approach revealed
that the redox properties of poly-trans-[ RuCl,(vpy),] were similar to those of the monomer in solution. The morphology of the
films was investigated by scanning electron microscopy (SEM). Microprobe X-ray dispersive energy analysis (EDS) was also
performed on the polymer surface. The feasibility of film formation on Fe—5%Ni and Fe—10% Ni sintered electrodes has been

demonstrated.

The electrodeposition of polymeric films with redox centers is
a promising approach for corrosion protection and electrocata-
lysis, where low oxidation-state metals added to a polymeric
matrix act as sacrificial anodes. Moreover, when applied to a
porous substrate, the resulting material can act as a fixed bed
catalyzer. Several reports on oxidative electrodeposition of
films for corrosion protection of steel substrates can be found
in the literature.'”” Nevertheless, oxidative electrodeposition
shows a drawback when applied to active metals and alloys,
as anodic dissolution of the substrate occurs for potential
values similar to those required for the electropolymerization
reactions. In order to overcome such difficulties, our group
has synthesized and characterized a series of novel complexes
of general formula trans-[RuCl,L,], where L is a ligand
containing reductively electropolymerizing sites. In an electro-
reductive process, films are generated in the potential region
of cathodic protection of the substrates, which allows for
higher stability upon electropolymerization. The present work
shows the success of this approach as applied to the case L=
4-vinylpyridine (Fig. 1). The electropolymerization reactions
were carried out by either a potentiostatic or galvanostatic
approach on inert Pt and Pd electrodes, as well as on Fe—5%Ni
and Fe—10%Ni sintered substrates.

Experimental
Reagents

All reagents and solvents employed in this work were of an
analytical grade and purchased from a variety of commercial
sources. RuCl;-3H,O (Jonhson-Matthey) and 4-vinylpyridine
(Aldrich) were used without further purification. Description
of the experimental procedures can be found elsewhere.®*

Synthesis

The general steps followed for the synthesis of trans-
[RuCl,(vpy),] have been detailed in previous work, as applied
to similar complexes.”!® A ‘ruthenium blue’!! solution was
prepared from 260 mg (1.0 mmol) of RuCl;-3H,0 followed by
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the addition of 1.0 ml of 4-vinylpyridine (9.5 mmol) and hydro-
quinone (100 mg). The system was shielded from light in a
flow of argon for 40 min. The volume of the solution was
halved by rotatory evaporation. The product was extracted
from the reaction solution using chloroform. The organic phase
was repeatedly rinsed with distilled water in a separation
funnel to remove any residues that might have been present.
The final product was obtained by evaporation of CHCIl; and
was characterized as a reddish amorphous compound. A yield
of 43.70% was estimated based on the initial amount of
RuCl;-3H,0. This value was an average of five syntheses.
Results from CHN elemental analysis were in good agreement
with the expected theoretical composition. Anal. Calc. for
C,sH,sCLNRu (%): C, 56.75; H, 4.76; N, 9.45%. Found: C,
56.74; H, 4.92; N, 9.45%.

Spectroscopical and spectroelectrochemical analyses

IR spectra of KBr pellets were obtained on a Perkin-Elmer
FTIR model 1 GPC FTIR spectrophotometer and electronic
spectra were obtained using a Hewlett Packard model
HP8452A spectrophotometer in quartz cuvettes (path length =
1.0 cm). 'H and *C NMR data were gathered from a 200 MHz
Bruker model AC200F in CDCl;. Both the optically trans-
parent thin layer electrode (OTTLE) and cell have been
described in a recent paper.!?

Electrochemical measurements

Electrochemical measurements were carried out at 234+2°C
using a Princeton Applied Research (PARC) Model 273A
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Fig. 1 Proposed structure for the trans-[ RuCl,(vpy),] complex
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potentiostat/galvanostat, interfaced with a DOS compatible
computer through a National Instrument general purpose
interface board (GPIB). Both Pt and Pd discs purchased from
EG&G PARC were sealed in a Teflon insulator. The cell and
instrumentation setup have recently been thoroughly described
in the literature.® Films were generated on either a Pt or Pd
electrode, previously prepared according to the procedure
explained in related work.!® All electrochemical experiments
requiring an inert atmosphere were performed in a conven-
tional three-electrode cell filled with ultra-pure argon (White—
Martins). Galvanostatic deposition was carried out in a
specially designed cell.1

Sintering

Fe—-5%Ni and Fe-10%Ni electrodes were sintered from mix-
tures of elemental powders containing 95%Fe—5%Ni+0.8%
zinc stearate, and 90%Fe—10%Ni+0.8% zinc stearate (wt.%),
respectively. The powder mixtures were pressed in a double
action press and sintered at 1200°C for 2 h in an H, atmos-
phere. The final density of the sintered materials was 7.50 and
7.52 gcm ™3 for the Fe-5%Ni and Fe—-10%Ni alloys, respect-
ively. Subsequently, the electrodes were mechanically polished
with gradually finer sandpaper and finished in a 0.25 pm
alumina suspension. Further details on the sintering process
can be found elsewhere.!’

Results and Discussion
Synthesis of trans-[ RuCl,(vpy),]

Wilkinson and coworkers'® pointed out that the syntheses of
ruthenium complexes with pyridine-2-thiol and 2-vinylpyridine
acting as ligands were not successful. Attempted syntheses
resulted in a highly insoluble polymeric diamagnetic species
having approximate stoichiometry [ RuCl,L, ], and were found
to be hard to purify. Conversely, the synthetic approach used
in our laboratory has proven to be successful in synthesizing
a similar compound [RuCl,(vpy),], in relatively high yield.
The key role in the process is apparently played by addition
of small amounts of hydroquinone, which possibly acts as a
radical inhibitor, preventing both intra- and inter-molecular
polymerization of the ligand in the reaction medium. Another
complex, trans-[ RuCl,(pmp),][ pmp =3 (pyrrol-1-ylmethyl)-
pyridine], has been recently synthesized by our group, follow-
ing a similar approach.’

IR spectroscopy

The IR spectrum of [ RuCl,(vpy),] differs slightly from that of
free vpy,!” with small shifts towards either longer or shorter
wavenumbers, indicating that most of the vibrational modes
have been preserved after coordination of vpy to the metallic
center. Three bands have been identified for the complex at
925, 995 and 1630 cm ™~ *. The first two are sharp and intense,
whereas the intensity of the third is rather low. Such bands
are typical of substituent vinylic groups.'® A band of medium
intensity, typical of vinylic groups, was located at 1419 cm ™!
and arises from a symmetric angular deformation taking place
at the terminal methylene plane. The most prominent modifi-
cations observed consist of two bands at 640 and 426 cm ™!,
corresponding to the coordinated pyridinic ring. Very similar
bands in non-coordinated vpy were observed at 605 and
405 cm ™!, respectively. Similar shifts have been reported for
trans-[ RuCl,(py),] by Clark and Williams,'® as being rather
sensitive to the symmetry of the complex. Such shifts have also
been observed in other octahedral complexes.?®

'H and *C NMR of trans-[ RuCl,(vpy),]
Raichart and Taube®' have demonstrated the use of 'H NMR
in the determination of the geometry (cis or trans) of complexes
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Table 1 'H and '*C NMR spectroscopic data for trans-[ RuCl,(vpy), ]
in CDCl,

S(*H) assignment §(13C)  assignment
8.52  2HZ?, H-Ar, dd, J=2.0 and 7.6 Hz 160.2 C!
7.30  2H3, H-Ar, dd, J=1.5 and 7.6 Hz 136.5 C?
670 1HX, —CH=,dd,J=11and 18 Hz 116.0 s
5.71 1H®, =CH,, dd, J=2 and 11 Hz 1334 C*
5.69 1H”, =CH,, dd, J=2 and 18 Hz 156.6 C?
122.7 (o
119.5 C’

with general formula [RuX,L,]. The differentiation between
the two geometries is based on the analysis of the protons
nearest to the pyridinic N atom, as these species are quite
sensitive to both the metallic center and axial halogens.
Complexes having trans geometry show only one signal for
pyridine protons attached to C' and C°, whereas in cis
geometry such protons give two signals in a 1:1 ratio. A
similar argument can be applied to >*C NMR spectra. Some
discrepancy has been observed between the results obtained
from 'H and *C spectra for trans-[ RuCl,(vpy),] (Table 1).
While 'H analysis clearly indicated the trans geometry of the
complex, the corresponding 3C NMR spectrum were these
results obtained in different work showed that C! and C°, and
C? and C*, were inequivalent. Conversely, similar tests carried
out in our facilities revealed the presence of only two single
signals at & 157.8 and 123.3, corresponding to protons attached
to C'/C%, and C?/C*, respectively. Moreover, our synthesis
from ‘ruthenium blue’ solutions has been successfully employed
by several other groups® !¢ resulting in compounds with a
trans geometry. Therefore, the results presented herein clearly
suggest the existence of different environments resulting from
a possible inclined radial conformation of the pyridinic rings
around the metallic center.

Electronic spectroscopy

The electronic spectrum of trans-[ RuCl,(vpy),] obtained in
CH,Cl, revealed the presence of a strong MLCT band at
446 nm and a weak shoulder at 500 nm whereas we observed
a maximum absorption MLCT band at 398 nm in CHCI; for
trans-[ RuCl,(py), ], i-e. a red-shift of the bands of ca. 48 nm is
seen from changing from L = py to vpy. The electronic spectrum
of trans-[RuCl,(vpy),] matches closely with that for trans-
[RuCl,(pyca),] (pyca=4-pyridinecarboxylic acid), with a
MLCT band at A,,,=464 nm.'® Thus, the spectral shift
observed is most probably due to the presence of the substitu-
ent vinylic group at the 4 position of the pyridine ring.

Electrochemistry

The monomer in solution was studied in an attempt to
correlate the redox properties of the monomer both in the free
state and embedded in a polymeric matrix. Fig. 2 shows a
typical cyclic voltammogram obtained at a scan rate of
100 mV s~!. Data were obtained using a concentration of
S5mmoldm™3 of the monomer in a solution of
CH,;CN-CH,CI, (9:1, v/v) with 0.10 mol dm ~® HTBA (tetra-
butylammonium hexafluorophosphate). The redox process is
metal-centered with E,, at —61.19 mV attributed to the trans-
[RuCl,(vpy),1”* process, whereas the reverse wave observed
at E,. —145.8 mV corresponds to the trans-[ RuCl,(vpy),]1*"°
process. This leads to E;, of —103.5mV vs. Ag-Ag*, which
differs slightly from the value reported by Mukaida and
coworkers!! for trans-[ RuCl,(py),], as well as that found in
our earlier investigations. Similar values for E;, were also
obtained by us upon investigating other related complexes.”!°
It should be pointed out that whereas the shifts of A,,, in the
UV-VIS bands are highly dependent on the nature and
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Fig. 2 Cyclic voltammogram obtained for the redox process of trans-
[RuCL(vpy),] (5x107*mol dm™3) in CH,;CN-CH,(Cl,
(9:1)-0.1 mol dm 3 HTBA (solid line) and simulated by COOL
algorithm (dashed line)

position of the substituent groups of the ligand, such an effect
is not observed for E;, since the redox process is metal-
centered. A series of cyclic voltammograms obtained at various
scan rates showed the linearity of iy, vs. v'/* plots, which obey
the Randles-Sevick equation. AE, has a value of 84.61 mV
after accounting for a 50 Q iR drop. The full width at half
height (FWHH) from differential pulse voltammetry is 100 mV,
which is close to the theoretical value of 90 mV associated to
a single electron process. The iy, /i, ratio remains near unity
for the entire scan rate investigated. Consecutive scans around
the redox couple showed that the voltammetric profiles
remained constant over time confirming the stability of the
complex in solution. The experimental voltammograms showed
a good correlation with that analyzed with the COOL algor-
ithm?? for a quasireversible electrochemical mechanism. The
same behavior was found by Paula and Franco for trans-
[RuCl,(pmp),]°'* as well as for novel pyridinic complexes of
this family synthesized in our laboratory.'”

Spectroelectrochemistry

Spectroelectrochemistry was carried out following the pro-
cedure described in a previous paper,'? and was performed in
the potential range between —0.30 and 0.30 V vs. Ag-AgNO;.
The characteristics of trans-[ RuCl,(vpy),] were similar to
those of related complexes synthesized in our laboratories.”"'°
The main band located at 446 nm disappeared upon oxidation
of Ru", as shown in Fig. 3. Simultaneously, a new band arose
at 310 nm, corresponding to the formation of Ru™. The
presence of an isosbestic point at 370 nm suggested the absence
of any intermediate species between trans-[ RuCl,(vpy),]1° and
trans-[RuCl,(vpy),1*. At applied potentials lower than E, ,
spectra corresponding to the reduced species were readily
obtained. The system followed the Nernst equation with E, , =
—0.10V vs. Ag-Ag® obtained from a plot of E,, uvs.
log([O]/[R]). The slope of the curve was approximately 59 mV,
corresponding to a single electron redox process, which con-
firmed the value for the FWHH obtained by differential pulse
voltammetry of 100 mV. The fact that the MLCT located at
446 nm faded and the development of a new band at 310 nm
occurred during oxidation could also be observed by oxidative
titration using aliquots of Br, in CH,Cl,. The resulting species
in this case is likely also to be trans-[RuCly(vpy),]*. The
spectrum of the reduced species was readily re-established
upon reduction with Zn amalgam in H,SO,.

Film growth by electropolymerization

It has been suggested that the polymerization of vinylpyridine
can be anionically initiated.?® Successive additions of mon-
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Fig. 3 Electronic spectrum of trans-[ RuCl,(vpy),] oxidation in an
OTTLE (ITO) obtained in the potential range from —0.30 to 0.30 V
vs. Ag-Ag™ in CH;CN-CH,Cl, (9:1v/v)-0.10 mol dm ~* HTBA

omers occur upon the generation of a carbanion which results
in an anion with high molecular weight. At this point, it is
essential that an aprotic polar solvent stabilizes the intermedi-
ate carbanion. Protic solvents are not recommended since any
reaction that destroys the carbanion might also interrupt the
electropolymerization. Thus a key aspect in successful electro-
polymerization lies in the choice of an appropriate solvent.
Here, the binary CH;CN-CH,Cl, (4:1) system has been used
in an attempt to satisfy the conditions of having both an
aprotic solvent and one that will dissolve the monomer. Redox
poly-trans-[ RuCl,(vpy),] films were prepared using a variety
of techniques and conditions. This work describes the results
corresponding only to potentiostatic and galvanostatic elec-
trodeposition. Results from cyclic voltammetric deposition,
including data on the influence of the potential range, number
of cycles, scan rate, as well as monomer concentration will be
published at a later date.?*

Potentiostatic growth

Films were potentiostatically grown on Pt, Pd, C glass and
Au substrates in addition to sintered Fe—5%Ni and Fe—-10%Ni
substrates. The amount of material electrodeposited at a
specific applied potential can be adjusted controlling either the
deposition time or the material consumption on electroreduc-
tion. Following the electrodeposition, the electrodes were cle-
aned in an ultrasound acetone bath and transferred to a plain
solvent/electrolyte cell (butan-2-one—0.1 mol dm~3 HTBA).
The films were then electrochemically characterized by cyclic
voltammetry. Fig. 4 shows the voltammetric profile of a film
grown at an applied potential of —2.2 V under the conditions
depicted in Fig. 3. The charge consumed was 50 mC. A poten-
tial scan carried out in the range —0.5 to 0.2 V indicated that
the film was electroactive with E, ™™= —150.0 mV, which
corresponds to a shift of 50 mV towards cathodic values as
compared to the monomer in solution. This suggests that the
metallic center is not significantly affected by the electropoly-
merization. Previous studies?*2° describing the preparation of
redox films involving iron and ruthenium complexes containing
ligands involving vinylic groups are in accord with these
findings. The value of E,,, remained constant within a wide
range of scan rates (20-7000 mV s~ 1), whereas AE, increased
linearly with scan rate, with AE,=30mV for a scan rate
of 20mVs™!, but exceeding 204.0mV for scan rates
>200 mV s~ . Such values of AE, cannot be attributed solely
to ohmic dropping effects, which are generally considerable
and must be taken into account at high scan rates. However,
in this case they should be rationalized in terms of the kinetics
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Fig. 4 Cyclic voltammogram of a potentiostatically film grown on a
Pd electrode at —22V. Consumption: 50mC. butan-2-
one-0.1 moldm ™3 HTBA. (@) 20mVs~ ! (H) 50mVs™!, (A)
100mVs™t, (#)250mVs?t.

of electron transfer. Another possibility is that the peak separa-
tion is more likely to be due to slow ion transport in the film.
In this sense, results from electrochemical impedance spec-
troscopy currently underway will clarify matters.

Differential pulse voltammetry suggested a value of FWHH
of around 200 mV. The value of surface coverage I” for the
film, obtained from the integration of voltammetric waves was
ca. 2.50 x 10”8 mol cm ~2, which corresponds to approximately
300 monolayers, according to the model proposed in the
literature,?® which considers a value of 8.3 x 107! mol cm ™2
for a monolayer. Consecutive scans around E; , for the metallic
center showed that the electroactivity of the film remained
unaffected even after > 500 cycles. Several Pt and Pd electrodes
were used to assess the redox properties in a solvent—electrolyte
system containing ferrocene. The typical wave of the ferrocene—
ferrocenium couple was essentially blocked. This confirmed
the results from electronic microscopy analysis which suggested
that the surface was uniformly coated. Upon polishing the
electrode to remove the film, the voltammetric profile of the
ferrocene wave is readily observed.

Galvanostatic growth

In addition to potentiostatic growth, films were also galvanos-
tatically grown on a variety of electrodes including conven-
tional electrodes, Pt and Pd sheets, and sintered Fe—5%Ni
and Fe—10%Ni cylindrical electrodes. No growth was observed
for current densities lower than 0.5 mA cm ™2, even for pro-
longed exposure periods (90 min). Current densities
>5.0mA cm~? resulted in films with undesirable properties.
The best results were achieved carrying out the electrodepos-
ition in the range of 1.0-5.0mA cm™ 2. Fig. 5 depicts the
voltammetric profiles obtained at various scan rates corre-
sponding to a film galvanostatically grown on a Pd electrode
at a current density of 4.3 mA cm ™2, during 10 min. Plots
obtained at low scan rates featured a sinusoidal profile with
AE,=20mV. Increasing the scan rate slightly deformed this
profile. The value of E,;, obtained (—120 mV) was similar to
that obtained for potentiostatically grown films. In general,
the redox properties of films grown either potentiostatically or
galvanostatically were similar, suggesting that the character-
istics of the films have a more pronounced dependence on
parameters such as type of solvent, concentration of electroac-
tive species, potential, time, and current density, rather than
nature of the electrode or deposition method. Fig. 6 shows a
plot of log(i,,) vs. log(scan rate). The slope of the plot was
calculated by linear fitting resulting in a value close to unity.
Diffusion controlled processes usually feature slopes around
0.5. The coating rate was 1.7 x 10~ mol cm ™2 corresponding
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Fig. 5 Cyclic voltammogram of a galvanostatically film grown on a
Pd electrode during 10 min. Current density: 4.3 mA cm~2. Butan-2-
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Fig. 6 Plot of log(i,,) vs. log(scan rate) corresponding to the film
depicted in Fig. 5; (— — —) theoretical, (H) experimental

to 21 monolayers. A series of films was grown increasing the
current density but keeping the time constant. The results
showed that the slope of the curves decreased from 1 to about
0.5 with increasing coating rate, and consequently, with increas-
ing current density. Such findings can be indicative of a thin
multi-layer process taking place.

Electrodeposition on sintered electrodes

Films were electrodeposited on sintered Fe—5%Ni and
Fe—-10%Ni electrodes following an equivalent procedure as
that used for inert electrodes. The properties of the resulting
films were similar to those observed on inert electrodes. The
microstructural analysis revealed that the morphology of the
film was not significantly affected by the nature of the substrate
(Fig. 7B and C). Electrochemical corrosion tests are presently
underway to evaluate the efficiency of those films. The results
of such tests will soon be published.
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Fig.7 (A) SEM image of Pt foil potentiostaticaly coated with poly-
trans-[ RuCl,(vpy),]. (B) SEM image of poly-trans-[ RuCl,(vpy),] film
galvanostatically grown on a Fe-5%Ni electrode. Deposition time:
30 min. Current density: 2.3 mA cm 2. (C) SEM image of poly-trans-
[RuCl,(vpy)4] film potentiostatically grown on a Fe—10%N!i electrode.
Deposition time: 30 min. SEM parameters: acceleration voltage
20.0 kV, spot magnification 2000 x .

Morphology

The film morphology appeared to be intimately related to
layer thickness. Regardless of the nature of the substrate, thin
films (I'<5x 10 °molcm™2) resulted in uniform coating
characterized by a reddish metallic glitter (Fig. 7A). On the
other hand, thicker films were usually red, opaque and brittle.
Fig. 7B and C illustrate the microstructure of galvanostatically
and potentiostatically grown films on Fe-5%Ni and
Fe—10%Ni, revealing no significant difference in the appear-

E/keV
Fig. 8 EDS profile of the film depicted in Fig. 7(A)

ance of the films. Although the micrographs show superficial
cracking, EDS analyses carried out in the underlayer cracked
region suggested uniform coating, indicating that cracking
took place after a long deposition period. Thin films grown
on Pt, Pd, and sintered electrodes showed uniform coating
over the entire electrode surface. In addition, this films were
also characterized by strong adherence. Fig. 8 shows the results
of a EDS analysis carried out for the film depicted in Fig. 7A.
A strong line could be seen at 2.7 keV corresponding to the
presence of ruthenium, as was anticipated.

Conclusions

The results showed herein demonstrate that the trans-
[RuCl,(vpy),] monomer can be electrodeposited on the surface
of inert as well as Fe (5-10%)Ni electrodes using both poten-
tial-controlled or current-controlled techniques. The redox
properties of the resulting films were affected by the electro-
chemical parameters involved in the deposition process.
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