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Complexos do tipo trans-[Ru(L)(NH
3
)

4
(L’)](PF

6
)

n
, onde L = 4-cianopiridina (CNpy), NCS-, 

CN-, e L’ = CNpy, 1,4-ditiano (1,4-dt), 4-mercaptopiridina (pyS) e tionicotinamida (tna), foram 
sintetizados e caracterizados. SAMs sobre ouro formadas com os complexos que contêm ligantes 
sulfurados foram estudadas por desorção redutiva e espectroscopia SERS. Dependendo da natureza 
do ligante L’, a capacidade retiradora do ligante CNpy mostrou ser forte o suficiente para oxidar 
parcialmente o átomo de rutênio e, em consequência, deslocalizar densidade eletrônica s do ligante 
localizado em posição trans. Os resultados de desorção redutiva mostraram que a estabilidade das 
SAMs formadas está diretamente relacionada a este efeito.

Trans-[Ru(L)(NH
3
)

4
(L’)](PF

6
)

n
 type complexes, where L = 4-cyanopyridine (CNpy), NCS-, 

CN-, and L’ = CNpy, 1,4-dithiane (1,4-dt), 4-mercaptopyridine (pyS) and thionicotinamide (tna), 
were synthesized and characterized. SAMs on gold of the complexes containing sulfur were studied 
by reductive desorption and SERS spectroscopy. Depending on the nature of L’, the withdrawing 
capability of the CNpy ligand is strong enough to partially oxidize the ruthenium atom and, as 
a consequence, delocalize the s electronic density from the trans located ligand. The reductive 
desorption results showed that the stability of the SAMs is directly related to this effect.

Keywords: ligand effects, sulfur-containing ligands, 4-cyanopyridine, self-assembled 
monolayers, SERS

Introduction

The quest for molecules that contain both a head group 
and a functional terminal group positioned at a known 
distance from each other and that spontaneously adsorb 
on metallic surfaces has grown during the past decades, 
especially due to a high degree of surface functionality.1-3 

Self-assembled monolayers (SAMs) formed on gold with 
thiol head group containing molecules, for instance, have 
been exploited as electrodes in several areas such as the 
active control of interfacial properties,4,5 electrochemical 
sensors,6 biosensors7,8 and molecular electronics.4,9,10 One 
of the biggest challenges in the study of electrochemical 
interfaces, however, has been the awareness of the 
electronic, structural aspects, and specific chemistry of the 
head group, also known as “alligator clip”, and its effect 
on the characteristics and stability of SAMs. Thiolate is 
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believed to form a structural contact through a Lewis acid-
base interaction with the gold surface, which can be only 
s or s and p depending on the surface active site.2,11 The 
fundamental nature of chemical bonds, therefore, has been 
the subject of great interest so far. Specifically concerning 
transition metal atoms, the field of inorganic chemistry 
gained a new focus upon Taube’s approach to the p-back-
bonding interaction.12 SERS (Surface Enhanced Raman 
Scattering) spectroscopy has been used to study this kind of 
interaction in SAMs formed on gold with [M(CN)

5
L]3– and 

[M(NH
3
)

4
LL`]2+ type complexes, where L = N-heterocyclic 

and sulfur containing molecules, and M = Fe, Ru.7,13-15

Aiming to contribute to the understanding of the 
interaction between the gold surface and sulfur containing 
molecules, SERS spectroscopy and electrochemical 
reductive desorption were used to study SAMs formed with 
tetraammine ruthenate complexes on gold polycrystalline 
surface. Electronic studies in homogeneous medium were 
performed in order not only to characterize the isolated 
complexes, but also to explain the electrochemical reductive 
desorption data obtained for the sulfur containing SAMs.

Results and Discussion

Characterization of the complexes

The infrared (IR) and Raman vibrational spectra of the 
isolated complexes were evaluated based on the spectra of 
similar complexes and of the uncoordinated Lewis bases. 
For the 4-mercaptopyridine (pyS) containing compounds, 
[Ru(CNpy)(NH

3
)

4
(pyS)](PF

6
)

2
 and [Ru(CN)(NH

3
)

4
(pyS)]

(PF
6
), the band observed at 1102 cm–1, known as X-sensitive 

band due to a coupling of the n(CS) stretching mode with 
the 12a

1
 ring breathing mode of the pyS species,16-19 does not 

present frequency shift upon coordination to the ruthenium 
center. This observation indicates that the coordination does 
not occur via the sulfur atom. 

The bands assigned to the n(CS) modes19-21 are observed 
from 250 to 750 cm–1 for [Ru(CNpy)(NH

3
)

4
(1,4-dt)](PF

6
)

2
, 

where 1,4-dt = 1,4-dithiane. From 800 to 2500 cm–1, the 
vibrational spectra of this complex are dominated by the 
CNpy vibrational modes.22-25 The detailed assignment of the 
vibrational modes for the [Ru(CNpy)(NH

3
)

4
(pyS)](PF

6
)

2
 

and [Ru(CNpy)(NH
3
)

4
(1,4-dt)](PF

6
)

2
 complexes can be 

found in a previous report.14 
The bands observed at 2087 and 2055 cm–1 in the 

vibrational spectra of [Ru(CN)(NH
3
)

4
(pyS)](PF

6
) and 

[Ru(CNpy)(NH
3
)

4
(CN)](PF

6
), respectively, are assigned26 

to the n(C≡N) stretching mode of the CN- ligand. The 
observation of the n(C≡N) mode at different frequencies 
reflects the competition between the ligands that are located 
on the z axis for the p electronic density. Based on the 
frequency values, one can conclude that the CNpy ligand 
has a lower p withdrawing capability than the pyS ligand, 
i.e., the CNpy ligand allows a stronger p-back-bonding 
interaction toward the CN- species.

For the [Ru(CNpy)(NH
3
)

4
(tna)](PF

6
)

2
 complex, relevant 

bands concerning the tna (thionicotinamide) ligand 
are observed at 862, 1030, 1290 and 1597 cm–1, which 
are assigned,18,23-25,27 respectively, to the n(CS), n(CN), 
n(C=S), and d(NH

2
) coupled with n(C=N) and d(CH) 

vibrational modes. These are typical bands assigned to 
the R–C(NH

2
)=S group of tna.27 Table 1 presents the most 

relevant bands for the thiocyanate containing complexes. 
In accordance with the resonance structures proposed by 

Jones30 for the thiocyanate ion, N-bonding favors a structure 
that results in a decrease in CN bond order and vibrational 
frequency. An opposite behavior should be expected for the 
CS bonding and vibrational frequency. Normally, however, 
the CN stretching mode, n(CN), can exhibit more than 
one component due to distortions from regular octahedral 
symmetry which destroy the degeneracy of the band.31 In 
addition, there are N-bonded examples in which this mode 
is observed over 2090 cm-1, thus making a risk to consider 
this band alone as a criterion of bonding.28 An effect 
of electronic density delocalization upon coordination 
must be involved in the n(CN) frequencies. In fact, this 
mode is observed as only one component at 2095  cm-1 

Table 1. Frequencies (cm–1) of the n(CN) and n(CS) vibrational modes of the NCS- ligand

Complexc n(CN) n(CS)

Raman IR Raman IR

[Ru(CNpy)(NH
3
)

4
(NCS)](PF

6
) 2037(w) 

2131(w)
2055(s) 
2116(s)

854(m) 778(s)

[Ru(NCS)(NH
3
)

4
(NCS)] 2100(m) 

2107(w)
2063(m) 
2002(sh)

827(s) 797(m)

a(Bu
4
N)

3
[Ru(NCS)

6
] 2095(s) 812(m)

bNCS– 2053 746

aReference 27. bReference 28. cThe donor atom is underlined. s: strong; m: medium; w: weak; sh: shoulder.



Pinheiro et al. 1285Vol. 21, No. 7, 2010

for (Bu
4
N)

3
[Ru(NCS)

6
] (Table 1), despite the expected 

decrease in the vibrational frequency in comparison to 
free thiocyanate. For the [Ru(CNpy)(NH

3
)

4
(NCS)](PF

6
) 

and [Ru(NCS)(NH
3
)

4
(NCS)] complexes, a comparative 

analysis shows that the replacement of one NCS- species 
by the CNpy ligand has a considerable effect on the 
n(CN) frequency. The analysis of the CS stretching mode, 
n(CS), on the other hand, does not seem to be so complex. 
Upon coordination, this mode presents a shift toward 
higher frequencies being consistent with an N-bonding 
assignment.32 

For all the cyanopyridine (CNpy) containing complexes, 
the n(C≡N) mode of the CNpy moiety presents a shift from 
2239 cm–1 (for free CNpy) to ca. 2000 cm–1 upon coordination 
(Table 2), indicating that the bonding occurs through the 
nitrile group.33 The values of the n(C≡N) shift, Dn(C≡N), 
presented in Table 2 illustrate the p-back-bonding interaction 
capability of the [Ru(NH

3
)

4
L’]n+ moiety towards the CNpy 

ligand. In comparison to L’ = NH
3
 (Dn(C≡N) = – 64 cm–1),34 

the observed lower values when L’ = pyS, tna, CN– and CNpy 
indicate the competition between these ligands for the p 
electronic density of the ruthenium. For the 1,4-dt ligand, 
the higher Dn(C≡N) (– 41 cm–1) is related to a relatively 
low E

1/2
 value in comparison to the N-heterocyclic ligands. 

This is an intriguing observation since the E
1/2

 values of the 
RuIII/II process for [Ru(CN)

5
L]3– and [Ru(NH

3
)

5
L]2+ type 

complexes are usually at least 150 mV more positive when 
L is a dithioether ligand.35 For [Ru(CNpy)(NH

3
)

4
(1,4‑dt)]2+, 

however, the presented result suggests that there is almost no 
competition between the two axial ligands, CNpy and 1,4-dt. 
Electronic properties of the isolated [Ru(CNpy)(NH

3
)

4
L’]n+ 

type complexes are shown in Table 2 along with some data 
available for similar compounds.

Besides the metal-to-ligand charge transfer (MLCT) 
transition pp*(CNpy) ← dp(RuII), whose assignment was 
based on the electronic spectra of [Ru(CNpy)(NH

3
)

4
(H

2
O)]2+ 

and [Ru(CNpy)(NH
3
)

4
(CNpy)]2+ (see Figure S1 in 

Supplementary Information), all the isolated complexes 
present an additional MLCT absorption at a higher energy. 

This absorption is assigned to a MLCT transition involving 
the second ligand as acceptor.36 In the first column of 
Table 2, going from 1,4-dt to CN–, an increase in the energy 
of the MLCT transition (pp*(CNpy) ← dp(RuII) is observed, 
suggesting an increase in the p acid strength of the L’ ligand. 
These results also indicate that, when the p withdrawing 
capability of the L’ ligand is significantly different from 
that of the CNpy moiety (L’ = 1,4-dt, NCS- and CN-), 
the oxidation of the metal is facilitated, as can be seen 
from the E

1/2
 values (Table 2). On the other hand, when 

the L’ ligands present similar p withdrawing capabilities 
(L’ = tna and pyS) compared to CNpy, the electronic density 
appears to be strongly delocalized toward the axial ligands 
thus stabilizing the reduced state of the metal center. 
Therefore, in a qualitative sense, one can conclude that the 
LUMO orbitals of the 1,4-dt, NCS- and CN- ligands have 
considerably different energies when compared to those of 
the CNpy ligand. Particularly for L’ = CN–, this conclusion 
is reinforced by the lowest shift of the n(C≡N) mode of 
the CNpy ligand (Dn(C≡N) = -32 cm-1). The correlation 
between the n(C≡N) shift and the p acid strength is based 
on the fact that the p-back-bonding interaction populates 
antibonding orbitals of the nitrile fragment of the CNpy 
moiety. Accordingly, when the p withdrawing capability 
of the L’ ligand is greater than that of CNpy, the bond order 
of the C≡N group in CNpy increases, thus increasing the 
frequency of this vibrational mode.

The fact that the electronic spectral data generally 
indicate less back-bonding than do the potential data 
is assigned to the s interaction in RuII complexes, 
which is detectable by electrochemical but not spectral 
measurements.37 By keeping this consideration in mind, 
it is reasonable to conclude that there is an enhancement 
of the s contribution when L’ = 1,4-dt, NCS- and CN-, 
although the p-acceptor character of these ligands should 
not be ruled out.38-40

The p stabilization potential, Ep, can be estimated by 
means of electrochemistry if the average potential for the 
RuIII/II redox couple given by the aquopentaammine (0.07 V) 

Table 2. Absorption properties of the pp*(CNpy) ← dp(RuII) MLCT transition; E
1/2

 values for RuIII/II redox process (V vs. NHE); p-back-bonding potential 
(Ep, V vs. NHE) and frequency values (cm-1) for the n(C≡N) mode of CNpy in [Ru(CNpy)(NH

3
)

4
L’]n+ type complexes

L’ l
(max)

 / nm (e / L mol–1 cm–1) aE
1/2

Ep Dn(C≡N) Reference

1,4-dt 557 (1.60×104) 0.67 0.61 –41 14

tna 550 (1.87×104) 1.03 0.97 –35 This work

bNCS– 548 (2.50×103) 0.65 0.59 –36 This work

pyS 542 (1.23×104) 1.00 0.94 –35 14

CNpy 512 (1.96×103) 1.10 1.04 –36 This work

CN– 446 (1.05×103) 0.79 0.73 –32 This work

aCyclic voltammetry in acetonitrile containing 0.1 mol L-1 tbap. bN-bonded. cThe donor atom is underlined.
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and the hexaammine (0.05 V)41 is used as a measure of 
the level of zeroth-order (no p-back-bonding interaction), 
Ep = E

1/2
 – 0.06V. The calculated Ep values displayed in 

Table 2 are consistent with previously reported data37 
in which the p-back-bonding interaction is greater for 
orbitals that are close in energy. For the used ligands and 
considering the molecular orbital parameters reported 
for RuII complexes,41 there is a greater energy similarity 
between the t

2g
 orbitals of the ruthenium and the p* orbitals 

of the N-heterocyclic ligands tna, pyS and CNpy. Among 
these, the most positive E

1/2
 value observed when L’ = CNpy 

is consistent with the assertion that nitrile complexes as a 
group display more positive formal potential values than 
the pyridines.42 

Characterization of SAMs

The immersion of gold polycrystalline surfaces 
for 30 min in a 2.0 mmol L–1 aqueous solutions of 
[Ru(CNpy)(NH

3
)

4
(pyS)]2+, [Ru(CNPy)(NH

3
)

4
(1,4-dt)]2+, 

[Ru(CNpy)(NH
3
)

4
(tna)]2+ and [Ru(CNpy)(NH

3
)

4
(NCS)]+ 

results in SAMs which were characterized by reductive 
desorption and SERS (surface-enhanced Raman scattering) 
spectroscopy.

Reductive desorption measurements

Based on the well established method of reductive 
desorption of thiolates from gold surface in alkaline 
medium,43-47 which takes into account the RSAu + e– → 
RS– + Au reaction, the surface coverage, G, of the adsorbed 
complexes was calculated according to equation 1:

G = s
rd
/nF 	 (1)

where s
rd
 is the reductive charge density, n is the number 

of electrons involved in the electrode reaction, F is the 
Faraday constant. The application of a linear sweep voltage 
in 0.5 mol L–1 KOH solution produces a single wave whose 
reductive desorption potential, E

rd
, reflects the strength of 

the Au–S bonding. In addition, the E
rd
 values have been 

used to indicate which kind of interaction, if only s or s 
and p, is involved in the Au–S bonding.16,43,48-52 Values of 
E

rd
, s

rd
 and G are displayed in Table 3.

Typical values of s
rd
 for the desorption of alkanethiolates 

from gold are observed around 75  mC  cm–2.46 The s
rd
 

values observed for the complexes range from 2.5 
to 9.3  mC cm–2. These lower values are assigned to 
the higher volume of the complexes as well as to the 
repulsion between the adjacent charged molecules. 
Concerning the E

rd
 parameter, for the SAMs formed with 

[M(CN)
5
(pyS)]3- type complexes where M = Fe, Ru,50 a 

shift toward negative values is observed in comparison to 
the SAM formed with the free pyS,50-52 as a consequence 
of the p-back-bonding effect that increases the electronic 
density on the pyS moiety improving the chemisorption 
process. For the isolated CNpy tetraammine ruthenate 
complexes, however, a meaningful shift of the E

rd
 value 

is not observed for the tna and pyS containing complexes 
in relation to the SAMs formed with the non-coordinated 
species. This result reflects the competition with the CNpy 
ligand, which reduces the electronic delocalization toward 
the adsorption sites, thus decreasing the strength of the 
Au–S bonding. Another factor that might be considered is 
the electrostatic effect associated to the electronic density 
introduced by the complex on the surface, which would 
cause a positive shift in the reductive peak potential. 
However, as observed for the SAM formed with the 
[Ru(CN)

5
(pyS)]3- complex on gold,7,51,52 the back-bonding 

interaction toward the adsorption moiety improving the 
Au–S chemisorption process seems to prevail over the 
electrostatic effect. In fact, the withdrawing capability 

Table 3. Values of E
rd
, s

rd
, Ga, and suggested types of interaction for SAMs formed with sulfur-containing complexes on gold. Data on pyS, 1,4-dt and tna 

are also presented for comparison

Species E
rd
, V vs. Ag|AgCl|Cl– G×1011/ 

(mol cm–2)
s

rd
/

( mC cm–2)
Au–S 

Interaction
Reference

pyS –0.55* 64.0 61.4 s 15,47,49,50

1,4-dt –0.87 (±0.026) 21.6 20.8 s and p 48, this work

tna –0.88 82.3 84.6 s and p 52

[Ru(CNpy)(NH
3
)

4
(pyS)]2+ –0.52 4.5 4.30 s 14

[Ru(CNPy)(NH
3
)

4
(1,4-dt)]2+ –0.64 9.6 9.28 s and p 14

[Ru(CNpy)(NH
3
)

4
(tna)]2+ –0.94 (± 0.030) 2.8 2.7 s and p This work

[Ru(CNpy)(NH
3
)

4
(NCS)]+ –0.68 (± 0.025) 2.6 2.5 s This work

*This value is an average, calculated from reported data. aReductive desorption parameters (E
rd
, s

rd
, G) were determined from LSV curves acquired in 

0.5 mol L-1 KOH solution at 50 mV s-1. Gold substrates were modified after 30 min of immersion in 2.0 mmol L-1 aqueous solution of the complexes.
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of the CNpy moiety is strongly evidenced in the SAM 
formed with [Ru(CNPy)(NH

3
)

4
(1,4-dt)]2+. For this SAM, 

a positive shift is observed in relation to the SAM formed 
with free 1,4-dt (from -0.87V to -0.64V). As previously 
discussed, the electronic delocalization toward the CNpy 
ligand affects the s electronic density on the 1,4-dt 
ligand, thus reducing the strength of the Au–S bonding 
and, therefore, making the desorption of the [Ru(CNPy)
(NH

3
)

4
(1,4-dt)]2+ complex from the gold surface easier in 

relation to the SAM formed with free 1,4-dt.

SERS results 

SERS spectra were obtained for the SAMs formed 
with the sulfur containing complexes, [Ru(CNpy)
(NH

3
)

4
(pyS)]2+, [Ru(CNpy)(NH

3
)

4
(1,4-dt)]2+, [Ru(CNpy)

(NH
3
)

4
(tna)]2+ and [Ru(CNpy)(NH

3
)

4
(NCS)]+, after 30 min 

of immersion in a 2.0 mmol L-1 aqueous solution of the 
respective compounds. 

Previous publications7,13,16,17 have shown that the 
chemisorption of pyS containing complexes on gold occurs 
through the sulfur atom with a vertical orientation in relation 
to the normal. In fact, for [Ru(CNpy)(NH

3
)

4
(pyS)]2+, the 

shift of the X-sensitive band from 1102 cm-1 in the normal 
Raman spectrum to 1096 cm-1 in the SERS spectra, as well 
as a relative intensity decrease of the pyS out-of-plane 
modes from 300 to 800 cm-1, reinforce this assignment. 
The bands at 1016, 1196, 1278 and 1591 cm–1, assigned to 

the ring breathing, CH bending (1196 and 1278 cm–1), and 
C=C and C=N pyridine ring stretching, n(CC+CN), modes, 
respectively,18,19,23-25 showed to be strongly affected by the 
applied potential. As the potential is scanned in the positive 
direction, there is an enhancement of the bands at 1096 and 
1591 cm–1 at the expense of that at 1016 cm–1. This effect 
is assigned to the lower back-bonding from the surface and 
the ruthenium atom to the pyS moiety, which increases 
the double character of the C=S bond and decreases the 
aromaticity of the pyridine ring, thus localizing the C=C 
and C=N bonds. Similar behavior is observed for the SAMs 
formed with [M(CN)

5
(pyS)]3- type complexes (M = Fe, 

Ru) on gold.13 Contrary to what is currently reported for 
complexes in which the pyS ligand is the adsorption site, a 
gauche orientation has been observed on the surface for 1,4-
dt containing molecules.14,49 The ex situ (without applied 
potential) SERS spectrum of [Ru(CNpy)(NH

3
)

4
(1,4-dt)]2+ 

adsorbed on gold presents a relative intensity enhancement 
of the vibrational modes of the 1,4-dt ligand in comparison 
to those assigned to the CNpy moiety. According to the 
surface selection rules,54,55 this observation suggests that 
the former ligand is the adsorption site of the complex.14 A 
detailed discussion on the normal Raman and ex situ SERS 
spectra was already published in a previous paper.14 In the 
in situ (with applied potential) SERS spectra illustrated 
in Figure 1 (a), the intensity of the vibrational modes of 
these ligands depends on the applied potential. At positive 
potentials there is a relative intensity enhancement of the 

Figure 1. Normal Raman spectrum (bottom line) of [Ru(CNpy)(NH
3
)

4
(tna)](PF

6
)

2
 in the solid state and SERS spectra of the gold surfaces modified with 

(a) [Ru(CNpy)(NH
3
)

4
(1,4-dt)]2+ and (b) [Ru(CNpy)(NH

3
)

4
(tna)]2+. In situ SERS spectra were obtained in 0.1 mol L-1 KCl at different applied potentials. 

l
0
 = 632.8 nm.
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n(CS) modes of the 1,4-dt ligand, whereas at negative 
potentials those modes assigned to the CNpy moiety 
(from 1000 to 1610 cm–1) are intensified. This observation 
suggests a dependence of the adsorbate conformation on 
the applied potential. In fact, for pure 1,4-dt adsorbed on 
gold, SERS spectra acquired with different focuses of 
the laser beam on the modified electrode show alternate 
enhancement of the 650 and 720 cm–1 bands assigned to 
the n(CS) trans and gauche signals respectively.49 For the 
[Ru(CNpy)(NH

3
)

4
(1,4-dt)]2+ complex on the surface, the 

n(CS) trans and gauche signals are observed at 610 and 
730 cm–1 respectively. In addition, the spectra obtained 
at +0.2 and +0.4V present a band at 490 cm-1 which is 
assigned56 to the n(RuN) (NH

3
) mode. This observation 

indicates that the NH
3
 fragments are closer to the surface at 

positive applied potentials, as suggested by the inserts. Also 
in these spectra, the signal at 610 cm-1 is barely observed 
whereas that at 730 cm-1 is relatively intensified. Therefore, 
by accounting for the fact that the NH

3
 groups are on the 

equatorial plane, this result reinforces the suggestion of a 
conformation dependence on the applied potential.

In order to assign the adsorption site of the [Ru(CNpy)
(NH

3
)

4
(tna)]2+ complex, some points must be outlined in 

the ex situ SERS spectrum in comparison to the normal 
Raman spectrum, illustrated in Figure 1 (b). The region 
from 400 to 1000 cm-1, where the n(CS) vibrational modes 
are observed, is the most affected by the adsorption on gold. 
Although presenting no meaningful frequency shifts in the 
ex situ SERS spectrum, a relative intensity enhancement is 
observed for the bands at 1597 and 1027 cm-1, assigned,27 
respectively, to the d(NH

2
) and n(C=S) modes of the 

R–C(NH
2
)=S group. It is suggested, therefore, that the 

adsorption occurs through the sulfur atom of the tna 
moiety. The proximity of the NH

2
 fragment, however, is 

affected by the applied potential as it can be seen in the 
in situ SERS spectra presented in Figure 1 (b) and the 
inserts. In addition, when the potential is scanned in the 
positive direction, a relative intensity enhancement of the 
band at 1027 cm-1 is observed in relation to the bands at 
1196 and 1597 cm-1. This observation is consistent with a 
bonding localization on the tna moiety as a consequence 
of the decreasing p-back-bonding interaction since the 
ruthenium atom is being oxidized. In addition, at positive 
potentials, the n(RuN) (NH

3
) mode (490 cm-1) is relatively 

intensified. Similar behavior is observed in the in situ 
SERS spectra of the [Ru(CNpy)(NH

3
)

4
(1,4-dt)]2+ SAM 

(Figure 1(a)). Accordingly, this result indicates a greater 
proximity of the NH

3
 fragments, as suggested by the 

diagrammatic representations of the complexes at the  
different applied potentials. Correlating the results obtained 
for the [Ru(CNpy)(NH

3
)

4
(1,4-dt)]2+ and [Ru(CNpy)

(NH
3
)

4
(tna)]2+ SAMs with those obtained and/or reported 

for SAMs that contain the pyS moiety as adsorption site, one 
can conclude that the rigidity of the pyS species does not 
allow the dependence of the adsorbate conformation on the 
applied potential as the less or non-conjugated molecules 
(tna and 1,4‑dt) do. This observation must present a direct 
relation with the electroactivity of these SAMs. Concerning 
the assessment of the heterogeneous electron transfer 
(hET) reaction of cytochrome c (cyt c) metalloprotein, for 
instance, the response obtained when the SAM formed 
with [Ru(CNpy)(NH

3
)

4
(1,4-dt)]2+ is used is not as good 

as that observed for [Ru(CNpy)(NH
3
)

4
(pyS)]2+,14 which is 

trans to the surface. This electroactivity dependence on the 
conformation of the complexes on surface is corroborated 
by the result obtained for the [Ru(CNpy)(NH

3
)

4
(tna)]2+ 

SAM toward the assessment of the cyt c hET reaction. 
The SAMs formed with both [Ru(CNpy)(NH

3
)

4
(tna)]2+ 

and [Ru(CNpy)(NH
3
)

4
(1,4-dt)]2+, which present gauche 

conformation on surface, show very similar responses. In 
addition, the suggestion of a gauche conformation justifies 
the more negative E

rd
 value observed for the [Ru(CNpy)

(NH
3
)

4
(tna)]2+ SAM (Table 2), as this conformation allows 

a reasonable approach for the p interaction to occur, thus 
implying a stronger interaction with the gold surface.

By taking into consideration the surface selection 
rules54,55 and the known affinity of sulfur for gold surfaces,2 
a relative intensity enhancement is expected for the 
vibrational modes of the adsorption site that contains a 
sulfur atom. However, the sulfur containing moiety of 
the [Ru(CNpy)(NH

3
)

4
(NCS)]+ complex presents bands of 

very low intensity compared to the CNpy ligand, making 
the analysis of the spectra difficult; this can be seen in 
Figure 2(a). For the sake of clarity, the SERS spectra of 
[Ru(NCS)(NH

3
)

4
(NCS)] adsorbed on gold (Figure  2(b)) 

are also presented, since there are no additional high 
intensity bands from aromatic species. The region from 
400 to 1000 cm-1 was magnified because of the low 
signal to noise ratio. The SERS spectra of the [Ru(CNpy)
(NH

3
)

4
(NCS)]+ complex adsorbed on gold are dominated 

by the cyanopyridine vibrations from 900 to 2000 cm-1. 
The frequency of these modes, however, does not change 
in comparison with the normal Raman spectrum of the 
complex in the solid state (bottom line in Figure 2(a)). 
On the contrary, the bands observed in the normal Raman 
spectrum at 2040 and 854 cm-1, assigned to the n(C=N) 
and n(C=S) vibrations of the NCS- moiety, respectively, 
shift to ca. 2120 and 765 cm-1 in the SERS spectra. 
This result suggests that the [Ru(CNpy)(NH

3
)

4
(NCS)]+ 

complex is adsorbed on gold via the sulfur atom of the 
NCS- fragment. This suggestion is reinforced by the 
observation that these vibrational modes present a similar 
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behavior in the [Ru(NCS)(NH
3
)

4
(NCS)] complex, i.e., there 

is a shift from 2007 and 823 cm-1 in the normal Raman to 
ca. 2120 and 760 cm-1 in the SERS spectra (Figure 2(b)). 
Similar behavior is observed for the [Ru(dcbpyH

2
)

2
(NCS)

2
] 

and [Ru(NH
3
)

5
(NCS)]+ complexes adsorbed on metallic 

surfaces, where dcbpy = dicarboxybipyridine.57,58 The 
frequency shift can be explained on the assumption that, 
after adsorption, the double character of the CS bond 
decreases at the same time that the triple bond character 
of the CN bond increases. Theoretical studies on the 
adsorption of NCS- ion on silver59 reinforce this assignment 
and support the canonical forms suggested in Scheme 1.

The canonical form (b) is unlikely, since the higher 
softness of sulfur compared to nitrogen makes the 
localization of a positive charge on sulfur difficult. This 
means that the form (a) might prevail.

The in situ SERS spectra reinforce the assignment of 
the NCS- moiety as the adsorption site of the [Ru(CNpy)
(NH

3
)

4
(NCS)]+ complex on gold. For both the [Ru(CNpy)

(NH
3
)

4
(NCS)]+ and [Ru(NCS)(NH

3
)

4
(NCS)] complexes, 

a frequency decrease of the n(C=N) mode is observed at 
negative applied potentials. Similar behavior is observed 
for the [Ru(NH

3
)

5
(NCS)]+ complex upon adsorption on 

silver surface.58 Therefore, this result can be considered an 

irrefutable indication of adsorption through the sulfur atom 
of the NCS- moiety. For the [Ru(CNpy)(NH

3
)

4
(NCS)]+ 

complex, the frequency shift dependence of the n(C=N) 
mode on the applied potential is assigned to the electronic 
delocalization toward the CNpy ligand as the p-back-
bonding interaction is increased. At negative potentials, 
this interaction is intensified, thus decreasing the electronic 
density on the thiocyanate CN bond. As a consequence, the 
frequency of this vibrational mode is reduced. 

Experimental

Apparatus

Elemental analyses were carried out at the Institute 
of Chemistry, São Paulo University, Brazil. Electronic 
spectra in the ultraviolet and visible regions were 
acquired with a Hitachi model U-2000 spectrophotometer. 
Chromatographic analyses were performed with a 
Shimadzu liquid chromatograph equipped with an 
LC‑10AD pump and an SPD-M10A UV-Vis photodiode-
array detector with a CBM-10AD interface. An ODS 
column from Supelco (250 mm × 4.6 mm, 5 µm particles, 
C-18) was used for an isocratic elution with 10:90 
acetonitrile:water containing 0.1% CF

3
COOH (pH 3.7). 

The chromatograms were taken at a constant flow rate 
of 1.0 mL min-1. Samples were dissolved in the mobile 
phase and volumes of 5 µL were injected. The transmission 
infrared spectra of the compounds dispersed in KBr were 
obtained with a Perkin-Elmer Spectrum 1000 instrument. 
SERS and normal Raman spectra were acquired with 
a Renishaw Raman 3000 system equipped with a CCD 
(charge-coupled device) detector and an Olympus (BTH2) 
microscope with a 50× objective to focus the laser beam 
on the sample in a backscattering configuration. The 
632.8 nm line from a He-Ne (Spectra-Physics) laser was 
used as exciting radiation, l

0
. Electrochemical experiments 

were performed on a Bioanalytical Systems 100W 
electrochemical analyzer (BAS, West Lafayette, IN) at 
25 ± 0.2 °C, employing a three-electrode glass cell with 
two platinum disks (0.126 cm2 of geometrical area) as 
working and auxiliary electrodes. A 0.5 mol L-1 aqueous 
solution (pH 3.4) of CF

3
COONa was used as electrolyte 

for the characterization of the sulfate complexes. The 
non-aqueous experiments were carried out in acetonitrile 
containing 0.1 mol L–1 tetra-n-butylammonium perchlorate 

Figure 2. Normal Raman (bottom lines) and SERS spectra in 0.1 mol L-1 
KCl of the gold electrode modified with (a) [Ru(CNpy)(NH

3
)

4
(NCS)]+ and 

(b) [Ru(NCS)(NH
3
)

4
(NCS)] at different applied potentials. l

0
 = 632.8 nm.

R RuII N

     (a)                                                                                (b)

C S Au R RuII N C S Au
+ - + -

Scheme 1. Resonance structures suggested for the NCS- moiety upon adsorption on gold surface.
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(tbap) as supporting electrolyte and ferrocene as internal 
reference. These measurements were referenced to an 
Ag|AgCl electrode, which was prepared by immersion of 
an Ag foil in a saturated KCl solution for 1h and then placed 
in a glass tube containing the same electrolyte to avoid 
junction potential contributions. All electrochemical data, 
unless otherwise specified, are cited against the Normal 
Hydrogen Electrode (NHE). To adjust the potentials to the 
NHE, the ferrocenium/ferrocene couple was assumed to 
lie at 0.665 vs. NHE in acetonitrile.60 Gold surfaces were 
mechanically polished with alumina paste of different 
grades to a mirror finish, rinsed and sonicated (10 min) 
in Milli-Q water. They were then immersed in a freshly 
prepared “piranha solution” (3:1 concentrated H

2
SO

4 
/ 30% 

H
2
O

2
; CAUTION: Piranha solution is a highly oxidant 

mixture that reacts violently with organic compounds), 
rinsed exhaustively with water, and sonicated again. The 
cleanness was evaluated by comparison of the i-E curve 
obtained in a 0.5 mol L-1 H

2
SO

4
 solution with the well-

established curve for a clean gold surface.61 After this 
procedure, the surface was modified by immersing the 
gold electrodes in a 2.0 mmol L–1 aqueous solution of the 
complexes for 30 min. Reductive desorption potential (E

rd
) 

and reductive desorption charge density (s
rd
) parameters 

were determined from linear sweep voltage (LSV) 
experiments acquired in 0.5 mol L–1 KOH aqueous solution 
within a potential range from 0.0 to -1.2 V vs. Ag|AgCl|Cl- 
(3.5 mol L-1 KCl, BAS). These measurements were repeated 
at least three times to assure that only one redox process was 
observed, since multiple waves are reported for surfaces 
where different adsorption sites are presented.47

Chemicals

The water used throughout the experiments was 
purified from a Milli-Q water system (Millipore Co.). 
Organic solvents (Merck and Aldrich) of spectroscopic 
grade were used as received. 1,4-dithiane (1,4-dt), 
4-mercaptopyridine (pyS), 4-cyanopyridine (CNpy), 
sodium thiocyanate, thionicotinamide (tna), KCl, KCN, 
CF

3
COONa and KH

2
PO

4 
were purchased from Aldrich 

and used as received. Tetra-n-butylammonium perchlorate 
(tbap), also from Aldrich, was recrystallized three times 
from ethyl acetate and dried under vacuum for 72 h. 
Acetonitrile (chromatographic grade, Aldrich) was dried 
over 4 Å molecular sieves for 72 h prior to use. The high-
purity H

2
SO

4
, from Merck, was used as received. All other 

chemicals were of at least reagent grade quality and were 
used as received.

The starting complexes [Ru(NH
3
)

5
Cl]Cl, trans-

[Ru(SO
2
)(NH

3
)

4
Cl]Cl and trans-[Ru(CNpy)(NH

3
)

4
(SO

4
)]

Cl were synthesized according to the literature.62,63 
trans-[Ru(L)(NH

3
)

4
(L’)](PF

6
)

n
 type complexes were 

synthesized according to literature procedures for 
similar compounds.64-66 For all synthesized compounds, 
the obtained chromatograms presented only one peak 
indicating a high purity level. Their electrochemical 
characterization was carried out by cyclic voltammetry 
in aqueous and non-aqueous medium. All compounds 
presented well-defined waves assigned to the RuIII/II redox 
process with characteristics of high reversibility. In such 
case, the half-wave potential (E

1/2
) values, calculated as 

the average between the anodic (E
a
) and cathodic (E

c
) 

potentials, E
1/2

 = (E
a
+ E

c
)/2, can be approximated as the 

thermodynamic formal potential.

[Ru(CNpy)(NH
3
)

4
(tna)](PF

6
)

2
•2H

2
O: Found: C, 19.50; 

H, 3.49; N, 15.15; S, 4.27%. Calc. for C
12

H
27

F
12

N
8
O

2
P

2
RuS: 

C, 19.54; H, 3.55; N, 15.19; S, 4.35%. Yield: 46%. UV-Vis 
(CH

3
CN) l

max
 in nm (e in L mol–1 cm–1): 250 (9.40×103), 

543 (3.40×103). E
1/2

 (CH
3
CN) = 1.03 V vs. NHE. 

[Ru(CNpy)(NH
3
)

4
(CNpy)](PF

6
)

2
•2H

2
O: Found: C, 

20.44; H, 3.39; N, 15.88%. Calc. for C
12

H
24

F
12

N
8
O

2
P

2
Ru: C, 

20.49; H, 3.44; N, 15.92%. Yield: 65%. UV-Vis (CH
3
CN) 

l
max

 in nm (e in L mol–1 cm–1): 213 (2.88×103), 248 
(1.98×103), 262 (1.43×103), 512 (1.97×103). E

1/2
 (CH

3
CN) 

= 1.10 V vs. NHE. 

[Ru(CNpy)(NH
3
)

4
(CN)](PF

6
)•H

2
O: Found: C, 18.41; H, 

3.60; N, 21.15%. Calc. for C
7
H

18
F

6
N

7
OPRu: C, 18.19; H, 

3.92; N, 21.21%. Yield: 45%. UV-Vis (CH
3
CN) l

max
 in nm 

(e in L mol–1 cm–1): 214 (6.31×102), 237 (5.48×102), 368 
(2.39×102), 446(1.05x103). E

1/2
 (CH

3
CN) = 0.79 V vs. NHE. 

[Ru(CNpy)(NH
3
)

4
(NCS)](PF

6
)•H

2
O: Found: C, 16.97; 

H, 3.61; N, 19.78, S, 6.38%. Calc. for C
7
H

18
F

6
N

7
OPRuS: 

C, 17.01; H, 3.67; N, 19.83, S, 6.49%. Yield: 42%. UV-Vis 
(CH

3
CN) l

max
 in nm (e in L mol–1 cm–1): 215 (3.04×103), 261 

(9.69×102), 439 (5.79×102), 548 (2.50×103). E
1/2

 (CH
3
CN) 

= 0.65 V vs. NHE. 

[Ru(NCS)
2
(NH

3
)

4
]•H

2
O: Found: C, 7.88; H, 4.58; N, 

27.62; S, 20.81%. Calc. for C
2
H

14
N

6
ORuS

2
: C, 7.92; H, 

4.65; N, 27.70; S, 21.14%. Yield: 69%. UV-Vis (CH
3
CN) 

l
max

 in nm (e in L mol–1 cm–1): 223 (4.67×102), 279 
(1.02×103), 520 (3.21×102). E

1/2
 (CH

3
CN) = 0.03 V vs. 

NHE. 

[Ru(CN)(NH
3
)

4
(pyS)](PF

6
) •2H

2
O: Found: C, 14.71; H, 

4.28; N, 17.18; S, 6.47%. Calc. for C
6
H

21
F

6
N

6
O

2
PRuS: C, 

14.79; H, 4.34; N, 17.24; S, 6.58 %. Yield: 41%. UV-Vis 
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(CH
3
CN) l

max
 in nm (e in L mol–1 cm–1): 231 (2.44×103), 

249 (2.50×103), 294 (9.78×102), 333 (9.02×102), 498 
(7.18×102). E

1/2
 (CH

3
CN) = 0.87 V vs. NHE. 

[Ru(NCS)(NH
3
)

4
(SO

4
)]•2H

2
O: Found: C, 3.29; H, 4.18; 

N, 19.45; S, 17.49%. Calc. for CH
16

N
5
O

6
RuS

2
: C, 3.34; H, 

4.49; N, 19.49; S, 17.85%. Yield: 80%. UV-Vis (H
2
O) l

max
 

in nm (e in L mol–1 cm–1): 225 (4.85×103), 328 (4.66×103). 
E

1/2
 (H

2
O) = -0.14 V vs. NHE. 

[Ru(pyS)(NH
3
)

4
(SO

4
)]Cl •3H

2
O: Found: C, 12.82; H, 

4.63; N, 14.95; S, 13.48%. Calc. for C
5
H

23
ClN

5
O

7
RuS

2
: C, 

12.89; H, 4.98; N, 15.03; S, 13.76%. Yield: 83%. UV-Vis 
(H

2
O) l

max
 in nm (e in L mol–1 cm–1): 253 (2.71×103), 285 

(3.08×103), 323 (3.70×103), 454 (2.47×103). E
1/2

 (H
2
O) = 

0.27 V vs. NHE.

Conclusions

For the isolated trans-[Ru(CNpy)(NH
3
)

4
(L’)](PF

6
)

n
 

type complexes, results hint that, when the p withdrawing 
capability of the L’ ligand is significantly different from 
that of the CNpy moiety, the competition for the electronic 
density on the z axis is decreased, thus making easier the 
oxidation of the metal center. On the other hand, when 
the L’ and CNpy ligands present similar p withdrawing 
capability, the electronic density is shared through the z 
axis, increasing the effective nuclear charge of the metal 
center. This electronic delocalization affects the stability of 
the monolayers formed with the complexes. Comparatively 
to the SAM formed with free 1,4-dt, for instance, the 
reductive desorption potential observed for the [Ru(CNpy)
(NH

3
)

4
(1,4-dt)]2+ SAM presents a positive shift, which 

means that it is more easily desorbed from the gold surface.

Supplementary Information

Supplementary data (Figures S1 and S2) are available 
free of charge at http://jbcs.sbq.org.br, as a PDF file.
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The energies of the CNpy(pp*) ← (dp)RuII MLCT 
transitions of the isolated compounds were determined 
on the basis of the observation of an additional MLCT 
transition at higher energy, which was assigned to an 
MLCT transition involving the second ligand as acceptor 
(Inorg. Chem. 1983, 22, 224).  In addition, the electronic 
spectra of the [(CNpy)Ru(NH

3
)

4
(H

2
O)]2+ and [(CNpy)

Ru(NH
3
)

4
(CNpy)]2+ complexes, which are presented in 

Figure S1, were also used to determine the energy of the 
CNpy(pp*) ← (dp)RuII MLCT transitions.

Figure S2. LSV curve at 50 mV s-1 of the gold electrode modified with 
[Ru(CNpy)(NH

3
)

4
(tna)]2+ in 0.5 mol L-1 KOH solution. The gold electrode 

was modified after 30 min of immersion in 2.0 mmol L-1 aqueous solution 
of the complex.

Figure S1. Electronic spectra of [(CNpy)Ru(NH
3
)

4
(H

2
O)]2+ (5.2×10-5 

mol L-1) and [(CNpy)Ru(NH
3
)

4
(CNpy)]2+ (5.8×10-6 mol L-1) in water.

Linear sweep voltage (LSV) at 50 mV s-1 of the gold 
electrode modified with [Ru(CNpy)(NH

3
)

4
(tna)]2+ in 0.5 mol 

L-1 KOH solution is presented in Figure S2. Similar curves 
were obtained for the monolayers formed onto gold with 
the complexes that contain sulfur. The desorption curve 
obtained for the non-coordinated tna can be found in a 
previous publication (Electroanalysis 2009, 21, 1081). The 
surface coverage, G, was determined upon the integration of 
the area under the reductive peak which gives the reductive 
charge, Q

rd
, and using the Equation G = s

rd
/nF, where s

rd
 

is the density of the reductive charge (s
rd
 = Q

rd
/A), n is the 

number of electrons of the electrode reaction, F is the Faraday 
constant, and A is the electroactive area of the gold electrode.


