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Development of platforms capable of guarantee a controlled NO release at a specific target 
is highly promising yet challenging. Herein, we present the synthesis and characterization of 
cis‑[Ru(bpy)2(1,4-dt)(NO)](PF6)3 (RuNO), where 1,4-dt = 1,4-dithiane and bpy = 2,2’-bipyridine, 
which was adsorbed on gold through the sulfur atom of 1,4-dt. This complex was thoroughly 
characterized by electrochemistry, nuclear magnetic resonance, and vibrational and electronic 
spectroscopies whose assignments were corroborated by theoretical data. The formation of the self-
assembled monolayer (SAM) of RuNO on gold was monitored by surface plasmon resonance giving 
a coverage density of 2.1 × 10–10 mol cm–2. Taking advantage of the NO lability upon reduction, 
electrochemical scanning microscopy (SECM) was used to both trigger the NO release from the 
SAM of RuNO on the gold substrate and detection at the SECM tip. Accordingly, upon reduction, 
the generated NO0 species was detected at the SECM TIP, where it was oxidized back to NO+.

Keywords: nitric oxide, ruthenium, nitrosyl complex, self-assembled monolayer, NO release, 
SECM

Introduction

The role of nitric oxide (NO) and its reactive 
intermediates as both deleterious and beneficial species in 
a variety of physiological processes has received increasing 
attention in the last decades.1-4 Because of the high 
concentration-dependent cytotoxic activity against cancer 
cells exhibited by NO, several studies5-7 have focused on the 
synthesis of compounds for controlled and local delivery 
aiming to improve the therapeutic response. Among them, 
ruthenium nitrosyl complexes capable of releasing NO 
in response to light and/or redox stimulus have caught 
the attention as promising candidates for NO-donors.7-10 
Ru–NO bonding in such complexes is dominated by 
strong π-back-bonding interaction making NO dissociation 
energetically unfavorable. Both the photolabilization and 
the electrochemical release of NO from ruthenium nitrosyl 

complexes occur through a redox mechanism in which 
NO+ is reduced to NO0 decreasing the π-back-bonding 
interaction and favoring the Ru–NO bond breaking.10 

In contrast to the NO release, its detection is still 
challenging due to the lack of specificity and sensitivity 
of the majority of the proposed NO sensors.11,12 Apart 
from the electrochemical methods, most techniques such 
as electron paramagnetic resonance (EPR), fluorescence, 
and ultraviolet and visible (UV-Vis) spectroscopies rely on 
measuring secondary species or NO-adducts.13 

Scanning electrochemical microscopy (SECM) has 
provided a reliable alternative because of the possibility 
of having the NO microsensors at known distances from 
the NO-releasing species and simultaneously triggering 
the NO release and detection.14 Therefore, the use of the 
SECM approach with electrodes chemically modified 
with ruthenium nitrosyl compounds may offer a powerful 
tool for controlled and local NO release. For that, self-
assembled monolayers (SAM), which are molecular thin 
films spontaneously formed on a solid surface, is a feasible 
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method to obtain molecular films on electrode surface.15,16 
Strong Au–S interactions allow thiols and other sulfur-
containing species to self-assemble on gold surfaces leading 
to SAMs suitable for a wide range of applications.17-23 
Among a few applications, it can be mentioned the use 
of SAMs, by our group, to assess heterogeneous electron 
transfer reactions of metalloproteins and the production 
of reactive oxygen species (ROS) on surface.18,20,23,24 The 
expertise gathered in this latter system motivated us to work 
on the heterogeneous production of NO from a ruthenium 
nitrosyl compound adsorbed on gold. In this work, 
therefore, we have combined a sulfur containing molecule, 
1,4-dithiane (1,4-dt), capable to produce SAM on gold19,23,25 
with a ruthenium nitrosyl complex aiming to produce a 
platform for controlled NO release under redox stimulus. 
At first, the full characterization of cis-[Ru(bpy)2(1,4-dt)
(NO)]PF6, where bpy = 2,2’-bipyridine, will be presented 
followed by the evidences of adsorption on gold and NO 
release as given by surface plasmon resonance (SPR) and 
SECM techniques, respectively.

Experimental

Chemicals and materials

All chemicals used were of reagent grade or comparable 
purity. RuCl3.3H2O, 2,2’-bipyridine (bpy), 1,4-dithiane 
(1,4-dt), sodium nitrite (NaNO2), sodium hydroxide 
(NaOH), trifluoroacetic acid (TFA) sodium azide 
(NaN3), tetra-n-butylammonium perchlorate (TBAP), and 
hydroxymethylferrocene (FcMeOH) were obtained from 
Sigma-Aldrich (St. Louis, USA) and used as received. The 
water (18.6 MΩ cm) used throughout was purified from 
a Milli-Q water system (Millipore Co., Bedford, USA).

Syntheses

[Ru(bpy)2Cl2], cis-[Ru(bpy)2(NO2)2], and cis-[Ru(bpy)2(NO)
(NO2)](PF6)2

T h e  p r e c u r s o r  c o m p l exe s  [ R u ( b py ) 2C l 2] , 

cis‑[Ru(bpy)2(NO2)2], and cis-[Ru(bpy)2(NO)(NO2)](PF6)2 
were prepared according to reported procedures.26,27

cis-[Ru(bpy)2(1,4-dt)(NO2)]PF6 (RuNO2)
The  cis-[Ru(bpy)2(1,4-dt)(NO2)]PF6 complex 

was synthesized following the procedure reported for 
similar compounds.26,28 In brief, equimolar quantities of 
cis‑[Ru(bpy)2(NO)(NO2)](PF6)2 (110 mg, 0.14 mmol) and 
NaN3 (10 mg) were dissolved in acetone and methanol, 
respectively, mixed and stirred for 15 min when 500 mg 
of 1,4-dt (30-fold excess) dissolved in 10 mL of acetone 

were added. After 12 h under stirring, the mixture was 
filtered and collected into a flask containing 100 mL of 
cold diethyl ether yielding an orange precipitate which 
was filtered off, washed with cold diethyl ether and dried 
under vacuum at room temperature. Yield: 81%. anal. calcd. 
(%) for C24H24N5O2S2PF6Ru: C: 39.78; H: 3.34; N: 9.66. 
found (%): C:39.92; H:3.19; N:10.01; 1H NMR (300 MHz, 
acetone) d 9.65 (d, 1H), 9.51 (d, 1H), 8.69 (d, 1H), 8.61 (d, 
1H), 8.50 (d, 1H), 8.46 (d, 1H), 8.39 (t, 1H), 8.32 (t, 1H), 
8.05 (t, 1H), 8.02 (t, 1H), 7.99 (t, 1H), 7.91 (t, 1H), 7.71 
(d, 1H), 7.65 (d, 1H), 7.37 (t, 1H), 7.35 (t, 1H); 13C NMR 
(126 MHz, acetone-d6) d 160.18, 159.44, 159.29, 158.84, 
154.70 (CH), 154.03 (CH), 153.75 (CH), 151.55 (CH), 
138.18 (CH), 137.98 (CH), 137.71 (CH), 137.10 (CH), 
128.05 (CH), 127.75 (CH), 127.69 (CH), 127.30 (CH), 
124.96 (CH), 124.81 (CH), 124.59 (CH), 124.09 (CH), 
32.51 (2CH2), 29.04 (2CH2); electrochemistry (0.1 mol L-1 
TBAP, acetonitrile) E1/2 (Ru3+/2+) = 1.26 V vs. Ag/AgCl;  
UV‑Vis (0.1 mol L-1 NaTFA, pH = 10) λmax / nm 412, 284, 241. 

cis-[Ru(bpy)2(1,4-dt)(NO)](PF6)3 (RuNO)
The novel cis-[Ru(bpy)2(1,4-dt)(NO)](PF6)3  complex 

was prepared following synthetic protocols reported for 
similar compounds.26,28 To a methanol solution (15 mL) 
containing 100 mg of RuNO2, 2.0 mL of a 70% aqueous 
TFA solution were added and the mixture was stirred for 
1 h under argon flux. The precipitation was forced by the 
addition of a saturated aqueous solution of NH4PF6 giving 
a yellow solid that was filtered, washed with cold ethyl 
ether, and dried under vacuum at room temperature. Yield: 
72%; anal. calcd. (%) for C24H24N5OS2P6F18Ru: 28.87; 
H: 2.42; N: 7.01; found (%): C: 28.68; H: 2.38; N: 7.81; 
1H NMR (300 MHz, DMSO) d 9.49 (d, 1H), 9.18 (d, 1H), 
9.12 (t, 2H), 9.00 (d, 1H), 8.92 (d, 1H), 8.84 (t, 2H), 8.53 
(t, 1H), 8.48 (t, 1H), 8.35 (t, 1H), 8.30 (t, 1H), 7.72 (d, 1H), 
7.70 (d, 1H), 7.59 (d, 1H), 7.42 (d, 1H); electrochemistry  
(0.1 mol L-1 aqueous TFA, pH = 2) E1/2 (RuNO+/0) = 0.21 V 
vs. Ag/AgCl. UV-Vis (0.1 mol L-1 aqueous TFA, pH = 2)  
λmax / nm 410, 324, 293, 223; IR ν ̃ / cm−1 1944 (NO).

Apparatus and methods

Electronic spectra in the ultraviolet and visible 
(UV‑Vis) regions were recorded using a Agilent Cary 5000 
spectrophotometer (Palo Alto, USA). The transmission 
infrared (FTIR) spectra of the solid compounds dispersed 
in KBr were obtained by using a PerkinElmer instrument 
model Spectrum 1000 (Waltham, USA). Nuclear magnetic 
resonance (1H and 13C NMR) spectra were recorded using 
a Bruker AVANCE DPX 300 spectrometer at 300 MHz 
(Billerica, USA). Electrochemical measurements were 
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carried out in a conventional three-electrode glass cell with 
gold or glassy carbon and platinum as working and auxiliary 
electrodes, respectively, using an EPSILON potentiostat 
(Bioanalytical Systems Inc., BASi. West Lafayette, USA) at 
25 ºC (± 0.2). The potentials were measured against a silver/
silver chloride electrode (Ag/AgCl/3.5 mol L−1 KCl, BASi,  
West Lafayette, USA). The supporting electrolyte was purged 
with nitrogen for 20 min prior to each experiment, and an 
inert atmosphere was maintained over the solutions during 
all electrochemical acquisitions. The non-aqueous cyclic 
voltammetry experiments were carried out in acetonitrile 
containing 0.1 mol L−1 of TBAP as supporting electrolyte 
and ferrocene (Fc+/0) as external reference. All potential data 
obtained in this medium were corrected based on the half-
wave potential (E1/2) value of 0.45 V vs. Ag/AgCl reported 
for Fc+/0 in acetonitrile.29 Surface plasmon resonance (SPR) 
measurements were acquired on a double channel Autolab 
ESPRIT instrument (Eco Chemie, The Netherlands) by using 
bare planar gold discs purchased from Eco Chemie. The 
SECM experiments were performed in a SECM equipment 
(CH900, CH Instruments, Austin, USA).

Determination of the equilibrium constant of nitrosyl-nitrite 
interconversion

The equilibrium constant (Keq) of the nitrosyl-nitrite 
interconversion process between the RuNO2 and RuNO 
complexes was spectrophotometrically determined at 
25.0  °C (± 0.1) in a 0.1 mol L–1 aqueous solution of 
TFA. The ionic strength was kept constant at 1.0 mol L–1 
through the addition of KCl and the pH was adjusted by 
adding NaOH. The working solutions were prepared with 
2 mmol L–1 of RuNO in solutions of different pH values 
and were spectrophotometrically monitored at 410 nm.

Electrode modification
Gold polycrystalline electrodes were mechanically 

polished with a 0.05 μm alumina slurry, sonicated during  
5 min, immersed in fresh “piranha” solution (3H2SO4:1H2O2) 
for 2 min, rinsed with water, and sonicated again. Following 
this cleaning procedure, the electrode was pretreated by 
continuous redox cycling from 0.4 to 1.6 V vs. Ag/AgCl 
at 0.1 V s–1 in a 0.5 mol L–1 solution of H2SO4 until the 
characteristic voltammogram for a bare polycrystalline 
gold surface was obtained.30 After the cleaning process, the 
gold electrode was then immersed in a 0.1 mol L−1 aqueous 
solution of TFA (pH 2.0) containing 2.0 mmol L–1 of RuNO 
for 1 h at 25 ºC, rinsed with water, dried under argon flux, 
and kept in the dark. 

Surface plasmons resonance (SPR)
SPR measurements were performed using bare planar 

gold discs purchased from Eco Chemie. For the monitoring 
of the RuNO adsorption by SPR sensorgrams, water was 
firstly injected into the cell until the signal stabilization was 
achieved. After that, a 0.1 mol L−1 aqueous solution of TFA 
(pH 2.0) containing RuNO (2.0 mmol L–1) was injected, 
and the signal was monitored until a steady state was 
reached which was followed by a washing step to remove 
loosely adsorbed molecules. All the SPR sensorgrams were 
acquired at 25 °C. The mass of the adsorbed species was 
calculated using the relation31,32 that a change of 122 mdeg 
(millidegrees) corresponds to 1.0 ng mm−2 at 25 °C. 

Scanning electrochemical microscopy (SECM)
The SECM measurements were performed in the 

substrate generation-tip collection (SG/TC) mode33 aiming 
to detect the NO0 species released after the electrochemical 
reduction of NO+ of the Au/RuNO electrode. For the 
SECM measurements, a gold substrate (gold electrode, 
geometric area, Ageom = 0.07 cm–2, BASi) modified with 
the RuNO complex and a platinum microelectrode (tip, 
radius = 12.5 µm) were used as working electrodes 
for the generation and detection of NO, respectively. 
Current and distance values measured by SECM were 
normalized to dimensionless values. The TIP current 
was normalized to IT, defined as the ratio between the 
observed current (iT) and stationary limit current obtained 
in bulk solution (iT,∞). The value of iT,∞ was determined 
from the voltammetric curve obtained for the Pt TIP in a 
0.10 mol L–1 solution of KF containing 1.0 × 10–3 mol L–1 
of the redox mediator hydroxymethylferrocene (FcMeOH)  
(Figure S1, Supplementary Information (SI) section). 
The tip traveled distance is presented as a dimensionless 
value, L, and is defined as L = d/a, where d is the travelled 
distance and a (in cm) is the electroactive radius of the 
tip which is calculated from iT,∞ = nFaDC, where n is 
the number of electrons, F (C mol-1) is the Faraday’s 
constant, D and C are the diffusion coefficient (cm2 s-1) 
and concentration (mol cm-3), respectively, of the redox 
mediator. The ratio of the radius between the insulating 
sheath (polyetherketone) and the conductive material 
(RG = 10) was determined from the negative feedback 
of the approach curve of the Pt tip over the insulating 
substrate. Figure S2 (SI section) shows the approach 
curve while Table S1 (SI section) resumes the used 
fitting parameters. For the acquisition of the SECM 
measurements in the SG/TC mode, the tip was initially 
positioned at ca. 3 μm above the gold substrate and moved 
in the z direction at a constant speed of 1.0 m s−1 in a 
0.10 mol L–1 solution of KF containing 1.0 × 10–3 mol L–1 
of FcMeOH. A positive overpotential of 0.15 V was 
applied to the Pt tip (ETIP = 0.5 V vs. Ag/AgCl) until the 
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current reached the steady state limit value (iT,∞) while the 
substrate was kept under open circuit potential (OCP). The 
experimental and fitting curves are shown in Figure S1 
wherein the simulated curves were obtained by using 
analytical expressions for flat disk microelectrodes.34 From 
the simulated curves, it was estimated the value of the  
tip/substrate distance as 1 μm. After positioning the tip, 
the electrolyte solution containing the mediator was 
replaced by a 0.10 mol L–1 solution of TFA (pH  2.0), 
the same condition as that used in the voltammetric 
experiments of the non-adsorbed RuNO compound. 
Then, chronoamperometry curves were obtained at the 
substrate modified with RuNO (− 0.2 V) whereas cyclic 
voltammograms (from − 0.30 to + 1.20 V) at 0.2 V s–1 
were performed at the tip.

Computational details
All calculations were carried out using density 

functional theory (DFT) with hybrid functional B3LYP35-37 
as implemented in the Gaussian 09 Software (Gaussian Inc, 
Wallingford, CT).38 LANL2DZ relativistic effective core 
potential basis set39 was used for Ru and 6-311++G(d,p) 
for the other atoms. The harmonic vibrational frequency 
analyses were performed for the optimized structures 
at the same theory level to confirm that all structures 
do not have imaginary frequency, i.e., corresponding to 
the local minima on the potential energy surface. The 
simulated vibrational spectra were plotted using a scaling 
factor of 0.9679 for the calculated harmonic vibrational 
wavenumbers.40 The UV-Vis absorption spectra in water 
were computed for the complexes using the Polarizable 
Continuum Model (PCM)41 and the integral equation 
formalism variant (IEFPCM) with Gaussian applying 
time-dependent density functional theory (TD-DFT). 
Herein, the 100 lowest electron excitations were 
computed. The multiwfn v3.8 software package42 was 
used to obtain the natural transition orbitals (NTOs) 
and the GaussSum program43 was used to convolute the 
resulting vibrational frequencies and vertical excitation 
energies into the infrared and UV-Vis absorption spectra, 
respectively.

Results and Discussion 

Synthesis and characterization

Previously, the starting complex cis-[Ru(bpy)2(NO2)2] 
was used to prepare cis-[Ru(bpy)2(NO2)NO]+ by converting 
one of the coordinated nitrite into nitrosyl (NO+) in acidic 
medium,25 as shown in Scheme 1. To a solution of the produced 
complex, the NaN3 nucleophile compound was added to 
selectively reduce the coordinated NO+ ion to NO0 that, in 
turn, is replaced by a solvent molecule. In the presence of 
an excess of 1,4-dithiane (1,4-dt), this molecule coordinates 
to ruthenium generating cis-[Ru(bpy)2(1,4-dt)(NO2)]  
(RuNO2) which, in acidic medium, is converted into the 
nitrosyl form, cis-[Ru(bpy)2(1,4-dt)(NO)](PF6)3 (RuNO). 
Electrochemistry and NMR, FTIR and electronic in the 
ultraviolet and visible regions (UV-Vis) spectroscopies 
were used to characterize the RuNO2 and RuNO complexes. 
To support the assignments of electronic and vibrational 
transitions, theoretical calculations based on DFT and 
TD‑DFT were performed. 

1H  NMR spectra of RuNO2 and RuNO, depicted in 
Figures  S3a and S4 (SI section), present well resolved 
characteristic peaks indicating the production of pure 
compounds. The peaks of the aromatic hydrogens of bpy 
ligands are found in the range from 7 to 10 ppm giving 
integrated signals consistent with 16 hydrogens. The 
presence of all signals for hydrogen of the N-heterocyclic ring 
suggests that all hydrogen atoms are non‑diamagnetically 
equivalent indicating a cis configuration for both 
complexes. The 1H NMR signals relative to the CH2 groups 
of RuNO2 and RuNO are likely overlapped by the solvent 
peaks. On the other hand, the 13C NMR signals of CH2 of 
the precursor RuNO complex are observed at 32.5 and 
29.1 ppm (Figure S3b) indicating the coordination of 1,4‑dt. 
Additionally, the distortionless enhancement of polarisation 
transfer (DEPT-135)  NMR spectrum (Figure  S3, inset) 
confirms the assignment of these signals to the CH2 
hydrogens of the 1,4-dt ligand.	

The 13C NMR spectrum of RuNO2, shown in Figure S3b, 
presents 22 signals corresponding to 24 carbon atoms thus 

Scheme 1. Brief illustration of the synthetic scheme to produce RuNO2 (1) and RuNO (2) from [Ru(bpy)2(NO2)2]. 
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confirming the proposed structure. Another important 
conclusion inferred from the 1H NMR spectra is that the 
integration of the signals is consistent with the structures 
suggested for RuNO2 and RuNO. 

Figure 1 shows the experimental IR spectra of RuNO2 
and RuNO and the calculated spectrum of RuNO. 

The DFT calculations were sufficiently accurate to assign 
all major vibrational modes of RuNO2 and RuNO giving 
good correlations between the experimental and calculated 
IR spectra, as can be ascertained from Figure 1 and Table 
S2 (SI section). The emergence of a strong band at 1944 
cm-1 in the experimental IR spectrum of RuNO, assigned 
to the stretching mode of the NO+ bond (v(NO+)), indicates 
the conversion of the nitrite moiety in RuNO2 to NO+ in 

RuNO.44 The frequency observed for the v(NO+) mode in the 
IR spectrum of RuNO is within the range very often reported 
for Ru nitrosyl complexes containing bipyridine ligand.28 In 
fact, the high frequency (1944 cm‑1) indicates that the nitrosyl 
group has a high character of nitrosonium ion (NO+).

The electrochemical behavior of RuNO and RuNO2 
was evaluated by cyclic voltammetry and the obtained 
voltammograms are shown in Figures 2 and S5. 

The cyclic voltammogram of RuII polypyridine nitrosyl 
complexes in aqueous medium usually presents one pair of 
redox waves associated to the NO+/NO0 process since that 
of RuIII/II occurs at potentials higher than 2.0 V vs. Ag/AgCl. 
Such high potential ascribed to the RuIII/II redox process in 
ruthenium nitrosyl compounds is assigned to the strong π 
acceptor character of NO+ that stabilizes the metal center 
in its reduced state, RuII.9,45

Indeed, for the RuNO complex, Figure 2a, one pair of 
redox waves assigned to the NO+/NO0 process is seen with a 
half-wave potential (E1/2) at 0.21 V vs. Ag/AgCl. By contrast, 
RuII complexes containing bipyridine and NO2 ligands 
can present several redox processes due to the conversion 
of NO2 to NO or NO3.28,46 For the RuNO2 complex, the 
voltammogram (Figure S5a, SI section) indeed shows more 
than one redox process with that assigned to RuIII/II being 
centered at 1.3 V vs. Ag/AgCl. According to the distribution 
of frontier molecular orbitals (FMO) obtained from DFT 
calculations for RuNO2, the lowest unoccupied (LUMO) and 
highest occupied (HOMO) molecular orbitals are primarily 
centered on the bipyridine and metal fragments, respectively. 
This result supports the assignment of the process centered 
at 1.3 V to the RuIII/II redox pair. In the case of RuNO, the 
LUMO is localized on the dπ(Ru)-π*(NO) interaction, 

Figure 1 .  (A)  Exper imental  IR spectra  (black l ines)  of 
(a)  cis‑[Ru(bpy)2(1,4-dt)(NO2)]PF6 and (b) cis-[Ru(bpy)2(1,4-dt)
(NO)](PF6)3 dispersed in KBr. (B) Calculated IR spectrum (red 
line) of cis‑[Ru(bpy)2(1,4‑dt)NO]+ ion in gas phase at DFT/B3LYP/ 
6‑311++G(d,p)/LanL2dz level of theory.

Figure 2. (a) Cyclic voltammogram of a glassy carbon electrode at 0.1 V s–¹ in a 0.1 mol L–1 aqueous solution of TFA (pH = 2) containing RuNO. 
(b) Experimental (solid line) and theoretical (dotted line) UV-Vis spectra of RuNO in water. Inset in (a) lowest unoccupied molecular orbital (LUMO) and 
highest occupied molecular orbital (HOMO) of RuNO.
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whereas the HOMO resides, mainly, on the 1,4-dt ligand. 
Such orbital distribution of RuNO implies an increase of 
antibonding electron density upon reduction thus favoring 
the NO dissociation.

In respect to molecular orbitals calculations, natural 
transition orbital (NTO) analysis offers a more compact 
representation of the transition electron density between 
the ground and excited states, with each transition being 
expressed as a single pair (hole/particle) of orbitals. In this 
work, we carried out TD-DFT to calculate the electronic 
properties of the complexes and NTO to investigate the nature 
of the optically active singlet excited states in the absorption 
bands of the UV-Vis spectra of the complexes. Figures 2 and 
S5 show the experimental and calculated electronic spectra 
recorded for RuNO2 and RuNO whereas the most prominent 
absorption maxima and calculated vertical transition energies 
are gathered in Table S3 (SI section). The spectra of the 
complexes are dominated by intense transitions within the 
UV region with absorption maxima (λmax) in the range from 
200 to 350 nm which, according to TD-DFT and NTO, are 
essentially associated to intraligand π-π* transitions of the 
bipyridines moieties and ligand-to-ligand charge transfer 
(LLCT) as shown in Table S3. At wavelengths higher than 
350 nm, the calculations suggest that the absorption at 
412 nm in the experimental spectrum of RuNO2 is assigned 
to the metal-to-ligand charge transfer (MLCT) transition, 
dπ(Ru) → π*(bpy). For the RuNO complex, the bands of low 
intensities at 328 and 408 nm are assigned to LLCT which 
are forbidden transitions from p(1,4-dt) to dπ(Ru)−π*(NO) 
and dσ(Ru)−σ*(1,4-dt) antibonding molecular orbitals, 
respectively.

Nitrosyl-nitrite interconversion equilibrium

The reversible conversion between nitrosyl and nitrite 
forms has been found for bipyridine nitrosyl complexes.47,48 
In the presence of OH–, the nitrosyl complex studied 
here is quickly converted to its nitrite form, according 
to equation  1. This process is reversible upon further 
acidification given that RuNO is prepared from RuNO2 via 
interconversion mediated by acid. 

[Ru(bpy)2(1,4-dt)(NO)]3+
(aq) + 2OH–

(aq)  ⇌  
[Ru(bpy)2(1,4-dt)(NO2)]+

(aq) + H2O(l)	 (1)

Because of the acid-base interconversion, the electronic 
absorption profile of RuNO showed to be pH dependent as 
seen in Figures 3 and S6.

Assuming that the RuNO and RuNO2 species are 
present in equal amounts at pH 2.95 (Figure 3), applying 
equation 2 gives 1.22 × 1022 as Keq.

	 (2)

The reversible interconversion between nitrosyl and 
nitrite forms, therefore, can be afforded by pH adjustment 
keeping/generating the RuNO and RuNO2 complexes.

Self-assembled monolayer (SAM) of RuNO on gold

1,4-Dithiane free and coordinated to ruthenium has 
been previously used to modify gold surface.19,23,25 The 
strong interaction between the sulfur atom of 1,4-dt and 
gold lead to the formation of stable SAMs. In this work, 
we have decided to study the redox activated NO release 
from RuNO upon adsorption on gold surface. The formation 
of the SAM of RuNO on gold was monitored by surface 
plasmons resonance (SPR) as shown in the sensorgram 
presented in Figure 4.

Figure 3. Intensity of the band at 410 nm as function of pH for the 
RuNO complex in a 0.1 mol L−1 aqueous solution of TFA (ionic strength 
(μ) = 1.0 mol L-1).

Figure 4. SPR angle response as a function of immersion time following 
injection of a 0.1 mol L−1 aqueous solution of TFA (pH 2.0) containing 
2.0 mmol L–1 of RuNO.
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For the acquisition of the sensorgram, the signal of the 
SPR angle was firstly stabilized with water followed by the 
injection of the acid solution of RuNO after 800 s. As can 
be seen in Figure 4, the SPR angle increases abruptly up to 
1000 s, then more gradually reaching a plateau at ca. 3500 s 
when the complex solution was drained, and water was 
injected again for washing and removal of weakly adsorbed 
species. After that, the SPR angle decreases leading to a 
SPR angle variation of 144 mθ implying an amount of 
adsorbed molecules (Γ) of 2.1 × 10–10 mol cm–2, assuming 
that 122 mθ corresponds to 1.0 ng mm–2 at 25 °C.31,32

NO release from RuNO SAM by SECM

For the detection of NO released by the RuNO complex 
adsorbed on gold, SECM in the substrate generation-tip 
collection (SG/TP) mode was used. As mentioned before, 
the mechanism of NO release from ruthenium nitrosyl 
complexes is initiated by the reduction of the coordinated 
NO+ ion to NO0. Accordingly, for the NO release from the 
adsorbed RuNO complex to occur, a potential more negative 
than that observed for the NO+/0 redox pair in solution 
(0.21 V vs. Ag/AgCl/Cl, see Figure 2) should be applied.  
With such goal in mind, a potential of –0.20 V vs. Ag/AgCl/Cl–  
was applied at the modified gold substrate of SECM 
to assure the reduction process of NO+ as depicted in 
Figures 5a and 5b. Knowing that no other redox species 
is present in the electrolyte medium, the sigmoid cyclic 
voltammogram observed at the TIP (Figure 5c) is assigned 
to the electrode reaction49 NO0 → NO+ + e− confirming the 
production of NO0 at the substrate modified with the RuNO 

complex. In addition, this electrode process is consistent 
with that reported for the oxidation of free NO.49

The final product obtained on the substrate after the NO 
release is suggested to be an aqua complex, according to the 
equation shown in Figure 5a. Given that the concentration 
of water is much higher than that of all other species 
in the medium, the aquation reaction is very likely to 
occur. A previous work44 involving similar complexes in 
homogeneous media have indicated, indeed, that the aqua 
complex is the final product upon NO release.

Conclusions

We presented in this work the synthesis and characteri
zation of the cis-[Ru(bpy)2(1,4-dt)(NO2)]PF6(RuNO2)   
and cis-[Ru(bpy)2(1,4-dt)(NO)](PF6)3 (RuNO) complexes. 
These complexes were characterized by electrochemistry, 
nuclear magnetic resonance, and vibrational and electronic 
spectroscopies. Computational studies based on DFT 
and NTO calculations supported the assignments of the 
electronic and vibrational transitions. Due to the strong 
affinity between sulfur and gold atoms, SAM of RuNO was 
formed on gold through the sulfur atom of the 1,4-dt moiety. 
This process was monitored by surface plasmon resonance 
giving a coverage density of 2.1 × 10–10 mol cm–2. Taking 
advantage of the NO lability upon reduction, SECM in the 
substrate generation-tip collection (SG/TC) mode was used 
to both trigger the NO release from the SAM of RuNO 
on the gold substrate (Eapl = –0.20 V) and detection at the 
SECM tip. Accordingly, the redox activated mechanism of 
NO release was started by reducing the NO+ of the RuNO 
SAM to NO0 that was dissociated from the complex and, 
as consequence, released to the solution and detected as 
a positive feedback current at the SECM tip where it was 
oxidized back to NO+. To the best of our knowledge, this is 
the first work reporting simultaneous release activation and 
detection of NO from a nitrosyl RuII complex in monolayer 
regime.
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