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Abstract
The properties of the trinuclear cluster [Ru3OAc6(pic)2(NO)]PF6 (pic = 4-methyl pyridine, Ac = acetate ion) and the photochemical behavior of the corresponding molecular ﬁlms are reported in this paper. In this compound, the unpaired p* electron from NO
and the unpaired electron from the p-orbitals of the Ru3O unity are strongly coupled; as a consequence, the changes in electronic
distribution associated with the several successive redox states promote dramatic eﬀects in the spectroscopic and electrochemical
properties of the nitric oxide ligand and the entire complex. NO release has been observed by light irradiation (/ = 0.038 at 365
nm and / = 0.019 at 468 nm, in acetonitrile solution), changing the original violet color into deep blue. The same behavior has been
observed in solid state and in PVA ﬁlms incorporating this compound, revealing its potential usefulness as NO photoreleaser, as well
as for the monitoration of light exposure intensities.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction
In recent years, a great number of reports dealing
with NO activity in biological systems have been published [1–8] and ruthenium complexes have been studied
as scavengers of NO, or reciprocally, their nitrosyl complexes have been investigated as NO delivery systems toward biological targets [9–24]. In this ﬁeld, important
contributions have been made by Shepherd and coworkers [25–32], specially in the design and evaluation

*

Corresponding author. Tel.: +55 11 3818 3887; fax: +55 11 3815
559.
E-mail address: henetoma@iq.usp.br (H.E. Toma).
0020-1693/$ - see front matter  2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ica.2004.08.004

of a number of new transition metal complexes as NO
carriers for biological applications.
It should be noticed that nitric oxide is a noninnocent ligand which can coordinate to a metal center
yielding either a linear or a bent MNO geometry [33–
36], assuming three possible oxidation states: NO+,
NO0 or NO [37]. Therefore, the NO behavior is rather
puzzling, since in the NO+ form the ligand is a very
strong p-acceptor and would prefer metal ions in low
oxidation states, but in the NO0 form it can combine
with metal ions either in intermediate or high oxidation
states, remaining formally in the neutral form or converting into NO+ by reducing the metal center. On the
other hand, NO can also be converted into NO species,
under more reducing conditions.
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Because of the systematic changes in the electronic
properties for the several successive oxidation states,
the triangular ruthenium acetate clusters [Ru3O(CH3CO2)6L3]n (L = H2O, N-heterocyclic, etc.) [38] provide
rather unique species to interact with NO, as we reported in our preliminary work on the [Ru3O(CH3CO2)6(py)2(NO)]PF6 complex [39]. In this system, the
strong interaction between the unpaired p* electron
from NO and the unpaired electron from the p-orbitals
of the (RuIII,III,III)3O unity is responsible for its pronounced NO0 character, as evidenced by the vibrational
and spectroelectrochemical data. Here, in order to enhance the NO0 character further, the pyridine ligand
was replaced by the 4-methyl pyridine (picoline) analogue (Fig. 1), and a full characterization of the complex
was carried out by means of mass spectrometry, spectroscopy, electrochemistry, spectroelectrochemistry and
scanning probe microscopy. Due to its higher basicity,
the picoline ligand is expected to decrease the electron
acceptor properties of the (RuIII,III,III)3O unity, diminishing the extent of electron donation from the NO
ligand. In addition, NO release was observed under
UV–Vis light irradiation, changing the complex from
original violet color into deep blue. This eﬀect was also
probed at the nanoparticle level by means of MAC
mode atomic force microscopy, revealing intriguing
morphology changes accompanying the NO release.

2. Experimental
2.1. Materials
Tetraethylammonium perchlorate (TEAClO4) [40]
and the starting complex [Ru3O(CH3CO2)6(pic)2(CH3OH)]PF6 were prepared as previously described
in the literature [41]. Acetonitrile (HPLC grade, Aldrich)
was kept in the presence of 3 Å molecular sieves.
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Fig. 1. Structural representation of [Ru3O(CH3CO2)6(pic)2(NO)]+.

2.2. Synthesis of [Ru3O(CH3CO2)6(pic)2(NO)]PF6
Dichloromethane, 50 mL, containing 0.52 g
[Ru3O(CH3CO2)6(pic)2(CH3OH)]PF6 was saturated
with Ar for 20 min, then with NO for 35 min and ﬁnally
with Ar for 60 min. After this, the product was precipitated by adding petroleum ether. The violet solid was
collected on a ﬁlter, washed with petroleum ether and
dried under vacuum. Yield: 72%. Elemental Anal. Calc.
for C24H32F6N3O14PRu3: C, 27.86, H, 3.12, N, 4.06.
Found: C, 27.52; H, 3.27; N, 4.18%.
2.3. Physical measurements
Infrared spectra were recorded on a Shimadzu FT-IR
model 8300 spectrophotometer.
1
H and 13C NMR spectra and two dimensional
COSY (1H, 1H) and HMQC (1H, 13C) were recorded
on Varian INOVA1 300 MHz or Bruker DRX 500 spectrometers, using 102 mol L1 cluster solutions in
CD3CN. The reported chemical shifts were relative to
residual protons of solvent.
The electronic spectra were recorded on a Hewlett–
Packard model 8453 diode-array spectrophotometer,
using 295 nm UV cut-oﬀ ﬁlters. Cyclic voltammetry
and spectroelectrochemistry were carried out with an
EG&G Instrument, consisting of a model 283 galvanostat/potentiostat. A conventional three electrodes electrochemical cell was used with platinum disk as working
electrode, a Luggin capillary arrangement with an Ag/
AgNO3 (0.01 mol L1) reference electrode in 0.10 mol
L1 TEAClO4 (tetraethylammonium perchlorate) in
acetonitrile and a platinum wire as auxiliary electrode.
UV–Vis spectroelectrochemistry was conducted using a
rectangular quartz cell of 0.025 cm internal optical path
length, containing an optically transparent gold minigrid electrode, a platinum wire and a small Ag/AgNO3
electrode as a working, auxiliary and reference electrodes, respectively. FT-IR spectroelectrochemical
measurements were carried out in acetonitrile solution
containing 0.1 mol L1 LiClO4, using a homemade IRTRAN cell and a transparent gold minigrid electrode.
Mass spectrometric measurements were performed
using a high-resolution hybrid quadrupole (Q) and
orthogonal time-of-ﬂight (Tof) mass spectrometer (QTof from Micromass, UK) operating in the positive
ion electrospray ionization mode. The temperature of
the nebulizer was 200 C and the cone voltage was 40
V. Tandem mass spectrum (MS/MS) was acquired using
the product ion scan mode via mass-selection of the singly charged complex, its collision-induced dissociation
(CID) with N2 at 15 eV energy, and high-resolution
orthogonal Tof mass analysis of the CID ionic
fragments.
Photolysis of 104 mol L1 of cluster solutions in
CH3CN was carried out using a 150 W Xenon Arc
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Lamp and an f/3.4 Monochromator (Applied Photophysics). Absorbed light intensities were determined by
ferrioxalate actinometry. [Ru3OAc6(pic)2(NO)]PF6 ﬁlms
in polyvinyl alcohol matrix were prepared using a procedure described in the literature [42] and their electronic
spectra were obtained using a Guided Wave, model
260 ﬁber optics spectrophotometer.
Scanning probe microscopy (SPM) images were obtained with a PicoSPM I Molecular Imaging instrument
in the magnetic AC (MAC) mode, employing MAClever
Type II (k = 2.8 N m1, f  60 kHz) operating in an
amplitude set point 4.4 V at room temperature. Molecular ﬁlms of the nitrosyl-cluster were prepared by evaporating a micro volume of a methanolic solution of the
nitrosyl cluster onto high graded mica, in a clean room,
under artiﬁcial light illumination. The MAC mode
AFM images were obtained with scan rate at 3 Hz
and 512 points per line.
2.4. Theoretical calculations
Geometry optimization was performed by starting
from a molecular mechanics structure, and employing
the PM3 method as implemented in HYPERCHEM program, using a convergence criterion of 105 kcal mol1
for SCF and 103 kcal mol1 Å1 for geometry optimization, by the conjugated gradient method. Molecular
orbital and spectra calculations were carried out with
the ZINDO/S method, using the default parameters
and 107 kcal mol1 as convergence criterion. An active
space of 20 frontier molecular orbitals (10 occupied and
10 unoccupied) was used for conﬁguration interaction
using single excitations.

3. Results and discussion
3.1. ESI spectra and CID pattern
The positive ion ESI mass spectrum of the
[Ru3O(CH3CO2)6(pic)2(NO)]PF6 complex in methanol:water solution is shown in Fig. 2(a). In the electrospray positive ion mode, the complex can be directly
transferred by ESI to the mass spectrometer and can
be detected as a multicomponent structure of isotopomeric ions; the most abundant ion being that of m/z
891. Ru possesses seven isotopes: 104Ru (18.7%), 102Ru
(31.6%), 101Ru (17.0%), 100Ru (12.6%), 99Ru (12.7%),
98
Ru (1.88%), and 96Ru (5.52%).
The CID pattern of [Ru3O(CH3CO2)6(pic)2(NO)]+
shown in Fig. 2(b) reveals that the picoline ligand is
preferentially released (81%) from the complex, as
expressed by the peak at m/z 798 associated with
the [Ru3O(CH3CO2)6(pic)(NO)]+ ion. Dissociation of
the NO ligand is much less eﬃcient, as shown by the
[Ru3O(CH3CO2)6(pic)2]+ peak at m/z 862 (11%) and

Fig. 2. (a) Positive ion ESI mass spectrum for a methanol:water
solution of [Ru3O(CH3CO2)6(pic)2(NO)]+. (b) Tandem product ion
mass spectrum for the mass-selected ionic cluster of [Ru3O(CH3CO2)6(pic)2(NO)]+ centered at m/z 891.

the [Ru3O(CH3CO2)6(pic)]+ peak at m/z 768 (5%). It is
interesting to note the existence of picoline free
[Ru3O(CH3CO2)6NO]+ species at m/z 705, although in
very small amount (1%). These results indicate a stronger Ru–NO bond, in comparison with the Ru-picoline
bond.
3.2. EPR spectra
The EPR spectra of the complex at 77 K do not exhibit any detectable signal, in spite of the fact that the precursor cluster [Ru3O(CH3CO2)6(pic)2(CH3OH)]PF6 and
the NO ligand are paramagnetic species. Therefore, a
strong interaction between the species should be occurring in the complex.
3.3. 1H- and

13

C NMR spectra

The 1H- and 13C NMR spectra of the cluster (Table 1)
were assigned by comparison with related clusters [43–
53], and using peak integration in addition to COSY
(1H, 1H) and HMQC (1H, 13C) bidimensional techniques
(not shown). The signals of the ligand coordinated to
Ru3O core are dependent on the oxidation states of the
ruthenium ions. Reduced clusters containing Ru ions in
the III, III, II formal oxidation states usually show coordinated ligand signals near those of the free molecules,
only slightly downﬁeld shifted. On the other hand, the
oxidized clusters (III, III, III) are paramagnetic and the
signals are inﬂuenced by the inductive eﬀects from
the metal center and the paramagnetic anisotropy to
the Ru3O unit [48]. The data analysis (Table 1) indicated

2894

H.E. Toma et al. / Inorganica Chimica Acta 358 (2005) 2891–2899

Table 1
1
H and 13C chemical shifts (ppm) for the [Ru3O(CH3CO2)6L3]PF6 (Ru3L3) clusters in CD3CN
1

H

13

C

RuIII,III,IIIpic2(MeOH)a

RuIII,III,IIIpy2NOb

RuIII,III,IIIpic2(NO)

RuIII,III,II(CO)pic(THF)c

H3C (Ac)

4.70 (12 H)
6.33 (6H)

3.96 (12H)
3.28 (6H)

3.73 (12H)
3.11 (6H)

H2,6 (L)
H3,5 (L)
H3C (L)

1.58 (4H)
4.89 (4H)
2.88 (6H)

4.49 (4H)
8.18 (4H)

4.82 (4H)
8.01 (4H)
4.98 (6H)

1.97
1.95
1.73
9.43
8.10
2.82

9.1
16.4
221.2
162.1
113.7
152.4

10.1
17.1
219.8
160.3
114.5
166.2
16.4

H3C (Ac)
COO2
C2,6 (L)
C3,5 (L)
C4 (L)
H3C (L)

a
b
c

(6H)
(6H)
(12H)
(2H)
(2H)
(3H)

Ref. [55].
Ref. [39].
Ref. [56].

that the proton signals of CH3 (acetate) and H2 (picoline)
are in between the signals of diamagnetic and paramagnetic clusters. This can be ascribed to the eﬀect of NO
coordination, which increases the electronic density on
the Ru3O center, decreasing the paramagnetic eﬀects.
The increase in the p density is reﬂected in the J values
of pyridine ring signals (3J2,3 = 6.1 Hz). It should be noticed that in typical oxidized clusters, the scalar constants
are too small to be observed because the coupling is reduced as the oxidation state of the coupled nucleus increases [54].
3.4. FT-IR spectra
The main feature in the FT-IR spectrum (Fig. 3) is
the vibrational peak at 1874 cm1, very close to that
for free NO (1876 cm1), and as expected, slightly higher

than that for the analogous pyridine derivative [39], i.e.,
m(NO) = 1865 cm1. The remaining peaks are associated
with the characteristic vibrations of acetate and the
PF6  species; the most relevant ones were indicated in
Fig. 3.
3.5. Electronic Spectra
The electronic spectrum of [Ru3O(CH3CO2)6(pic)2(NO)]PF6 (Fig. 4) consists of at least four bands at
690 nm (e = 1.20 · 103 cm1 mol1 L), 540 nm
(2.42 · 103 cm1 mol1 L), 460 nm (2.67 · 103 cm1
mol1 L) and 360 nm (3.30 · 103 cm1 mol1 L). Because of the expected inﬂuence of the strong Ru–NO
bond in the properties of the nitrosyl complex, a careful
computational work has been carried out, starting from
a geometry generated by molecular mechanics and
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Fig. 3. FT-IR spectrum of the [Ru3O(CH3CO2)6(pic)2(NO)]PF6
cluster.
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Fig. 4. Electronic spectrum of [Ru3O(CH3CO2)6(pic)2(NO)]PF6 (103
mol L1) in acetonitrile.
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composition

(%)

for

MO

Energya

Ru

l-Oxo

NO

pic

CH3 CO2 

130
129
128
127
126 (LUMO)
125 (HOMO)
124
123
122
121
120
119
118
117
116

2.49
2.72
3.34
3.52
4.46
8.61
9.75
9.82
9.90
10.11
11.25
11.44
11.57
11.78
11.80

19.49
4.57
31.65
35.11
52.43
81.46
77.30
84.09
88.77
79.46
73.54
43.53
45.54
0.05
0.17

4.81
0.00
4.25
0.57
12.82
0.00
0.12
8.00
2.17
0.19
0.01
4.69
4.41
0.00
0.03

1.54
0.00
51.91
62.08
11.41
0.00
0.12
0.57
0.20
0.03
0.00
35.77
39.28
0.00
0.12

71.62
94.90
10.81
0.23
20.69
14.57
0.05
2.20
2.19
0.03
0.09
3.18
1.12
98.52
99.12

2.53
0.52
1.38
2.01
2.65
3.97
22.41
5.14
6.67
20.29
26.36
12.83
9.65
1.44
0.56

a

Unit: eV.

optimizing using the semi-empirical PM3 method as
implemented in the HYPERCHEM -7.1 program. The results from molecular orbital calculations using the ZINDO/S method are summarized in Table 2.
According to the theoretical calculations, there is a
strong participation of NO in the HOMO levels, e.g.,
MO 119 and 118, as well as in the LUMO levels, including MO 126, but specially in MO 127 and 128 (Table 2).
ZINDO/S spectral simulations indicated the occurrence
of transitions from MO 119 and 118 to MO 127 and 128
above 560 nm, although with very weak intensities.
These transitions should be related to the broad band
observed at 690 nm in the nitrosyl complex. The calculated HOMO–LUMO transition (MO 125 ! MO 126)
appeared at 536 nm, corresponding to a very strong
band, coinciding with the observed band at 540 nm
(Fig. 4). Three less intense bands corresponding to the
electronic transitions from MO 120 and MO 125 to
MO 127 and MO 128 have been calculated at 525, 508
and 498 nm, but they should be hidden under the envelope of the absorption bands in the 500 nm region (Fig.
4). Another strong band corresponding to the MO
125 ! MO 128 transition was theoretically predicted
at 466 nm, coinciding with the observed band at 460
nm. Finally, in the 300–400 nm range, the theoretical
spectrum is dominated by the electronic transitions from
MO 125 to MO 129 and 130, corresponding to
Ru3O ! pic charge-transfer bands, as well as by electronic transitions from MO 123, 124 to MO 127, 128,
corresponding to Ru3O ! NO charge-transfer bands.
All such transitions shoud lead to superimposed bands,
under the envelope of the broad absorption proﬁle observed below 400 nm.
Therefore, excitation in the visible–UV region leads
to the population of the LUMO 126, 127 and 128 levels,
involving a large or predominant participation of NO.

300

200

Current ( µ A)

Table 2
ZINDO/S (CIS) molecular orbital
[Ru3O(CH3CO2)6 (4-pic)2(NO)]+
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Fig. 5. Cyclic voltammogram of [Ru3O(CH3CO2)6(pic)2(NO)]PF6,
(103 mol L1) in acetonitrile containing 0.1 mol L1 TEAClO4, at
scan rates of 50 (a), 100 (b) and 200 mV/s (c).

This result explains the unusual absorption proﬁle observed in the electronic spectra of the nitrosyl cluster,
as compared with the typical examples from the literature [38,57], and will be important for the understanding
of its photochemical properties.
3.6. Cyclic voltammetry
Cyclic voltammetry of [Ru3O(CH3CO2)6(pic)2(NO)]+ (Fig. 5) exhibits four redox waves at 1.17,
0.45, +1.00 and +1.81 V vs. Ag/Ag+ associated with
the [cluster]1/0/+1/+2 successive redox couples. It should
be noticed that in the case of well-behaved systems,
such as the tris(pyridine) cluster [14], [Ru3O(CH3CO2)6
(C5H5N)3]+, the diﬀerence between successive redox
potentials is nearly constant and very close to 1 V, i.e.,
1.58, 0.31, +0.71, +1.67 V vs. Ag/Ag+, corresponding to the RuIII RuIIRuII/RuIIIRuIIIRuII/RuIIIRuIIIRuIII/RuIVRuIIIRuIII/RuIVRuIVRuIII redox couples.
In both cases, the potentials span approximately at 3
V range. However, in the case of the nitrosyl complex,
the diﬀerences between the successive potentials are
not regular, i.e., 0.72, 1.45 and 0.81 V, as compared with
1.27, 1.02, 0.96 V for the tris(pyridine) cluster. The two
intermediate waves, i.e., at 0.45 and 1.00 V, can be
considered anomalous when compared with the series
of regular clusters. Most puzzling is the fact that in conventional systems, the NO+/NO0 couple exhibits an
electrochemical wave in the range from 0.6 to +0.3 V
vs. Ag/Ag+ [58,59]. It is known that the redox processes
are dependent on the nature of the ligands coordinated
to the metal centers [60,61]; however, if the redox wave
at 0.45 were assigned to the NO+/NO0 couple, the next
two redox waves of the clusters species would diﬀer by a
factor as large as 2.17 V. This interpretation is unlikely,
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cm1 followed by the rise of a less intense peak at
1910 cm1, indicating that in the oxidized complex,
the NO ligand exhibits a predominantly NO+ character.
Moving down to negative potentials, the UV–Vis
spectroelectrochemistry recorded from 0 to 0.80 V
showed a decrease of the intracluster band at 543 nm
concomitantly with the increase of a broad intracluster
band around 700 nm (Fig. 6(b)). Additionally, the intense band at 394 nm in the reduced cluster can be
attributed to the characteristic cluster-to-pyridine ring
charge-transfer transition in the formal Ru3 III;III;II species [38]. In the corresponding FT-IR spectra (Fig.
6(e)), the shift of m(NO) from 1874 to 1784 cm1 reﬂects
the inﬂuence of p-back donation from the ruthenium
center, in the Ru3 III;III;II oxidation state, conveying some
NO character to this ligand.
Further reduction below 1.0 V produced a red shift
of the cluster-to-pyridine charge-transfer band from 394
to 436 nm, and a splitting of the intracluster transition
around 700 nm (Fig. 6(c)). This process, however, was
found to be irreversible in the time scale of the spectroelectrochemical experiments. In fact, by reversing the
potentials from 1.60 to 1.00 V, the initial spectrum
at 1.00 V was not regenerated and, instead, the new
spectrum was similar to that of conventional reduced
clusters containing only N-heterocyclic ligands. Presumably, the second reduction completely populated the
antibonding (LUMO) orbital involving strong mixing
of cluster-NO, weakening this bonding and releasing

since there is no precedent for this type of behavior in
the chemistry of ruthenium cluster species.
According to the molecular orbital calculations and
EPR measurements, there is a strong electronic coupling
between the NO ligand and the Ru3O+ moiety, where
the metal centers are formally in the III, III, III oxidation state. Because of the preferential stabilization of
the Ru3 III;III;III state by the electronic mixing with NO
ligand, the associated formal redox couples, i.e.,
E0(III,III,III/III,III,II) = 0.45 V and E0(IV,III,III/
III,III,III) = 1.00 V, will be shifted to more negative
and more positive potentials, respectively, as observed
experimentally. In other words, this means that the redox processes involving the NO ligand are shared with
the Ru3O+ center. Consequently, the electrochemical
properties of the NO0/+ couple cannot be observed, in
separate, as in the conventional NO complexes.
3.7. Visible–UV and FT-IR spectroelectrochemistry
The spectroelectrochemical measurements in the UV–
Vis (Fig. 6(a)–(c) and infrared region (Fig. 6(d)–(f)) were
carried out within the working range of the gold minigrid electrode (from 2.0 to +1.3 V). In contrast to
the typical cluster species [47,62–64], only minor changes
in electronic spectra were observed for the [Ru3O(NO)]2+/+ process in the range from 0.00 to +1.10 V
(Fig. 6(a)). However, in the FT-IR spectra (Fig. 6(d))
there is a decay of the NO vibrational peak at 1874
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Fig. 6. UV–Vis (a–c) and FT-IR (d–f) spectroelectrochemistry of the 103 mol L1 [Ru3O(CH3CO2)6(pic)2(NO)]PF6 solution in 0.1 mol L1
TEAClO4 (a–c) or LiClO4 (d–f) in acetonitrile. (a) From 0.00 to +1.10 V; (b) from 0.00 to 0.80 V; (c) from 1.00 to 1.40 V; (d) from +0.90 to
+1.30 V; (e) from 0.00 to 0.60 V; (f) from 1.00 to 1.30 V.
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Fig. 7. Electronic spectra of 104 mol L1 [Ru3O(CH3CO2)6(pic)2(NO)]PF6 solution in acetonitrile in the absence of light (a) and
irradiated in 468 nm for 5 min (b), 20 min (c), 35 min (d), 50 min (e), 70
min (f), 85 min (g) and (h) after 15 h.

Fig. 8. UV–Vis spectrum of [Ru3OAc6(pic)2(NO)]PF6 suspended in a
polyvinyl alcohol ﬁlm, which was kept on the laboratory bench, after
(a) t = 0, (b) t = 1 week, (c) t = 2 weeks, (d) t = 4 weeks, of exposure to
internal day light and dark night cycles. A control sample kept in the
dark exhibited negligible changes during the same period of time.

the NO ligand. The IR spectroelectrochemical data (Fig.
6(f)) are in accord to the explanation above, since as the
reduction proceeded the peak intensity at 1784 cm1 decreased. In the expanded spectra only a very weak shoulder was detected at 1870 cm1, evidencing the released
NO molecule remaining in the interfacial double layer.

cluster solution at 468 nm causes a decrease in the
intensity of the bands in 543 and 460 nm, and an increase in the band intensity around 700 nm (Fig. 7).
After 15 h of irradiation of a methanol solution, the
spectra coincided with that of the starting complex
[Ru3O(CH3CO2)6(pic)2(CH3OH)]+, indicating the NO
release. The quantum yields (/ = 0.038 at 365 nm
and / = 0.019 at 468 nm) obtained from spectrophotometry were comparable to those of typical NO
photoreleasing systems [17,65]. The same behavior
was also observed in solid state and in PVA ﬁlms
incorporating this compound (Fig. 8).

3.8. Photochemical behavior
The [Ru3O(CH3CO2)6(pic)2(NO)]+ cluster is thermally stable but in the presence of light its original violet color slowly changes into deep blue. Irradiation of a

Fig. 9. MAC mode AFM images of [Ru3OAc6(pic)2(NO)]PF6 nanoparticles deposited on mica, showing the round shaped structures with many
dispersed holes.
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3.9. MAC mode AFM images
As one can see in the AFM images of Fig. 9, the cluster particles generated by the evaporation of the methanol solution on the mica substrate are constituted by
variable size, round shaped structures of nanometric
size. The most curious point is the presence of a large
number of holes. The observed morphology is quite different from those obtained with similar cluster species
containing no nitrosyl ligands. Because of this, and of
the photochemical sensibility of the nitrosyl-cluster, we
believe that such holes may be generated from the NO
released from the solid particles. A detailed investigation, using electron microscopy and other SPM techniques is being carried out to elucidate this point.

4. Conclusion
Extending our previous work on the interaction of
the pyridine–ruthenium–acetate clusters with NO [39],
we have conﬁrmed the existence of a strong Ru–NO
electronic coupling, responsible for the loss of the metal
and NO ligand identities in the EPR, cyclic voltammetry
and FT-IR spectroelectrochemistry results. Such conclusion has been corroborated by semi-empirical theoretical calculations, supporting a predominantly NO0
character for the nitrosyl ligand in the [Ru3O(CH3CO2)6(C5H5N)2(NO)]PF6 cluster. NO photoreleasing
properties have been observed either in solution or in
the solid state, providing a promising system for photodynamic therapy, as well as for the monitoration of light
exposure intensities.
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