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intense

red-shifted

We report the synthesis, crystal structure, electrochemical and spectroscopic properties of trans-[Ru
(MQ)4Cl2]

4+ (14+), where MQ+ = N-methyl-4,4′-bipyridinium. The crystal structure of 14+ shows the
pyridinic rings bound in a trans fashion to the Ru ion. In 14+ and in its analog trans-[Ru(4,4′-
bpy)4Cl2] (2, bpy = bipyridine), the electrochemical reduction waves of the four iminic ligands occur
at very closely spaced potentials. In comparison with previously reported analogues, 14+ and 2 pres-
ent high molar extinction coefficients (ε = 20,000–50,000 M–1cm–1), and red-shifted absorptions (up
to 800 nm for 14+ and up to 600 nm for 2) in acetonitrile. Upon protonation of the four exposed
nitrogens of 2 and electrochemical reduction of the ligands in 14+ and 2, spectral changes occur with
retention of isosbestic points, revealing the presence of four independent chromophores. These
results suggest poor electronic communication between the aromatic ligands within each compound,
in contrast to related complexes such as cis-[Ru(2,2′-bpy)2Cl2] (3).

Keywords: Ruthenium tetrapyridine; N-methyl-4,4′-bipyridinium; Supramolecular building block;
Red sensitization
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1. Introduction

Coordination compounds play an important role in supramolecular chemistry [1–13],
because metal-based fragments offer diversity and versatility of both structures and func-
tions. Ruthenium tetrapyridines are attractive building blocks, with the advantage of pre-
serving their trans configuration upon substitution of their axial ligands [14, 15], enabling
architectures with a thermally and photochemically stable, defined linear geometry.
Moreover, derivatization of the pyridine ligands enables them to perform specific functions
[16–18] or tune the properties of the systems [19–21]. These fragments have been used as
central units in X-Ru(py)4-Y systems to study electron communication between remote sites
[19, 20, 22, 23] and to prepare molecular wires [24, 25]; fields in which linear geometries
are preferred because they prevent bending vibrations that alter donor-acceptor distances.

However, reported ruthenium tetrapyridines are far from being appealing chromophores
for sunlight energy applications, and thus they have not been exploited as such. In contrast
with the structurally related and more frequently studied ruthenium bis-2,2′-bipyridine com-
plexes [26], Ru(py)4 moieties do not show absorption features on the red side of the spectrum
[27], which are desirable in photo-activated devices [28–30]. Furthermore, the reduction pro-
cesses of the pyridines occur at very negative potentials and they are not experimentally
accessible in regular solvents, unlike bipyridine reductions in Ru(2,2′-bpy)2 analogs. This
precludes the study of the absorption spectrum of the ligand reduced species through spectro-
electrochemical techniques, which is considered as a key tool to interpret transient absorption
profiles of charge transfer excited states [31]. Given the relevance of the dynamics of charge-
separated excited states in energy conversion, this is another discouraging property of Ru
(py)4 complexes. Despite of these drawbacks, there is a distinctive characteristic of ruthenium
tetrapyridines that can be advantageous for sunlight energy harvesting. These complexes for-
mally bear four chromophoric Ru-py pairs, while there are only two Ru-bpy absorbers in
their Ru(2,2′-bpy)2 analogs. This higher chromophoric density (chromophores per metallic
ion) is reflected in enhanced molar extinction coefficients for Ru(py)4 against Ru(2,2′-bpy)2
dichloro- [32, 33], dicyano- [32, 34], and dihexacyanoferrate- [19] compounds.

The goal of this study is to combine the favorable structural aspects of tetrapyridinic moi-
eties with the energetics of Ru(2,2′-bpy)2 complexes, to give supramolecular building blocks
useful in sunlight collection. To this end, we have synthesized and characterized trans-[Ru
(MQ)4Cl2]

4+ (14+) and trans-[Ru(4,4′-bpy)4Cl2] (2) (see figure 1), incorporating into a Ru
(py)4 scaffold the MQ+ and 4,4′-bpy ligands. These aromatic heterocycles bear an extended
conjugation analogous to that of 2,2′-bpy, so 14+ and 2 are expected to present red-shifted
absorption profiles combined with the high molar extinction coefficients, from Ru(py)4.
Experimentally accessible reduction processes would also be expected, as they are typical
for bis-2,2′-bipyridines. Compounds 14+ and 2 contain labile chloride ligands as convenient
binding sites for further supramolecular connectivity. Comparative analyses are made using
cis-[Ru(2,2′-bpy)2Cl2] (3) and trans-[Ru(py)4Cl2] (4) as reference compounds (figure 1).

2. Experimental

2.1. Materials and physical measurements

[Ru(DMSO)4Cl2] [35], N-methyl-4,4′-bipyridinium iodide (MQI) [36] and trans-[Ru(4,4′-
bpy)4Cl2] [37] (2) were prepared according to previous reports. MQPF6 was obtained by
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anion interchange, dissolving MQI in hot water, adding a 20% excess of KPF6 and filtering
the white solid material. Solvents for electrochemical, spectral, and spectroelectrochemical
measurements were dried using a PureSolv Micro solvent purification system. All other
reagents were obtained commercially and used as supplied. The compounds synthesized
were dried in a vacuum desiccator over silica gel for at least 12 h prior to characterization.
UV–visible spectra were recorded with a Hewlett-Packard 8453 diode array spectrometer
(190–1100 nm). 1H NMR spectra were measured with a Bruker ARX500 spectrometer
using deuterated solvents from Aldrich. Elemental analyses were done on a Carlo Erba
1108 analyzer with an estimated error of ±0.5%. Electrochemical measurements were per-
formed under argon with millimolar solutions of the compounds, using a TEQ V3 potentio-
stat and a standard three electrode arrangement consisting of a glassy carbon disk
(area = 9.4 mm2) as working electrode, a platinum wire as counter electrode, and a silver
wire as reference electrode plus an internal ferrocene (Fc) standard. Tetra-n-butylammonium
hexafluorophosphate ([TBA]PF6, 0.1 M) was used as the supporting electrolyte. All the
potentials reported in this work are referenced to the standard Ag/AgCl saturated KCl elec-
trode (0.197 V versus NHE), the conversions being performed with literature values for the
Fc+/Fc couple [38]. Coulometric analyses were accomplished applying potentials of 1.0 V
(oxidation of 14+ and 2), −1.0 V (first reduction of 14+), −2.0 V (first reduction of 2), and
the total charge calculated by integration of the current versus time curve. pH was measured
using a Metrohm 744 pH-meter calibrated with standard buffer solutions immediately
before measurements. Acidic titration from pH 6.5 to 0.5 was accomplished by adding
different aliquots of HCl 1 M, to an aqueous solution of 2, initially dispersed in a drop of
acetone. Absorption spectra were corrected for dilution. Spectroelectrochemical (SEC)
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Figure 1. Structure of trans-[Ru(MQ)4Cl2]
4+ (14+), trans-[Ru(4,4′-bpy)4Cl2] (2), cis-[Ru(2,2′-bpy)2Cl2] (3) and

trans-[Ru(py)4Cl2] (4). Labels identify hydrogen atoms according to NMR assignments.
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experiments were performed using a three-electrode OTTLE cell [39], with millimolar
solutions of the compounds using [TBA]PF6 0.1 M as the supporting electrolyte.

2.2. X-ray crystallography

Crystal structure of 1(PF6)4 was determined with an Oxford Xcalibur, Eos, Gemini CCD
area-detector diffractometer using graphite-monochromated Mo-Kα radiation (λ = 0.71069
Å) at 298 K. Data were corrected for absorption with CrysAlisPro, Oxford Diffraction Ltd.,
Version 1.171.33.66, applying an empirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm [40]. The structures were solved by
direct methods with SHELXS-97 [41] and refined by full-matrix least-squares on F2 with
SHELXL-97 [41]. Hydrogens were added geometrically and refined as riding atoms with a
uniform value of Uiso, with the exception of hydrogens of the water molecule, which were
not located in the difference map and, hence, were not included in the model. Final crystal-
lographic data and values of R1 and wR are listed in table S1 (see online supplemental
material at http://dx.doi.org/10.1080/00958972.2015.1014351), while the main angles and
distances are listed in table 1.

2.3. Synthesis of trans-[Ru(MQ)4Cl2](PF6)4 (1(PF6)4)

150 mg of [Ru(DMSO)4Cl2] (0.31 mM) and 1.2 g of MQPF6 (14 equivalents) were
suspended in 100 mL of methanol and heated at reflux for 12 h. After cooling at room

Table 1. Selected bond angles and distances of the
crystal structures of 1(PF6)4 and 2.

Compound 1(PF6)4 2a

Distances (Å)
Ru–N 2.091(7) 2.071(5)

2.087(7) 2.069(5)
2.075(6) 2.065(6)
2.073(6) 2.064(6)

Ru–Cl 2.405(3) 2.411(2)
2.394(3) 2.398(2)

Angles (°)
N–Ru–N 90.0(3) 90.0(2)

89.4(3) 89.2(2)
88.7(3) 88.6(2)
88.1(3) 87.8(2)

Cl–Ru–Cl 177.38(9) 179.21(8)
N–Ru–Cl 89.69(19) 89.87(17)

89.13(19) 89.83(17)
88.99(19) 89.79(18)
88.97(19) 89.57(17)
88.57(19) 89.06(18)
88.49(19) 88.98(17)
88.44(19) 88.84(17)
87.73(19) 88.69(18)

Torsions (°)
C–N–Ru–Cl 44.39 44.92

42.95 41.79
41.97 39.57
32.85 37.82

aTaken from Ref. [37].
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temperature, a dark solid was collected by filtration from a reddish-brown solution and
dissolved in a minimum of acetone. It was loaded on a Al2O3 column, also packed in
acetone. Elution with acetone/ethanol, with increasing proportions of ethanol, resulted in
the removal of the free ligand. To obtain the metal complex, it is necessary to elute with
ethanol/methanol mixtures with increasing proportions of methanol. Sometimes, few drops
of HCl(c) are added to the final elution mixture to remove the metal complex. However, this
purification method always led to a considerable loss of sample attached to the stationary
phase. The violet fractions containing the metal complex were dried and dissolved in a min-
imum volume of acetone. After one equivalent of KPF6 was added together with 30 mL of
water, a purple solid was collected by filtration, washed with water at room temperature
(3 × 5 mL), and dried. Yield: 196 mg (44%). Anal. Calcd for C44H54O5N8Cl2P4F24Ru (1
(PF6)4•5H2O): C, 34.6; H, 3.6; N, 7.3. Found: C, 34.4; H, 3.2; N, 7.0. 1H NMR
((CD3)2CO, 200 MHz, figure S1) δ(ppm): 9.17 (d, 8H, J = 7,0 Hz, Ha), 8.85 (d, 8H,
J = 7 Hz, Hd), 8.66 (d, 8H, J = 7 Hz, Hb), 7.91 (d, 8H, J = 7 Hz, Hc), 4.62 (s, 12H, He).

3. Results and discussion

3.1. Synthesis

Preparation of 1(PF6)4 is similar to other ruthenium tetrapyridines [19], involving [Ru
(DMSO)4Cl2] precursor and 14 times excess of ligand. In this case, purification from the
free MQ+ is not straightforward, and column chromatography with basic Al2O3 is required
before recrystallization. The resulting solid material shows pure 1H NMR patterns (figure
S1) that indicate equivalency between the four pyridinic ligands and therefore a trans con-
figuration. This suggests that linear supramolecular arrangements can be generated upon
substitution of chloride ligands. In sunlight energy conversion devices, this geometry is
preferred over the cis counterpart because it generates a smaller footprint on the surface of
sensitized electrodes, allowing for a higher degree of occupation of the surface and, hence,
a higher absorbance [42].

3.2. Crystal structure

X-ray quality single crystals of 1(PF6)4 were obtained by slow evaporation of a concen-
trated methanol-acetone solution. The molecular structure of 14+ was determined by single
crystal X-ray diffraction as shown in figure 2. Selected bond distances and angles for 14+

and 2 are summarized in table 1 (crystallographic data in table S1). Ruthenium ions present
octahedral coordination environments, with N–Ru–Cl and N–Ru–N angles averaging
between 88.8° and 89.3°, and an almost linear trans configuration of chlorides, with a
Cl–Ru–Cl angle of 177.38°. Like other ruthenium tetrapyridinic fragments [19, 20, 43], 14+

presents a propeller-like configuration of the coordinated pyridinic rings, with an average
tilting angle of 40°–41°. Ru–N bond distances average 2.082 Å for 14+, larger than those of
2 (2.067 Å), due to the electron-withdrawing character of the distant nitrogens upon methyl-
ation. As the electron withdrawing character of the quaternary nitrogen in 14+ makes the
pyridinic ligand MQ+ a weaker σ-donor and a better π-acceptor than 4,4′-bpy, it can be
stated that the σ-component of the coordination bond is, in this case, more important than
its π-component, and thus the Ru–N bond is weaker and longer with MQ+. Establishing a
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general relationship between pyridine basicity (or its ability towards σ-bonding) and Ru–N
bond distance might be appealing. However, the few structures of tetrapyridine-dichloro
ruthenium moieties reported do not show a clear trend on these parameters [44, 45]. For
example, 3-methylpyridine is more basic than pyridine, but it comprises longer Ru–N
distances. This means that in some cases π-interactions may play a significant role.

Compound 14+ crystallizes with one solvation water molecule, which is involved in
chains of molecules connected by RuCl–O–ClRu sequences. Chains are not interconnected
by any stacking and counterions are placed in the void spaces between chains. In contrast,
the structure of 2 does not include any solvation molecule and presents double-stacking
(3.43 Å) between two ligands of each molecule. This originates dimeric fragments inter-
connected by a short contact (2.86 Å) between the chloride and an ortho hydrogen of the
coordinating pyridinic ring. Ru–Cl distances average 2.40 Å for both 14+ and 2, and are
similar to related analogs [44, 45], so in this case packing interactions are not geometry-
determining.

Unfortunately, hydrogens could not be refined for the solvation water molecule of 14+,
precluding an unequivocal evaluation of Cl–O–Cl interactions as hydrogen bonded (Cl⋯H–
O) or halogen bonded (Cl⋯O) [46–48]. Although Cl-O distances (3.13 and 3.22 Å) are
shorter than the sum of their Van der Waals radii, which makes the presence of a collinear
hydrogen atom between them unlikely, similar distances have been observed for the crystal
structure of cis-[Ru(bpy)2Cl2]·3.5H2O.

49 In that structure, almost collinear hydrogen atoms
could be effectively refined and a H-bonded structure was proposed, with a Cl...H-O angle
of 164°. However, whereas for the bpy compound the Cl...O...Cl angle is 102°, in the case
of 14+ it takes the value of 78.52°, which is unusually small for a water molecule. Halogen
bonding is indeed expected to occur in molecular arrangements carrying a polarizable halo-
gen, such as iodine or bromine attached to an electron withdrawing moiety. In such cases,
directional distortion of the electronic density at the halogen results in an electron
deficiency, and oxygen can act as a donor towards this electron-poor region [48]. Despite of
chloride being appreciably less polarizable than the heavier halogens, the reduction potential
of the Ru(III/II) couple as well as the energy of electronic transitions in 14+ strongly

Figure 2. Crystal structure of 14+. Ellipsoids represent a 30% displacement probability. The oxygen belongs to a
water of solvation. Hydrogens and (PF6)

− counter ions were omitted for clarity.
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suggests that this metal center is electron deficient (vide infra). Therefore, we postulate the
possible occurrence of halogen bonds in the crystal structure of 14+. Other dichloro analogs
will be prepared in our labs in order to confirm this hypothesis.

3.3. Electrochemical measurements

The electrochemical measurements for 14+ and 2 in DMSO shown in figure 3 and table 2
present similar features. Both compounds have one wave at anodic potentials, ascribable to
a metal-centered oxidation i.e. the ruthenium(III/II) couple, which is irreversible in the case
of 14+. The oxidized species 15+ is not available for electrochemical reduction on the elec-
trode surface, owing to chemical reaction with traces of solvent impurities or precipitation
processes favored by the high state of charge. Due to the enhanced acceptor character of
MQ+ ligands with respect to 4,4′-bpy, the Ru(III)/(II) process shifts anodically by 200 mV
for 14+. The different charge, +4 for 14+ and 0 for 2, may also contribute in stabilizing the
Ru(II) oxidation state in 14+. Additionally, cathodic scans reveal two quasi-reversible pro-
cesses for each complex, anodically shifted in the case of 14+. As previously seen for the
free ligands [50] and related compounds [37, 51, 52], these waves are assigned to ligand-
centered consecutive reductions, i.e. the 4,4′-bpy/(4,4′-bpy)− and (4,4′-bpy)−/(4,4′-bpy)2−

couples, for example.
Reduction of individual ligands in 14+ and 2 occurs at such closely spaced potentials that

they could not be resolved by either of the electrochemical methods employed. Coulometric
measurements render nred/nox ratios of 4.4 for 14+ and 4.2 for 2 (nred/ox = charge equivalents
involved in the reduction/oxidation process), showing that each of the observed cathodic
signals accounts for four electrons. This phenomenon is not unexpected, as it has already
been found for complexes containing two MQ+ ligands [53–55], and it suggests that elec-
tronic communication between the ligands of each molecule is poor. In contrast to this
behavior, 3 [56], [Ru(bpy)3]

2+ [57], and other ruthenium polypyridines [58] present clearly
resolved ligand-centered, one-electron reduction processes arising from ligand–ligand elec-
tronic communication to a much higher extent. This difference in redox properties is
entirely analogous to that for the bimetallic compounds [{Ru(2,2′-bpy)2Cl}2(μ-B)]

2+

(B = bridging ligands). When B is 4,4′-bpy, both ruthenium ions are oxidized in a single

Figure 3. Cyclic voltammograms of 14+ (left) and 2 (right) in DMSO/0.1 M [TBA]PF6 at 100 mV s−1 (upper
panel), and differential pulse voltammograms of 14+ (left) and 2 (right) in DMSO/0.1 M [TBA]PF6 at a pulse
frequency of 2 Hz and an amplitude of 50 mV, with a staircase step of 10 mV (bottom panel).
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two-electron process [53], whereas if B is a shorter bridge as pyrazine, more likely to
promote metal–metal interactions, two separated one-electron waves are observed [59].

3.4. UV–vis spectroscopy

The electronic absorption spectra of 14+ and 2 in acetonitrile are shown in the left panel of
figure 4 and relevant data are collected in table 2. Both complexes present one ligand-cen-
tered (LC) transition in the UV and one metal-to-ligand charge transfer (MLCT) band in the
visible. This simple pattern of signals resembles the spectroscopy of 4 [15]. However, MQ+

and 4,4′-bpy present a more pronounced π acceptor character than pyridine due to the
extended conjugated π system over the iminic ligands, thus the MLCT bands of 14+ and 2

Table 2. Electrochemical and spectroscopic data for 14+, 2, H42
4+, 3, 4 and the free ligands MQ+ and 4,4′-bpy.

E1/2 (ΔEp)/V (mV)a λmax/nm (εmax/10
3 M−1 cm−1)

Ru(III/II) L/L− L−/L2− LC MLCT
Complex Solvent π→ π* dπ(Ru)→ π*(L)

1 DMSO 0.66f −0.74 (200) −1.49 (240)
CH3CN 266 (121) 545 (51.8)
H2O 258 (110) 501 (47.6)

2 DMSO 0.45 (90) −1.85 (150) −2.25 (230)
CH3CN 247 (46.1) 458 (23.4)
H2O 249 (71.4) 443 (31.5)

H42
4+ H2O 258 (88.9) 486 (38.3)

3b CH3CN 0.32 (70) −1.67f na 243 (21.0) 380 (8.90)
−1.78f 297 (50.0) 553 (9.10)

4c CH3CN 0.31 (80) na na 250 (15.7) 398 (25.1)
450 (7.80) sh

MQ+d CH3CN −0.82 −1.51
4,4′-bpye CH3CN −1.81

a0.1 M [TBA]PF6 used as electrolyte.
bFrom Ref. [56].
cFrom Ref. [32].
dFrom Ref. [52].
eFrom Ref. [37].
fIrreversible.

Figure 4. Left panel: UV–vis absorption profiles in acetonitrile of 14+ (solid line) and 2 (dashed-dotted line).
Right panel: UV–vis absorption profiles in water of 14+ (solid line), 2 (dashed-dotted line) and the fully protonated
species H42

4+ (dashed line). Thin gray lines show the spectral evolution of 2 during acidic titration.
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are red-shifted in comparison with 4. In this sense, electronic absorption features of 14+ and
2 approach those of 3, which bear 2,2′-bpy ligands also with an extended conjugated sys-
tem, although the lower symmetry of 3 results in a splitting of the MLCT absorptions in
two sets of bands [60]. 14+ and 2 present higher chromophoric density than 3, and thus they
show higher molar extinction coefficients. Their absorptivities, around 50 × 103 and
25 × 103 M−1 cm−1 for 14+ and 2, respectively, are important in comparison with N3, Z907
and other ruthenium polypyridinic dyes operating in performing dye-sensitized solar cells,
usually ranging 10–45 × 103 M−1 cm−1 [61]. They are also similar to those of bimetallic
compounds (37 × 103 M−1 cm−1) [62] and tetrametallic dendrimers (40 × 103 M−1 cm−1)
[63]. Hence, the supramolecular systems prepared with 14+ and 2 as building blocks would
be able to reach high absorptivities with a reduced amount of material. More importantly,
the use of multichromophoric building blocks would greatly facilitate the synthetic work
needed. We believe that this makes these complexes attractive for sunlight harvesting
endeavors.

Methylation of the free nitrogens of 2 results in a stabilization of the ligand π* LUMO
[50] in 14+ because of the electron withdrawing character of the quaternary iminic group.
Consequently, the π(MQ) → π*(MQ) transition in 1 (266 nm) is red-shifted with respect to
the π(bpy) → π*(bpy) transition in 2 (247 nm). The stabilization effect is less pronounced
on the dπ orbitals of the metal center, hence the dπ(Ru) → π*(MQ) band (545 nm) in 1 is
also red-shifted compared to the dπ(Ru) → π*(bpy) charge transfers (458 nm) in 2 (table 2
and figure 4, left panel). For similar reasons, protonation of the bipyridines in 2 (here and
in related complexes, pKa(4,4′-bpy) ~4.1) [64, 65] also produces a red-shift of the spectrum
(figure 4, right panel). Note the resemblance of the absorption profile of 14+ in water (solid
curve) with that for the fully protonated H42

4+ species (dashed curve). The right panel of
figure 4 shows the pH dependence (thin lines) of the absorption spectrum of 2 (dashed-
dotted curve) in water, where decreasing the pH promotes displacements of 10 and 40 nm
for the LC transition and the MLCT band, respectively.

Remarkably, these absorption changes proceed with retention of two isosbestic points at
337 and 447 nm. These guarantees there are only two absorbing species involved in the
acid–base equilibrium, which we interpret as the unprotonated (Ru(bpy)) and protonated
(Ru(Hbpy)) forms of the chromophores. In this model, each molecule of 2 bears four pro-
tonatable chromophores, so the absorptivity of any protonation state of 2 can be described
as a linear combination of the absorptivities of Ru(bpy) and Ru(Hbpy) fragments:

e Hn2
nþð Þ ¼ 4� nð Þ e Ru bpyð Þð Þ þ n e Ru Hbpyð Þð Þ (1)

This additive behavior of the absorption properties constitutes another indication of the
small electronic communication between the different pyridinic ligands within a molecule
of 2.

3.5. UV–vis spectroelectrochemistry

UV–vis spectroelectrochemical studies were performed on 14+ and 2, and the spectral evo-
lution during their first reduction process is shown in figure 5. The reduced form of 14+

shows two absorptions with maxima at 370 and 548 nm (figure 5, left panel, red curve).
These features have already been observed in related complexes [53] and have been
ascribed to one-electron reduced MQ+ ligands, because they are similar in shape and energy
to those observed with the singly reduced N,N-dimethylbipyridinium [39, 66]. In the case
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of 2, upon completion of the first reduction a sharp signal at 368 nm appears, together with
a broad band centered at 580 nm with defined shoulders and less intense features over
700 nm. This profile is analogous to that reported for singly reduced 4,4′-bpy [50]. These
results confirm the assignment of the cathodic signals observed in electrochemical
experiments as single reductions of individual ligands.

From the reductive spectroelectrochemistry experiments, isosbestic points for both 14+

(296 nm) and 2 (272, 409 and 474 nm) are observed, ensuring there are only two absorb-
ing species taking part in each redox equilibrium. On the basis of their UV–vis profiles we
assign them to the regular (Ru(L)) and the one-electron reduced (Ru(L−)) forms of the chro-
mophores. This picture is entirely consistent to that for the acid-base equilibrium of 2,
described in Section 3.4. Here, each molecule of 14+ and 2 bears four reducible chromoph-
ores, so the absorptivity of any reduction state of 14+ and 2 can be described as a linear
combination of the absorptivities of the Ru(L) and Ru(L−) fragments:

e Ru Lð Þ4�n L�ð Þn
� � ¼ 4� nð Þ e Ru Lð Þð Þ þ n e Ru L�ð Þð Þ (2)

These results further demonstrate that electronic communication between the different
pyridinic ligands in 14+ and 2 can be considered negligible.

The spectroelectrochemical experiments also provide access to the spectra of the reduced
(figure 5, equations (1) and (2) and figure S3) and oxidized (see SI, figures S2 and S3)
forms of the chromophores. The sum of their absorption profiles can be used as an approxi-
mation of the transient absorption spectra of the MLCT excited states [31], which is very
helpful to interpret the excited state ultrafast dynamics of molecular systems bearing these
chromophores. The data shown in figure S3 suggest that, in the case of 14+, photoinduced
bleach bands should be observed between 420 and 530 nm, and also between 600 and
675 nm, and photoinduced absorption bands are expected in the rest of the spectrum. In 2,
a photoinduced bleach band should be observed between 400 and 500 nm, while photoin-
duced absorption signals should appear at both shorter and longer wavelengths. Hence,
these results encourage further ultrafast transient absorption studies of larger arrangements
containing ruthenium tetrapyridinic chromophores as sensitizers, which are being
undertaken in our labs. This is particularly important for molecules designed to be part of

Figure 5. UV–vis spectroelectrochemistry during the first reduction of 14+ (left panel, DMSO, at −1.0 V) and 2
(right panel, CH3CN, at −2.0 V). Initial and final spectra are represented by dashed black and solid red curves,
respectively (see http://dx.doi.org/10.1080/00958972.2015.1014351 for color version).
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sunlight conversion systems, such as those presented here. To the best of our knowledge,
these are the first reductive spectroelectrochemical results presented for Ru(py)4-like
moieties.

4. Conclusion

The building blocks presented in this work are in-line with current supramolecular strategies
for creating light harvesting devices with higher efficiencies. Specifically, 14+ and 2 present
a convenient combination of the properties of ruthenium tetrapyridines and ruthenium poly-
pyridines. The Ru(py)4 motif provides advantageous structural characteristics for a supra-
molecular building block, such as a trans configuration confirmed by XRD experiments.
This can be exploited to prepare sensitized surfaces with denser coverages. The incorpora-
tion of the bpy-type extensively conjugated MQ+ and 4,4′-bpy ligands results in appealing
electronic features typical of Ru(2,2′-bpy)2, such as MLCT bands well spanned over the
visible region reaching 800 nm in 14+ and 600 nm in 2. Enhanced absorptivity typical of
ruthenium tetrapyridines is preserved in 14+ and 2, taking values of 50 × 103 and
25 × 103 M−1 cm−1, respectively. These are high in comparison with ruthenium polypyri-
dines operating in best performing dye-sensitized solar cells (10–45 × 103 M−1 cm−1) and
supramolecular systems of higher nuclearity (35–40 × 103 M−1 cm−1), which is a
consequence of the high chromophoric density presented by 14+ and 2.

Electrochemical reduction processes on the ligands were addressed, showing closely
spaced reduction potentials of the aromatic heterocycles. To shed light on the nature of
these processes, spectroelectrochemical techniques were employed. The evolution of the
spectra of 14+ and 2 upon electrochemical reduction, and that of 2 upon free nitrogen pro-
tonation, proceed with retention of clear isosbestic points. This is a consequence of negligi-
ble electronic coupling between the pyridinic ligands and the presence, in 14+ and 2, of four
independent chromophores per metal ion, one for each Ru-py pair.

Electronic absorption and electrochemical properties of 14+ and 2 encourage further tran-
sient absorption studies of the chromophoric fragments presented here. The spectroelectro-
chemical experiments reported here provide valuable guidance. Taken together, the unique
properties discussed here make these complexes attractive supramolecular building blocks
for sunlight harvesting.

Supplementary material

CCDC 1018587 contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallographic Data Center via www.
ccdc.cam.ac.uk/data_request/cif.
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