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ABSTRACT: Recent investigations on polypyridine transi-
tion-metal complexes as potential molecular wires have
provided new impetus for these long-studied and well-
established systems. Using bridging ligands 2,3-di(2-pyridyl)-
5,6-diphenylpyrazine (dpdpz) and 2,3,5,6-tetrakis(2-pyridyl)-
pyrazine (tppz), a tetrametallic cyclometalated ruthenium
complex has been prepared and characterized, with each metal
having one Ru−C bond. The electronic properties of this complex and two known monoruthenium and diruthenium complexes
with dpdpz (DPDPZ series) were probed by electrochemical and spectroscopic techniques and compared to the previously
reported tppz-based noncyclometalated ruthenium complexes (TPPZ series). The frontier orbital energy levels and electronic
structures of the two series have been characterized by density functional theory (DFT) calculations. In accordance with the
experimental results, these studies suggest that the DPDPZ series oligomers generally have a narrower energy gap relative to the
TPPZ series. In addition, the large energy density of states in longer oligomers suggests the possibility of band-type conduction.
The DPDPZ series exhibits red-shifted light absorption with enhanced intensity relative to the TPPZ series congeners. Time-
dependent DFT computations have been performed to rationalize the electronic absorption of the DPDPZ series. Oxidative
spectroelectrochemical measurements of the DPDPZ tetrametallic complex indicate the presence of intervalence charge-transfer
transitions among ruthenium sites.

■ INTRODUCTION

One-dimensional conjugated materials with excellent charge-
transport properties have been the focus of many research
activities.1 Compared to conjugated organic polymers,2 multi-
nuclear inorganic transition-metal complexes offer advantages
such as well-defined geometries (controlled by bridging ligands
and coordination chemistry of metals) and appealing electro-
chemical and photophysical properties.3 They exhibit a high
degree of electronic coupling and are most attractive for the
generation of highly conductive one-dimensional molecular
wires because of their extended π conjugation and ability to
mediate electron transfer through multiple redox states of
transition metals. Accordingly, many efforts have been devoted
to the design and synthesis of new coordination oligomers and
polymers toward applications such as molecular electronics,4

nonlinear optics,5 electrochromism,6 and photovoltaics.7

The physical properties of multinuclear coordination
complexes strongly depend on the bridging ligand used.8 A
suitable bridging ligand will allow optimal orbital overlap
between metals and organic ligands and thus give rise to
extensive delocalization, which is critical for effective charge
transport along the molecular chains. We recently reported that
2,3-di(2-pyridyl)-5,6-diphenylpyrazine (dpdpzH2; Figure 1)

displayed rich coordination chemistry with various transition
metals such as ruthenium,9 platinum,10 and rhenium11 to yield a
number of mononuclear and dinuclear complexes with
interesting electrochemical and spectroscopic properties. This
ligand can bind to a metal center either in a C^N^N tridentate
or a N^N bidentate coordination mode depending on the metal
components involved. We are particularly interested in using
dpdpzH2 and other bridging ligands12 for the construction of
one-dimensional cyclometalated coordination polymers. Com-
pared to conventional noncyclometalated complexes sur-
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Figure 1. Polypyridine ligands.
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rounded by neutral polyazine ligands, cyclometalated ruthe-
nium complexes13 contain at least one anionic ligand that binds
to the metal center with a Ru−C bond to form a chelate ring.
This feature makes cyclometalated ruthenium complexes
attractive for solar cell applications14 and mixed-valence
chemistry12,15 thanks to the strong orbital overlap between
the metal site and cyclometalating ligand. However, cyclo-
metalated ruthenium oligomers with more than two metal
centers have not been documented, to the best of our
knowledge.
We present in this paper a combined experimental and

computational study of ruthenium oligomers with the bis-
deprotonated form of dpdpzH2 (dpdpz). On the experimental
side, a tetraruthenium cyclometalated complex [Ru4(tpy)2-
(dpdpz)2(tppz)]

4+ [44+; tpy = 2,2′;6′,2″-terpyridine, tppz =
2,3,5,6-tetrakis(2-pyridyl)pyrazine; Figure 2] has been synthe-
sized and studied by electrochemical and spectroscopic analysis,
in addition to the previously reported monometallic complex
[Ru(tpy)(dpdpzH)]+ (1+, dpdpH is the mono-deprotonated
form of dpdpzH2) and dimetallic complex [Ru2(tpy)2-
(dpdpz)]2+ (22+).9 On the computational side, density
functional theory (DFT) calculations have been performed
on 1+, 22+, and 44+ and trimetallic complex [Ru3(tpy)(dpdpz)-
(tppz)(dpdpzH)]3+ (33+), referred to as the DPDPZ series. In
addition, time-dependent DFT (TDDFT) calculations have
been performed on 1+, 22+, and 44+. All of these experimental
and computational results are compared with those of another
series of noncyclometalated complexes 52+, 64+, 76+, and 88+

bridged by tppz (Figure 2, the TPPZ series).16

■ RESULTS AND DISCUSSION

Synthesis. The syntheses of ligand dpdpzH2 and complexes
1+ and 22+ have been reported previously.9 Using a similar
method for the synthesis of cyclometalated ruthenium
complexes,9,15 the tetrametallic complex [4](PF6)4 was
obtained in 19% yield from the reaction of [Cl3Ru(tppz)-
RuCl3]

17 with 2.5 equiv of the monometallic complex 1+ in the
presence of AgOTf and 4 Å molecular sieves, followed by anion
exchange of KPF6. The synthesis and purification of 44+ proved
much more difficult than those of 1+ and 22+ because of the
decreased solubility and increased polarity with increasing
oligomer length. The presence of 4 Å molecular sieves was
found to be beneficial for transformation, which is believed to
help remove a small amount of water present in the solvent.
The matrix-assisted laser desorption ionization (MALDI) mass
spectrometry (MS) spectrum shows signals with isotope
patterns corresponding to sequential losses of PF6 anions of
[4](PF6)4 (2463.4, 2317.5, 2172.6, and 2026.7 D; Figure 3).
The 1H NMR signals of [4](PF6)4 cannot be clearly assigned
(Figure S1 in the Supporting Information, SI) possibly because
of the presence of different stereoisomers. However, the purity
of the sample was proven by microanalysis data.

Electrochemical Studies. As has been reported earlier,9

complex 1+ shows an anodic redox couple at +0.67 V and
complex 22+ displays two waves at +0.65 and +0.84 V vs Ag/
AgCl. These peaks are assigned to the ruthenium(II/III)
processes with possibly some involvement of oxidation of the
cyclometalating ligand.13,14 This assignment is supported by the
theoretical calculations shown below. The potentials of these
waves are much less positive than those of the ruthenium(II/
III) processes of the TPPZ series complexes (Table 1) because

Figure 2. Compounds studied in this paper. Counteranions are [PF6
−].
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of the presence of a σ-donating anionic carbon ligand in the
cyclometalated complexes. Figure 4 shows the cyclic voltammo-
gram (CV) and differential pulse voltammogram (DPV) of the
tetraruthenium complex 44+ with [nBu4N](ClO4) as the
supporting electrolyte. The anodic CV shows some ill-defined
waves. However, the corresponding DPV can be deconvoluted
into three peaks (+0.68, +0.79, and +1.01 V vs Ag/AgCl) with a
1:2:1 intensity ratio. This is in accordance with the oxidation of
four ruthenium centers of 44+. The central ruthenium metals
are sandwiched between two electron-withdrawing metal
components. Thus, one of the terminal ruthenium sites is
believed to be oxidized first, and the fourth redox couple is
likely associated with one central ruthenium site. The splitting
of these ruthenium(II/III) waves suggests the presence of
metal−metal electronic coupling among metals. The first
cathodic wave of 44+ occurs at −0.59 V. As deduced from the
electrochemical data, the potential difference between the first
oxidation and first reduction waves (ΔEechem) of 44+ is 1.27 eV,
which is much smaller than those of 1+ and 22+ (Table 1).
Recently, it has been shown that improved electrochemical
signals can be achieved using electrolytes with weakly
coordinating anions.18 The anodic CV and DPV of 44+ in the

presence of [nBu4N][B(C6F5)4]
19 were then tested. However,

they did not significantly improve the resolution of these peaks
(Figure S2 in the SI).
The electrochemical data of the ruthenium oligomers of the

DPDPZ and TPPZ series are summarized in Table 1. In
comparison, the ΔEechem values of the DPDPZ series are
generally smaller than those of the TPPZ congeners. While
experimental data can probe the electronic levels of these
complexes, molecular electronics applications may also require
that the electron density be (de)localized over specific
functional moieties. Additionally, the synthesis and purification
of coordination complexes become much more challenging
with longer oligomers. For example, in the present study, the
synthesis of the triruthenium complex 33+ in the DPDPZ series
has not been attempted because of the synthetic difficulties in
accessing the asymmetric structure of such a molecule.
Computational studies are of great interest and importance
for elucidating details about the electronic structure and
topology of these complexes before moving on to elaborate
molecular conductance experiments. Moreover, the information
gained from theoretical studies would augment the electro-
chemical data to complete the observed trends. We describe
below some preliminary computational studies on the frontier
orbital energy levels of the two series and the geometric and
electronic structures of the DPDPZ series.

DFT Computations. Selection of an appropriate computa-
tional method is made difficult by the high charges on the
longer oligomers. Previous studies on the TPPZ oligomers have
demonstrated that, in the absence of screening, the energy
levels are subject to artificial compression, the so-called

Figure 3. MALDI MS spectrum of [4](PF6)4 showing signals
corresponding to sequential losses of PF6 anions.

Table 1. Electrochemical and DFT-Computed Data

DFT

series compound formal potential (V)a ΔEechemb (eV) HOMO (V) LUMO (V) ΔEgap (eV)

DPDPZ [Ru(tpy)(dpdpzH)]+ (1+) +0.67, −1.33, −1.71 2.00 −5.60 −2.73 2.88
[Ru2(tpy)2(dpdpz)]

2+ (22+) +0.65, +0.84, −1.03, −1.43 1.68 −5.67 −3.29 2.38
[Ru3(tpy)(dpdpz)(tppz)(dpdpzH)]

3+ (33+) −5.86 −3.95 1.91
[Ru4(tpy)2(dpdpz)2(tppz)]

4+ (44+) +0.68, +0.79, +1.01, −0.59 1.27 −5.90 −4.04 1.86
TPPZc [Ru(tpy)(tppz)]2+ (52+) +1.50, −0.95, −1.40 2.45 −6.71 −3.48 3.24

[Ru2(tpy)2(tppz)]
4+ (64+) +1.40, +1.71, −0.39, −0.86 1.79 −7.31 −4.78 2.54

[Ru3(tpy)(tppz)3]
6+ (76+) −7.45 −5.11 2.34

[Ru4(tpy)2(tppz)3]
8+ (88+) +1.07, −0.20 1.27 −7.69 −5.38 2.31

aUnless otherwise noted, the potentials are reported as the E1/2 value versus Ag/AgCl.
bThe potential difference between the first oxidation and first

reduction waves. cSee refs 16c and 16h.

Figure 4. CV (black lines) and DPV (blue line) of [4](PF6)2 in 0.1 M
Bu4NClO4/CH3CN. Red lines show the Gaussian-fitted DPV curves.
Conditions for DPV: scan rate = 20 mV/s, pulse amplitude = 10 mV,
pulse width = 50 ms, and pulse period = 200 ms.
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“charging penalty”.16h,20 The same studies have also noted that
the screening provided by solvent models is not adequate to
fully describe the experimental results, specifically the decrease
in the oxidation potential with increasing oligomer length. In
the absence of an efficient screening method that addresses the
above issues, which may include counterions as well as solvent,
we based the choice of method on the correct reproduction of
experimental trends in highest occupied molecular orbital
(HOMO)−lowest unoccupied molecular orbital (LUMO) gaps
(ΔEgap) for the TPPZ and DPDPZ series and a minimization of
the decreasing trend in HOMO energy levels (vertical
ionization energy). The computed energy levels and values of
ΔEgap are presented in Table 1.
The structures and isodensity plots of the HOMOs and

LUMOs of the entire DPDPZ series, evaluated computation-
ally, are shown in Figure 5. The geometry along the growth axis
of the DPDPZ wires displays a helical structure similar to that
seen in previously studied TPPZ series oligomers (Figure S3 in
the SI). In the dimetallic complex 22+, the pyrazine N−C−C−
N dihedral angles along the phenyl- and pyridyl-substituted
carbon atoms are 22.5° and 20.5°, respectively. Likewise,
distances between the ruthenium centers in the DPDPZ series
do not differ substantially from the analogous TPPZ oligomers.
The Ru−Ru distances across the tppz and dpdpz bridging
ligands are 6.7 and 6.8 Å, respectively. Additionally, because of
Ru−C bonds, which are shorter than the analogous Ru−N
bonds, the DPDPZ series oligomers display deviations from
linearity along the c axis (Figure S3 in the SI). This is most
evident in the tetrametallic complex 44+. These calculated
structures are in agreement with reported X-ray structures of
tppz-bridged multimetallic complexes. For example, the
trimetallic complex [ClPt(tppz)Ru(tppz)PtCl](PF6)4 reported
by Brewer has a Pt−Ru distance of 6.55 Å and two pyrazine

N−C−C−N dihedral angles of 21.6 and 18.7°.21 The tppz-
bridged diruthenium complex cis-[Cl(dmb)Ru(tppz)Ru(dmb)-
Cl](PF6)2 (dmb = 4,4′-dimethyl-2,2′-bipyridine) has a Ru−Ru
distance of 6.558 Å.17

The effects of cyclometalation are apparent in the frontier
molecular orbitals. The computed HOMO has a significant
character of metal d orbitals. This can be easily rationalized
within the framework of a d6 metal in an octahedral field and
can be observed qualitatively via the orbital contours (Figure
5). The Mulliken population analysis also places large
coefficients on the metal t2g orbitals. However, there is also
significant HOMO electron density on the dpdpz−phenyl
rings, a feature that is absent in the TPPZ series oligomers. This
has been previously reported with regard to cyclometalated
ruthenium complexes.12−15,22 The LUMO orbitals are largely
ligand-based π* orbitals. In the cases of 33+ and 44+, the
LUMOs are dominated by the tppz ligand, which suggests that
the first cathodic redox wave of 44+ in Figure 4 is associated
with the tppz reduction.
Because of equilibration with the Fermi energy of the

electrodes, a smaller ΔEgap would require smaller biases for
electronic conduction in a two-terminal setting. In this context,
larger HOMO−LUMO gaps suggest greater geometric free-
energy changes upon oxidation or reduction, and these can, in
turn, be viewed as a kinetic barrier to electronic conduction.23

In the limit of an infinite conjugation length,24 a plot of the
reciprocal oligomer length versus ΔEgap allows extrapolation to
ΔEgap for infinite-length polymers (Figure 6). The theoretical
extrapolated gap of the DPDPZ series is expected to be ∼1.5
eV, while for the TPPZ series, it is expected to converge to
∼1.9 eV.
As shown in Figure 6, the linear fit of the TPPZ series

electrochemical data has a steeper slope than that of the

Figure 5. DPDPZ series structures (1+, 22+, 33+, and 44+ from the top). Left column: isodensity plots of HOMO orbitals. Right column: isodensity
plots of LUMO orbitals. The phenyl rings of the dpdpz ligand are positioned above the central metal−metal axis. All orbitals have been computed at
an isovalue of 0.02 e/bohr3. Ru−Ru lengths are also indicated in the left column.
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DPDPZ series. However, the slopes of the linear fit applied to
both theoretical series are comparable. This would suggest that
delocalization is approximately the same for both series.
However, upon closer inspection, the greatest drop in ΔEgap
occurs between the DPDPZ dimetallic and trimetallic
complexes. This corresponds to the addition of a third metal
atom and a tppz ligand to the DPDPZ series oligomer. It is
likely that the addition of a tppz ligand introduces a lower-
energy LUMO state into the DPDPZ trimetallic complex.
Although electrochemical data for this complex are not
available, this conclusion is consistent with the experimental
data, where the first reduction for the DPDPZ tetramer is
positively shifted by 440 mV relative to the dimetallic complex.
In the TPPZ series, the first reduction of the tetrametallic
complex is positively shifted by only 190 mV relative to the
dimetallic complex. Finally, the orbital contours also support
localization of the LUMO on the tppz ligand in n = 3 and 4
DPDPZ oligomers. This suggests that extrapolation, based on
the electrochemical data, is not complete without the data for
the trimetallic species. We conjecture from the theoretical data
that inclusion of the trimetallic complex would alter the slope of
the electrochemical extrapolation. In other words, the slope of
the linear fit applied to the electrochemical data for the DPDPZ
series is artificially small because of the absence of data for the
trimetallic complex.
Characteristics of molecular conductivity have also been

extended to the topology of molecular orbitals, specifically the
LUMO orbital, which may be the initially populated orbital
when an external potential is applied across the molecule by
macroscopic electrodes.25 The LUMOs are highly delocalized
across the TPPZ ligand. By analogy to the HOMO of the
tetrametallic complex, which has regions of high density on
both of the DPDPZ ligands, the LUMO would be expected to
further delocalize onto additional TPPZ ligands as the length of
the wire increases. Previously modeled TPPZ series oligomers
with up to n = 8 have shown LUMO delocalization across
several repeat units. In studies where TPPZ was utilized as the
capping ligand, the calculated LUMO was delocalized onto the
terminal ligand.16h

The significant electronic delocalization in these species also
gives rise to a high density of states. A large energy density of
states should facilitate electron transfer by presenting near-
degenerate or overlapping states along the axis of growth
(conduction) in both oxidized (p-doped) and reduced (n-

doped) forms of the wire. Figure 7 displays the significant
increases in the energy density of states with increasing

oligomer length. This suggests the formation of band-type
electronic structure and the possibility of band conduction. In
fact, previous calculations have also shown that the
reorganization energy changes associated with the reduction
of TPPZ oligomers are quite small,16h a result that is consistent
with the semiconductor behavior.

Spectroscopic Studies and TDDFT Calculations. The
electronic absorption spectra of 1+, 22+, and 44+ are displayed in
Figure 8. Absorption in the ultraviolet (UV) region is due to

intraligand π−π* excitation. The intense and broad bands in
the visible to near-IR (NIR) region are ascribed to the metal-to-
ligand charge-transfer (MLCT) transitions. As the oligomer
length increases, the MLCT maximum shifts bathochromically
(515, 574, and 651 nm for 1+, 22+, and 44+, respectively).
Apparently, the tetraruthenium complex displays much
enhanced light absorptivity. The low-energy edge of the
absorption spectrum of 44+ extends into the NIR region. A
comparison of the absorption spectra of 22+, 44+, 64+, and 88+ is
given in Figure S4 in the SI, which indicates that the DPDPZ
series complexes exhibit red-shifted MLCT transitions with
enhanced intensity relative to the corresponding TPPZ series
complexes with the same metal atom numbers.
To gain insight into the nature of the MLCT absorption of

the DPDPZ series, TDDFT calculations have been performed
on the above DFT-optimized structures of 1+, 22+, and 44+

using the same level of theory. Predicted electronic transitions
are displayed in Figure S5 in the SI and delineated in Table S1

Figure 6. Plot of 1/n versus electrochemical potential difference
ΔEechem and theoretical ΔEgap with linear regression for the TPPZ and
DPDPZ series oligomers. The intercept is an indication of ΔEgap for an
infinite-length chain.

Figure 7. Plot of DFT eigenvalues versus number of ruthenium atoms
for the DPDPZ series. This plot displays the increase in the energy
density of states with the oligomer length. The plot suggests that band-
type conduction may be possible in these types of oligomers.

Figure 8. Electronic absorption spectra of 1+ (red line), 22+ (blue
line), and 44+ (black line) in CH3CN.
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in the SI. Frontier orbitals involved in these transitions are
shown in Figures S6−S10 in the SI. TDDFT-predicted
excitations are at slightly higher energies relative to the
experimentally obtained spectra. However, the shapes of the
predicted excitations correlate well with the experimental data.
The absorption peak at 515 nm of 1+ is mainly associated with
the S9 excitation (HOMO−2 → LUMO), which is a result of
the MLCT transitions targeted at the dpdpz ligand. However,
some amount of tpy-associated MLCT transitions is also
involved (e.g., S7 excitation of the HOMO−1 → LUMO+2
character). The low-energy edge absorption of 1+ is dominated
by excitations from the HOMO (S1 and S3 excitations). The
sharp absorption peak of 22+ in the visible region largely
originates from the S16 excitation, which has mixed character of
MLCT transitions associated with both the bridging and
terminal ligands (HOMO → LUMO+5; HOMO−4 → LUMO
+1; HOMO−4 → LUMO+3). The HOMO → LUMO
transition is responsible for the low-energy edge absorption
of 22+. In the case of the tetraruthenium complex 44+, the
predicted MLCT transitions are complex. Three excitations
with high oscillator strength in the visible region are predicted
(S8, S14, and S24 excitations). They are associated with the
HOMO, HOMO−1, HOMO−2, LUMO+2, LUMO+3,
LUMO+4, and LUMO+5 orbitals. Apparently, the terminal
tpy ligand is not involved in these transitions. Again, the
HOMO → LUMO excitation is mainly responsible for its low-
energy edge absorption.
Spectroelectrochemical Measurements. The tetrame-

tallic complex 44+ was studied by spectroelectrochemical
measurements at a transparent indium−tin oxide (ITO) glass
electrode. Figure 9 shows the absorption spectral changes in the
visible to NIR region upon a stepwise increase of the potential
to oxidize ruthenium sites. When the potential was increased

from +0.60 to +0.90 V versus Ag/AgCl, a decrease in the
MLCT transitions was observed, with the concomitant
emergence of weak absorption between 1200 and 1700 nm
(Figure 9a). When the potential was further increased to +1.20
V, the intensity of the MLCT transitions decreased a little
further, and the weak absorption in the NIR region decreased
as well (Figure 9b). This weak absorption very likely arises
from the intervalence charge-transfer (IVCT) transitions
among ruthenium sites. However, we did not attempt to
quantify an electronic coupling parameter from this weak band,
which seems to consist of multiple components judging from
the irregular shape. In addition, the presence of multiple metal
sites further complicates the situation. Nevertheless, the
observation of the IVCT transitions does suggest the presence
of electronic interaction among metal sites, which is in
accordance with the electrochemical data. This suggests that
this complex is potentially useful as a molecular wire.

■ CONCLUSIONS

In summary, the first cyclometalated ruthenium complex with
four metal centers has been prepared and characterized using
the bridging ligands dpdpz and tppz. It shows enhanced
absorptivity and a red-shift absorption maximum compared to
the monometallic and dimetallic complexes with dpdpz.
Combined electrochemical, spectroscopic, and theoretical
studies show that these cyclometalated complexes exhibit
intriguing structural and electronic features, including a rigid
linear conformation, narrow energy gaps, and low redox
potentials of the metal centers. These properties make them
potential candidates as molecular wires. Taking into account
recent investigations on the photochromic and electrochromic
transition-metal complexes with bridged or pendent molecular
switch units,26 these complexes would be of great interest for
further elaboration.
On the basis of the theoretical data, we find that the DPDPZ

series may be well-suited for molecular electronics applications.
The theoretical ΔEgap for the DPDPZ series oligomers is
generally narrower than that of the corresponding TPPZ
complexes. In shorter oligomers, the presence of a low-lying
TPPZ LUMO as well as destabilization of the HOMO from
cyclometalation results in a significantly smaller ΔEgap. This
may have implications toward the tuning of ΔEgap in future
hybrid systems.

■ EXPERIMENTAL SECTION
Absorption Spectral Measurements. All optical UV−visible

absorption spectra were obtained using a HP 8453 diode-array
spectrometer at room temperature in denoted solvents, with a
conventional 1.0 cm quartz cell. Spectroelectrochemical measurements
were performed in a thin-layer cell (optical length 0.2 cm) in which an
ITO glass electrode was set in the indicated solvent containing the
compound to be studied (the concentration is around 1 × 10−4 M)
and 0.1 M Bu4NClO4 as the supporting electrolyte. A platinum wire
and Ag/AgCl in a saturated aqueous NaCl solution was used as the
counter and reference electrodes, respectively. The cell was put into a
PE Lambda 750 UV−vis−NIR spectrophotometer to monitor spectral
changes during electrolysis.

Electrochemical Measurements. All cyclic voltammetry was
taken using an Epsilon BAS EC potentiostat. Three-compartment
electrochemical cells (separated by medium-porosity sintered glass
disks) with provision for gas addition were employed. All joints were
standard taper so that all compartments could be hermetically sealed
with Teflon adapters. A glassy carbon electrode with a diameter of 0.3
mm was used as a working electrode. The electrode was polished prior

Figure 9. Absorption spectral changes of 44+ in CH3CN at an ITO
glass electrode upon application of potentials from (a) +0.60 to +0.90
V and (b) +0.90 to +1.20 V versus Ag/AgCl. The insets show enlarged
plots in the NIR region.
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to use with 1 μm diamond paste (Buehler) and rinsed thoroughly with
water and acetone. A large-area platinum wire coil was used as the
counter electrode. All potentials were referenced to a saturated Ag/
AgCl electrode without regard for the liquid junction potential. All
measurements were carried out with a 0.3 mM concentration of the
corresponding complex in CH3CN at a scan rate of 100 mV/s, in 0.1
M [nBu4N](ClO4) or [nBu4N][B(C6F5)4] as the supporting electro-
lyte.
Synthesis. MALDI-time-of-flight (TOF) positive-ion data were

obtained with a Waters MALDI micro MX mass spectrometer run in a
reflection mode. The matrix is α-cyano-4-hydroxycinnamic acid.
Microanalysis was carried out using a Flash EA 1112 analyzer at the
Institute of Chemistry, Chinese Academy of Sciences.
Synthesis of [4](PF6)4. To a suspension of [Cl3Ru(tppz)RuCl3]

17

(16 mg, 0.02 mmol) in 20 mL of dry acetone was added 52 mg of
AgOTf (0.20 mmol). The system was refluxed for 2 h before cooling
to room temperature. The mixture was filtered through a pad of Celite,
and the filtrate was concentrated under reduced pressure. To the
residue were added [1](PF6)

9 (43 mg, 0.05 mmol), 500 mg of 4 Å
molecular sieves, 10 mL of DMF, and 10 mL of tBuOH. The resulting
mixture was bubbled with nitrogen for 30 min and then refluxed for 24
h under a nitrogen atmosphere. The mixture was filtered through a
pad of Celite, and the filtrate was concentrated. The residue was
dissolved in 2 mL of methanol, followed by the addition of excess
KPF6. The resulting precipitate was collected after filtration and
subjected to flash column chromatography on silica gel (eluent:
CH3CN/H2O/aqueous KNO3, 100:10:5) to give 10 mg of [4](PF6)4
as a blue solid in 19% yield. MALDI-MS: 2463.4 ([M − PF6]

+), 2317.5
([M − 2PF6]

+), 2172.6 ([M − 3PF6]
+), 2027.7 ([M − 4PF6]

+). Anal.
Calcd for C106H70F24N20P4Ru4·2H2O: C, 48.15; H, 2.82; N, 10.60.
Found: C, 47.94; H, 2.91; N, 10.87.
Computational Methods. In order to minimize the computa-

tional cost, rough geometries of all oligomers were generated using the
MOPAC 09 software package and the semiempirical PM6 method,
which includes parametrization for 70 elements.27 Because of its
efficient parallelization, the Vienna Ab Initio Simulation Package
(VASP) was used to perform geometry optimizations on all DPDPZ
and TPPZ oligomers.28 DFT calculations in VASP used the Perdew−
Burke−Ernzerhof form of the generalized gradient approximation.29,30

Core states were described with a projector augmented-wave
pseudopotential, while valence states were expanded on the basis of
plane waves with a cutoff energy of 500 eV.31 Energies were sampled at
a single k point, and maximum forces were limited to 0.02 eV/Å. Unit
cells were constructed so that a minimum vacuum distance of 15 Å was
maintained between periodic images. Where charged species are
concerned, VASP employs a homogeneous background charge to
achieve charge neutrality in the cell. Electronic structures from the
VASP-optimized geometries were calculated using DFT, as imple-
mented in the Gaussian03 program.32 Wave functions were expanded
in the LANL2DZ basis set with effective core potentials, and an
electron exchange correlation was described using the B3LYP hybrid
functional.33,34 Solvation effects in acetonitrile were included using the
conductor-like polarizable continuum model with united-atom Kohn−
Sham radii.35
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