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ABSTRACT: Despite the high π-acidity of thioether donors,
ruthenium(II) complexes with a bidentate 1,2-bis(phenylthio)-
ethane (dpte) ligand and two chelating diimine ligands (i.e.,
Ru(diimine)2(dpte)

2+) exhibit room-temperature fluid solution
emission originating from a lowest MLCT excited state (diimine
= 2,2′-bipyridine, 5,5′-dimethyl-2,2′-bipyridine 4,4′-di-tert-butyl-
2,2′-bipyridine, 1,10-phenanthroline, 5-methyl-1,10-phenan-
throline, 5-chloro-1,10-phenanthroline, 5-bromo-1,10-phenan-
throline, 5-nitro-1,10-phenanthroline, 4,7-diphenyl-1,10-phe-
nanthroline, and 3,4,7,8-tetramethyl-1,10-phenanthroline).
Crystal structures show that the complexes form 2 of the 12
possible conformational/configurational isomers, as well as
nonstatistical distributions of geometric isomers; there also are
short intramolecular π−π interactions between the diimine ligands and dpte phenyl groups. The photoinduced solvolysis
product, [Ru(diimine)2(CH3CN)2](PF6)2, for one complex in acetonitrile also was characterized by single-crystal X-ray
diffraction. Variations in the MLCT energies and Ru(III/II) redox couple, E°′(Ru3+/2+), can be understood in terms of the
influence of the donor properties of the ligands on the mainly metal-based HOMO and mainly diimine ligand-based LUMO.
E°′(Ru3+/2+) also is quantitatively described using a summative Hammett parameter (σT), as well as using Lever’s electrochemical
parameters (EL). Recommended parametrizations for substituted 2,2′-bipyridyl and 1,10-phenanthrolinyl ligands were derived
from analysis of correlations of E°′(Ru3+/2+) for 99 homo- and heteroleptic ruthenium(II) tris-diimine complexes. This analysis
reveals that variations in E°′(Ru3+/2+) due to substituents at the 4- and 4′-positions of bipyridyl ligands and 4- and 7-positions of
phenanthrolinyl ligands are significantly more strongly correlated with σp

+ than either σm or σp. Substituents at the 5- and 6-
positions of phenanthrolinyl ligands are best described by σm and have effects comparable to those of substituents at the 3- and 8-
positions. Correlations of EL with σT for 1,10-phenanthrolinyl and 2,2′-bipyridyl ligands show similar results, except that σp and
σp

+ are almost equally effective in describing the influence of substituents at the 4- and 4′-positions of bipyridyl ligands. MLCT
energies and d5/d6-electron redox couples of the complexes with 5-substituted 1,10-phenanthroline exhibit correlations with
values for other d6-electron metal complexes that can be rationalized in terms of the relative number of diimine ligands and
substituents.

■ INTRODUCTION

This report describes the structural, spectroscopic, and
electrochemical properties of a series of ruthenium(II)
complexes with a bidentate 1,2-bis(phenylthio)ethane (dpte)
ligand and two substituted 2,2′-bipyridyl or 1,10-phenanthro-
linyl ligands. These observations and assembled literature data
are leveraged to delineate empirical relationships between
spectroscopic and electrochemical data, as well as parameters
describing diimine ligand substituents. The work was motivated
by the fact that ruthenium(II) complexes having at least one
polypyridyl ligand are potentially useful in applications such as
dye-sensitized solar cells, photocatalysis, sensing, displays, and
biotechnology.1−4 These complexes typically have a mainly

metal-centered HOMO and a diimine-centered LUMO. This
situation results in low-lying MLCT states, as well as metal- and
ligand-based electron-transfer chemistry. Features include good
chemical stability, high light absorptivity in the visible region,
relatively long-lived lowest excited states, reversible electron-
transfer reactions, and rich photochemistry. Despite growing
knowledge of these properties, the development of reliable
guidelines for designing complexes that meet specific and
demanding performance criteria remains a challenge.

Received: September 3, 2013
Published: December 10, 2013

Article

pubs.acs.org/IC

© 2013 American Chemical Society 294 dx.doi.org/10.1021/ic4022454 | Inorg. Chem. 2014, 53, 294−307

pubs.acs.org/IC


Investigations of a large number of such complexes have
been indispensable in improving the understanding of how
ligand donor properties modulate redox chemistry and
characteristics of MLCT states. For example, within certain
series of complexes, it has been found that the MLCT
absorption and emission energies are correlated with ΔE,
defined as the difference between the mainly metal-based
Ru3+/2+ couple and the first diimine ligand-based redox
couple.5−22 Similar correlations have been noted for
luminescent osmium(II), rhenium(I), and platinum(II) com-
plexes.5,18,23−27 Relationships involving externally derived
parameters also are potentially useful for predicting properties
of unknown compounds. For example, linear free energy
relationships between the metal-based Ru3+/2+ couple and
diimine ligand pKa values,

28 as well as the free ligand reduction
potentials,29 have been reported. There also is growing interest
in correlations between experimental data and calculated
parameters.30,31 One of the most common strategies has been
to identify correlations of redox and spectroscopic properties
with Hammett parameters for substituents on nonchromo-
phoric ligands,8,32−36 as well as chromophoric ligands, such as
2,2′;6′,2″-terpyridyl20 and 2,2′-bipyridyl ligands.37−41 However,
such studies have focused on rather narrow sets of complexes.
In the case of redox potentials, the success of such treatments
implies the existence of electrochemical ligand additivity
relationships,42,43 which have been expanded upon by Lever44

to produce a powerful set of ligand electrochemical parameters
(EL).

39,45,46 Whereas some attention has been given to the
influence of 2,2′-bipyridyl ligand substituents on the properties
of ruthenium(II) complexes,15,28−30,37−41,47−51 comparatively
little attention has been given to the systematization of 1,10-
phenanthrolinyl ligand substituent effects on the properties of
ruthenium(II) polypyridyl complexes.33,52−56 However, there
have been several investigations of other luminescent
transition-metal systems.23,24,26,53,54,57−59

Against this backdrop, we were interested in expanding
knowledge of the chemistry of divalent ruthenium 1,10-
phenanthrolinyl complexes with alkyl and aryl thioether
ligands.60 The high π-acidity of thioether ligands is expected
to destabilize MLCT states, and therefore, emission from such
complexes is reasonably anticipated to be susceptible to
quenching by low-lying, thermally accessible ligand-field states.
In support of this supposition, we note that ruthenium(II) 2,2′-
bipyridyl complexes with a chelating dialkyl thioether ligand
and two N-donor pyridyl or benzimidazolyl ligands exhibit very
short-lived MLCT emissions (τ < 100 ns).21,22 Similarly, Collin
et al. reported that Ru(phen)2(dpte)

2+ undergoes rather
efficient photosubstitution reactions.61 Building on our earlier
studies of Ru(diimine)(dpte)2

2+ complexes,62 we report here
the synthesis and characterization of a new series of
Ru(diimine)2(dpte)

2+ complexes. These compounds exhibit
surprisingly long-lived emission from a lowest MLCT state.
The redox potentials and spectroscopic properties can be
understood in terms of the relative σ- and π-donor properties of
the ligands. Moreover, these observations have inspired a broad
investigation of 2,2′-bipyridyl and 1,10-phenanthrolinyl sub-
stituent effects. That analysis has yielded surprising insight into
the electronic influence of phenanthrolinyl ligand substituents,
including those at the 5- and 6-positions. Thus, we report here
a set of recommended summative Hammett parametrizations
for 2,2′-bipyridyl and 1,10-phenanthrolinyl ligands, as well as
estimates of EL for 56 diimine ligands and dpte.

■ EXPERIMENTAL SECTION
General. RuCl3·3H2O was obtained from Pressure Chemical

(Pittsburgh, PA). 5-Methyl-1,10-phenanthroline (CH3phen) and 5-
chloro-1,10-phenanthroline (Clphen) were obtained from Alfa Aesar
(Ward Hill, MA). 5,5′-Dimethyl-2,2′-bipyridine (dmbpy) and 4,4′-di-
tert-butyl-2,2′-bipyridine (dbbpy) were obtained from Aldrich
Chemical Co. (Milwaukee, WI). 5-Nitro-1,10-phenanthroline
(NO2phen), 1,10-phenanthroline (phen), 4,7-diphenyl-1,10-phenan-
throline (dpphen), and 3,4,7,8-tetramethyl-1,10-phenanthroline
(tmphen) were obtained from Acros (Somerville, NJ). 5-Bromo-
1,10-phenanthroline (Brphen)63 and 1,2-bis(phenylthio)ethane64 were
synthesized as previously described. Tetra-n-butylammonium hexa-
fluorophosphate (TBAPF6) was prepared according to a literature
procedure,65 recrystallized at least twice from methanol and dried
under vacuum prior to use. Acetonitrile for emission and electronic
absorption spectroscopic studies was distilled from calcium hydride.
Deuterated acetonitrile and acetone were obtained from Cambridge
Isotope Laboratories (Andover, MA). Acetonitrile for electrochemical
studies was obtained from Burdick and Jackson (Muskegon, MI).

Methods. Elemental analyses were performed by Atlantic Microlab,
Inc. (Norcross, GA). 1H NMR spectra were recorded at room
temperature using a Bruker AMX 400 MHz wide-bore spectrometer
and referenced vs the characteristic solvent resonance. Mass spectra
were obtained by electrospray ionization of acetonitrile solutions using
a Micromass Q-TOF-2 instrument. UV−visible absorption spectra
were recorded using a HP8453 Diode Array spectrometer; data are
summarized in Table 3 and Table S2 (Supporting Information).
Emission spectra were recorded using a SPEX Fluorolog-3 Fluorimeter
equipped with a double emission monochromator and a single
excitation monochromator. Samples were typically excited near the
MLCT absorption maximum where concentrations had been adjusted
to give absorbances of 0.1−0.25. Emission spectra were corrected for
instrumental response. Samples were subjected to a minimum of three
freeze−pump−thaw cycles prior to lifetime measurements using 410−
440 nm light from a Continuum Panther optical parametric oscillator
pumped with the third harmonic of a Continuum Surelite II Nd:YAG
laser. Emission transients were detected using a modified PMT
connected to a Tektronix TDS580D oscilloscope and modeled using
in-house software on a Microsoft Excel Platform. Cyclic voltammetry
measurements were carried out using a standard three-electrode cell
and a 100 B/W electrochemical workstation from Bioanalytical
Systems. Scans were recorded on samples dissolved in 0.1 M
TBAPF6 acetonitrile solution using a Pt wire auxiliary electrode, and
a 3.0 mm diameter glassy-carbon working electrode. The electrode
potential was referenced vs Ag/AgCl (3.0 M NaCl). Under these
conditions, the ferrocene/ferrocenium couple occurred at 0.435 V with
an anodic−cathodic peak potential separation (ΔEp) of 59 mV at 0.1 V
s−1. The potentials were standardized to the normal hydrogen
electrode (NHE) by addition of 0.195 V (=0.630−0.435).66 For
reversible and quasi-reversible processes, the value of (Epc + Epa)/2 at
0.1 V/s, an approximation of the formal potential for a redox couple, is
referred to as E°′.

Chemometric Analyses. Data analyses were carried out with
Microsoft Excel and Mathematica 8.0 using conventional statistical
treatments.67,68 The Pearson product-moment correlation coefficient
(R) ranges from −1 to 1 and is referred to as the correlation
coefficient. The significance level in hypothesis testing was 5% (α =
0.05). Parametric statistical treatment of such data must be accepted
with caution because of uncertainties concerning underlying
assumptions of normality, independence, homogeneity of variances,
and the validity of the model, as well as uncertainties in Hammett
parameters (σ). In the case of E°′(Ru3+/2+) values, primary literature
work was located using SciFinder and in references cited by Juris et
al.69 and Lever.44 The resulting 199 redox potential measurements on
99 complexes are listed in Table S3 in the Supporting Information. We
use “measurement” to indicate a single report of a redox potential for a
given complex. Thus, there may be multiple measurements per
complex. Measurements were required to meet several criteria for
inclusion. With the exception of complexes having one dpte ligand
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(Table S4, Supporting Information), data were restricted to homo-
and heteroleptic Ru(X)(Y)(Z)2+ complexes in which X, Y, and Z are
2,2′-bipyridyl and/or 1,10-phenanthrolinyl ligands. Each complex was
required to exhibit a reversible (or nearly so) Ru3+/2+ redox couple in
acetonitrile solution with 0.1 M electrolyte. We excluded complexes
with bipyridyl ligands having non-hydrogen substituents at the 6- or
6′-positions and those with phenanthrolinyl ligands having sub-
stituents at the 2- or 9-positions. Substituents were required to have
so-called “preferred values” of the σm, σp, and σp

+ designated in the
compendium by Hansch, Leo, and Hoekman (see Table S5,
Supporting Information).70 (Exploration of other substituent param-
eters proved impractical because well-determined values are not
available.) Data were retained only if there were no obvious errors and
the method of referencing the electrochemical potentials to a reference
electrode was considered unambiguous. The data are representative,
but not intended to be exhaustive. Some characteristics of the data are
summarized in Table S6 (Supporting Information). All 199 measure-
ments were used in determination of ligand electrochemical
parameters (EL). For correlations with Hammett parameters, replicate
measurements of E°′(Ru3+/2+) were averaged. The complexes were
divided into three data sets: A, B, and C (Tables S7−S9, Supporting
Information). Ru(4,4′-(NEt2)2-bpy)32+ (4,4′-(NEt2)2-bpy = 4,4′-
diethylamino-2,2′-bpy) was excluded from Hammett correlations
because of conflicting reports of E°′(Ru3+/2+) and the high leverage
of these data. Ru((PhCHCH)2-bpy)3

2+ ((PhCHCH)2-bpy = 4,4′-
bis(2-phenylethenyl)-2,2′-bipyridine)37 was an extreme outlier under
all parametrizations using σp

+ to describe 4,4′-substituents, which
raises doubts about σp

+ for this substituent and/or the value of
E°′(Ru3+/2+). Therefore, this complex also was omitted from Hammett
correlations, including those involving EL.
Potentials were referenced to NHE (or SHE) following the

electrode conversions suggested by Pavlishchuk and Addison.66

Potentials reported against the saturated Ag/AgCl and Ag/AgCl (3
M NaCl) reference electrodes were referenced to NHE by addition of
0.198 and 0.209 V, respectively.71,72 It may be useful to point out that
some authors have reported the expected potentials of ruthenium
complexes in water vs NHE based on values determined in
acetonitrile, by noting that the Ru(bpy)3

3+/2+ couple in acetonitrile
vs SCE has the same value in water vs NHE and with the assumption
that this is true of related complexes.73 Such potentials were converted
to values in acetonitrile vs NHE by addition of 0.25 V.
More than two-thirds of the replicates are for Ru(bpy)3

2+ (N = 44),
Ru(4,4′-dimethyl-2,2′-bpy)32+ (N = 16), and Ru(phen)3

2+ (N = 10). In
each case, the standard deviation (σ) of the mean redox potential
exceeds typical estimates of experimental error: Ru(bpy)3

2+, 1.52(3) V;
Ru(4,4′-dimethyl-2,2′-bipyridine)32+, 1.37(3) V; Ru(phen)32+, 1.52(5)
V. In the case of Ru(phen)3

2+, discarding the two worst outliers gives
1.53(2) V. Sources of disagreement in potentials have previously been
outlined,44 and these include variations in electrolyte/electrode,
corrections for junction potentials and IR drop, solvent purity,
reference electrodes, and reference electrode conversions, as well as
nonstatistical fluctuations such as outliers.
cis-RuL2Cl2 (L = phen, CH3phen, NO2phen, Clphen, Brphen,

tmphen, dpphen, dmbpy, or dbbpy). The complexes were
prepared by modification of the procedure for the synthesis of cis-
Ru(bpy)2Cl2·2H2O (bpy = 2,2′-bipyridine).74,75 In a typical reaction,
RuCl3·3H2O (7.84 g, 30 mmol), 2,2′-bipyridine (9.36 g, 60 mmol),
and LiCl (0.85 g, 20 mmol) were refluxed in dimethylformamide (60
mL) for 6 h under argon with vigorous stirring. After allowing the
mixture to cool to room temperature, HPLC grade acetone (150 mL)
was added, and the resultant solution was cooled at −25 °C overnight.
Filtering the resulting mixture yielded a red to red-violet filtrate and a
nearly black microcrystalline product. The solid was washed well with
several portions of cold water (∼75 mL), followed by several portions
of diethyl ether (∼75 mL). The solid was dried by suction. Yields were
typically 70−75%. The products were characterized by 1H NMR
spectroscopy and mass spectrometry.
[Ru(phen)2(dpte)](PF6)2 (1). Drawing on the work from Root et

al. for the preparation of bis(2,2′-bipyridine)(thioether)ruthenium(II)
hexafluorophosphate complexes ([(bpy)2Ru(SS)](PF6)2),

60 cis-Ru-

(phen)2Cl2·2H2O (0.566 g, 1 mmol) and a 5-fold excess of dpte
(1.23 g, 5 mmol) were refluxed in a 1:1 mixture of distilled water and
ethanol (100 mL) under argon for 4 h with vigorous stirring. The dark
red-violet reaction mixture gradually became a yellow-orange solution.
After the resulting solution was cooled to room temperature, excess
dpte ligand was removed by extraction with diethyl ether. Excess
NH4PF6 was added to the yellow-orange solution to induce
precipitation. The resulting yellow powder was collected by filtration
and washed with cold water (75 mL) and diethyl ether (75 mL),
before being dried in vacuo. Yield: 0.6036 g, 60%. Analytical samples
were obtained either by direct crystallization from acetone−ether at
∼0 °C or by column chromatography on activated neutral alumina
(2:1 and 1:1 benzene:CH3CN), followed by recrystallization from
acetone−ether. Recovered yields varied between 50 and 70%. 1H
NMR (CD3CN, δ): 9.94 (d, 2H, J = 5.2 Hz; H2), 8.66 (d, 2H, J = 6.8
Hz; H4), 8.40 (d, 2H, J = 6.8 Hz; H7), 8.20 (dd, 2H, J = 5.2 Hz, J = 3.6
Hz; H3), 8.00 (d, 2H, J = 6.8 Hz; H9), 7.85 (d, 2H, J = 6.8 Hz; H5),
7.51 (dd, 2H, J = 5.2 Hz, J = 5.2 Hz; H6), 7.33 (d, 2H, J = 3.6 Hz; H8),
6.78 (dd, 2H, J = 7.2 Hz, J = 7.6 Hz; Hp), 6.47 (dd, 4H, J = 7.6 Hz, J =
8.0 Hz; Hm), 6.19 (d, 4H, J = 7.6 Hz; Ho), 3.88 (d, 2H, J = 8.4 Hz;
CH2), 3.20 (d, 2H, J = 8.4 Hz; CH2). MS-ESI (m/z): 852.9
([Ru(phen)2(dpte)](PF6)

+), 351.9 (Ru(phen)2(dpte)
2+). Anal. Calcd.

For RuC38H30N4S2P2F12: C, 45.70; H, 3.03; N, 5.62. Found: C, 45.51;
H, 3.01; N, 5.38.

[Ru(CH3phen)2(dpte)](PF6)2 (2). The product was isolated as a
yellow powder by following the synthetic procedure for 1 and
substituting cis-Ru(CH3phen)2Cl2·2H2O (0.298 g, 0.5 mmol) for cis-
Ru(phen)2Cl2·2H2O. Yield 0.38 g, 74%. 1H NMR (CD3CN, δ): 9.93
(d, 1H, J = 4.4 Hz), 9.84 (d, 1H, J = 2.4 Hz), 8.73 (d, 1H, J = 8.4 Hz),
8.51 (dd, 2H, J = 8.4 Hz, J = 8.0 Hz), 8.29 (d, 1H, J = 8.0 Hz), 8.21 (d,
1H, J = 4.8 Hz), 8.15 (d, 1H, J = 4.8 Hz), 7.98 (d, 1H, J = 4 Hz), 7.88
(d, 1H, J = 4.4 Hz), 7.77 (s, 1H), 7.73 (s, 1H), 7.54 (dd, 1H, J = 4.8
Hz, J = 5.6 Hz), 7.47 (dd, 1H, J = 5.2 Hz, J = 5.2 Hz), 6.80 (dd, 2H, J
= 7.2 Hz, J = 6.4 Hz; Hp), 6.48 (t, 4H, J = 7.2 Hz; Hm), 6.15 (d, 4H, J
= 6.4 Hz; Ho), 3.86 (d, 2H, J = 8.0 Hz; CH2), 3.18 (d, 2H, J = 8.0 Hz;
CH2), 2.77 (s, 3H; CH3), 2.71 (s, 3H, CH3). MS-ESI (m/z): 880.8
([Ru(CH3phen)2(dpte)](PF6)

+), 366.4 (Ru(CH3phen)2(dpte)
2+).

Anal. Calcd. For RuC40H34N4S2P2F12: C, 46.83; H, 3.34; N, 5.46.
Found: C, 46.56; H, 3.41; N, 5.59.

[Ru(Clphen)2(dpte)](PF6)2 (3). The product was isolated as an
orange powder by following the synthetic procedure for 1 and
substituting cis-Ru(Clphen)2Cl2·2H2O (0.319 g, 0.5 mmol) for cis-
Ru(phen)2Cl2·2H2O. Yield 0.37 g, 70%. 1H NMR (CD3CN, δ): 10.0
(d, 1H, J = 4.8 Hz), 9.95 (d, 1H, J = 4.8 Hz), 8.91 (d, 1H, J = 8.0 Hz),
8.67 (d, 1H, J = 8.4 Hz), 8.60 (d, 1H, J = 8.4 Hz), 8.36 (d, 1H, J = 8
Hz), 8.31 (dd, 1H, J = 7.6 Hz, J = 5.6 Hz), 8.22 (dd, 1H, J = 7.2 Hz, J
= 5.6 Hz), 8.16 (s, 1H), 8.12 (s, 1H), 8.06 (d, 1H, J = 4.8 Hz), 7.98 (d,
1H, J = 4.4 Hz), 7.64 (d, 1H, J = 3.6 Hz), 7.55 (d, 1H, J = 2.8 Hz),
6.87 (t, 2H, J = 7.2 Hz; Hp), 6.53 (t, 4H, J = 7.6 Hz; Hm), 6.19 (d, 4H,
J = 6.8 Hz; Ho), 3.89 (d, 2H, J = 7.6 Hz; CH2), 3.19 (d, 2H, J = 7.6
Hz; CH2). MS-ESI (m/z): 920.9 ([Ru(Clphen)2(dpte)](PF6)

+); 386.8
(Ru(Clphen)2(dpte)

2+). Anal. Calcd. For RuC38H28Cl2N4S2P2F12: C,
42.79; H, 2.67; N, 5.25. Found: C, 42.65; H, 2.67; N, 5.44.

[Ru(Brphen)2(dpte)](PF6)2 (4). The product was isolated as a
dark-yellow powder by following the synthetic procedure for 1 and
substituting cis-Ru(Brphen)2Cl2·2H2O (0.363 g, 0.5 mmol) for cis-
Ru(phen)2Cl2·2H2O. Yield 0.346 g, 60%. 1H NMR (CD3CN, δ): 9.94
(d, 2H, J = 3.6 Hz), 8.66 (d, 2H, J = 8.4 Hz), 8.40 (d, 2H, J = 7.6 Hz),
8.21 (s, 2H), 7.97−7.91 (m, 4H), 7.52 (d, 2H, J = 4.8 Hz), 6.78 (t, 2H,
J = 7 Hz; Hp), 6.47 (dd, 4H, J = 7.2 Hz, J = 7.6 Hz; Hm), 6.19 (d, 4H, J
= 7.2 Hz; Ho), 3.88 (d, 2H, J = 8.0 Hz; CH2), 3.20 (d, 2H, J = 8.0 Hz;
CH2). Anal. Calcd. For RuC38H28Br2N4S2PF6: C, 45.16; H, 2.79; N,
5.54. Found: C, 45.36; H, 3.03; N, 5.56.

[Ru(NO2phen)2(dpte)](PF6)2 (5). The product was isolated as a
light-brown material by following the procedure for 1 and substituting
cis-Ru(NO2phen)2Cl2·2H2O (0.53 g, 0.8 mmol) for cis-Ru(phen)2Cl2·
2H2O. Yield 0.66 g, 76%. 1H NMR (CD3CN, δ): 10.08 (d, 2H, J = 4
Hz), 9.14 (d, 2H, J = 8.8 Hz), 8.93 (d, 1H, J = 8.4 Hz), 8.87 (s, 1H),
8.82 (s, 1H), 8.63 (d, 1H, J = 8 Hz), 8.36 (m, 2H), 8.16 (dd, 2H, J =
3.2 Hz, J = 4.8 Hz), 7.68 (m, 2H), 6.86 (t, 2H, J = 7.6 Hz; Hp), 6.54
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(dd, 4H, J = 8 Hz, J = 7.6 Hz; Hm), 6.21 (d, 4H, J = 6.8 Hz; Ho), 3.91
(d, 2H, J = 8 Hz; CH2), 3.19 (d, 2H, J = 8 Hz; CH2). MS-ESI (m/z):
943.1 ([Ru(NO2phen)2(dpte)](PF6)

+), 395.8 (Ru(NO2phen)2-
(dpte)2+). Anal. Calcd. For RuC38H28N6O4S2P2F12: C, 41.96; H,
2.59; N, 7.73. Found: C, 41.76; H, 2.59; N, 8.21.
[Ru(tmphen)2(dpte)](PF6)2 (6). The product was isolated as an

orange powder by following the procedure for 1 and substituting cis-
Ru(tmphen)2Cl2·2H2O (0.34 g, 0.5 mmol) for cis-Ru(phen)2Cl2·
2H2O. Yield 0.435 g, 78%. 1H NMR (CD3CN, δ): 9.52 (s, 2H), 8.06
(d, 4H, J = 3.6 Hz), 7.66 (s, 2H), 6.77 (dd, 2H, J = 6.4 Hz, J = 7.2 Hz;
Hp), 6.46 (t, 4H, J = 7.6 Hz; Hm), 6.16 (d, 4H, J = 7.6 Hz; Ho), 3.81
(d, 2H, J = 8.0 Hz; CH2), 3.18 (d, 2H, J = 8.0 Hz; CH2), 2.87 (s, 6H,
p-CH3), 2.82 (s, 6H, p-CH3), 2.66 (s, 6H, m-CH3), 2.55 (s, 6H, m-
CH3). MS-ESI (m/z): 964.9 ([Ru(tmphen)2(dpte)](PF6)

+), 408.4
(Ru(tmphen)2(dpte)

2+). Anal. Calcd. For RuC46H46N4S2P2F12 + H2O:
C, 48.98; H, 4.29; N, 4.97. Found: C, 48.94; H, 4.15; N, 5.07.
[Ru(dpphen)2(dpte)](PF6)2 (7). The product was isolated as a

yellow powder by following the procedure for 1 and substituting cis-
Ru(dpphen)2Cl2·2H2O (0.436 g, 0.5 mmol) for cis-Ru(phen)2Cl2·
2H2O. Yield 0.31 g, 61%. 1H NMR (CD3CN, δ): 10.02 (d, 2H, J = 6
Hz), 8.21 (dd, 4H, J = 5.6 Hz, J = 5.6 Hz), 7.90 (d, 4H, J = 7.2 Hz),
7.78−7.73 (m, 10H), 7.63−7.61 (m, 6H), 7.56 (d, 2H, J = 5.6 Hz),
7.51 (dd, 4H, J = 4 Hz, J = 2 Hz), 6.94 (t, 2H, J = 7.2 Hz; Hp), 6.63
(dd, 4H, J = 8.4 Hz, J = 7.2 Hz; Hm), 6.39 (d, 4H, J = 7.6 Hz; Ho), 3.97
(d, 2H, J = 8.0 Hz; CH2), 3.30 (d, 2H, J = 8.0 Hz; CH2). MS-ESI (m/
z): 1157.2 ([Ru(dpphen)2(dpte)](PF6)

+), 504.5 ([Ru(dpphen)2-
(dpte)]2+). Anal. Calcd. For RuC62H46N4S2P2F12: C, 57.19; H, 3.56;
N, 4.30. Found: C, 57.25; H, 3.55; N, 4.29.
[Ru(dmbpy)2(dpte)](PF6)2 (8). The product was isolated as a

yellow-orange powder by following the procedure for 1 and
substituting cis-Ru(dmbpy)2Cl2·2H2O (0.288 g, 0.5 mmol) for cis-
Ru(phen)2Cl2·2H2O. Yield 0.385 g, 77%. 1H NMR (CD3CN, δ): 9.29
(s, 2H), 7.83 (d, 2H, J = 7.6 Hz), 7.76 (d, 2H, J = 8.4 Hz), 7.72 (d, 2H,
J = 8 Hz), 7.68 (d, 2H, J = 8.4 Hz), 7.44 (s, 2H), 7.23 (t, 2H, J = 7.6
Hz; Hp), 6.91 (dd, 4H, J = 7.2 Hz, J = 7.6 Hz; Hm), 6.46 (d, 4H, J = 7.6
Hz; Ho), 3.84 (d, 2H, J = 8 Hz; CH2), 3.08 (d, 2H, J = 8 Hz CH2),
2.66 (s, 12H; CH3). MS-ESI (m/z): 861.0 ([Ru(dmbpy)2(dpte)]-
(PF6)

+), 356.6 (Ru(dmbpy)2(dpte)
2+). Anal. Calcd. For RuC38H38-

N4S2P2F12: C, 45.37; H, 3.81; N, 5.57. Found: C, 45.01; H, 3.81; N,
5.59.
[Ru(dbbpy)2(dpte)](PF6)2 (9). The product was isolated as a

yellow-orange powder by following the procedure for 1 and
substituting cis-(dbbpy)2RuCl2·2H2O (0.744 g, 1 mmol) for cis-
Ru(phen)2Cl2·2H2O. Yield 0.938 g, 80%. 1H NMR (CD3CN, δ): 9.39
(broad-s, 1H), 8.83 (broad-s, 1H), 7.92 (d, 2H, J = 11 Hz), 7.81
(broad-s, 1H), 7.61 (d, 2H, J = 4.8 Hz), 7.51 (broad-s, 1H), 7.31 (d,
2H, J = 6.4 Hz), 7.33 (dd, 2H, J = 7.6 Hz, J = 7.2 Hz), 7.11 (dd, 2H, J
= 6.8 Hz, J = 7.6 Hz; Hp), 6.87 (dd, 4H, J = 7.2 Hz, J = 7.6 Hz; Hm),
6.40 (d, 4H, J = 7.6 Hz; Ho), 3.83 (d, 2H, J = 6 Hz; CH2), 3.02 (d, 2H,
J = 6 Hz; CH2), 1.98 (s, 36H; CH3). Anal. Calcd. For RuC50H62-
N4S2P2F12 + H2O: C, 50.37; H, 5.41; N, 4.70. Found: C, 50.36; H,
5.18; N, 4.33.
X-ray Crystallography.76 Crystals of 2·0.5Et2O grew as yellow

rods from ethanol−acetone−ether. Diffusion of diethyl ether into
acetonitrile solutions yielded 5·4/3CH3CN, 7·2CH3CN, and 9·
CH3CN as dark red crystals, yellow rods, and yellow blocks,
respectively. Attempts to grow crystals of 8 in room light following
a similar procedure resulted in yellow blocks of [Ru(dmbpy)2-
(CH3CN)2](PF6)2 (8P) in which the dpte ligand of 8 was replaced
with two acetonitrile ligands. CCDC deposit numbers: 948678 (2·
0.5Et2O), 948679 (5·4/3CH3CN), 948680 (7·2CH3CN), 948681 (9·
CH3CN), and 948682 (8P).
For X-ray examination and data collection, a suitable crystal was

mounted in a loop with paratone-N and transferred immediately to the
goniostat bathed in a cold stream. Low-temperature intensity data for
2·0.5Et2O (150 K) and 8P (150 K) were collected with a Bruker
APEXII CCD detector, whereas data for 5·4/3CH3CN (150K) and 9·
CH3CN (193K) were collected with a Bruker Platinum200 detector at
Beamline 11.3.1 at the Advanced Light Source (Lawrence Berkeley
National Laboratory). Synchrotron radiation was tuned to λ = 0.77490

Å. Data for 7·2CH3CN (150 K) were collected using a Bruker
SMART6000 CCD diffractometer using graphite-monochromated Cu
Kα radiation (λ = 1.54178 Å). Data were collected at 0.3° intervals of
ω with a maximum 2θ value of ∼60° for the synchrotron data and
∼135° for Cu. All data frames were processed using SAINT and
corrected for absorption and beam corrections based on the multiscan
technique (SADABS). The structures were solved by a combination of
direct methods using SIR2004 or SHELXTL, expanded using the
difference Fourier technique and refined by full-matrix least-squares on
F2. Non-hydrogen atoms were refined with anisotropic displacement
parameters with the exception of select disordered F atoms. Typical
disorder is observed for the PF6

− counterions; where possible, a
multicomponent disorder model for the F atoms is given. H-atom
positions were calculated and treated with a riding model. Isotropic
displacement parameters were defined as a*Ueq of the adjacent atom
(a = 1.5 for methyl and 1.2 for all others). The refinements converged
with crystallographic agreement factors summarized in Table 1.

2·0.5Et2O crystallizes as two independent molecules, A and B. One
of the methyl substituents in molecule B is disordered over two
positions, bonding to C63B and C64B (occupancy set at 50:50). The
NO2 group in 5·4/3CH3CN is disordered over two sites, bonded to
either C13 (67% occupancy) or C14 (33%). CH3CN (67%
occupancy) resides in the vacancy when NO2 is not present at C14.
Additionally, the NO2 group itself is disordered, a reasonable disorder
model is given for the N3A/N3B group. However, disorder on the
N3C group remains unresolved. Several bond and displacement
parameter constraints were applied to regularize the geometry of the
disordered NO2 groups. In 9·CH3CN, one of the t-butyl groups is
disordered. A two-component disorder model is included. The
occupancy of the C atoms was refined (88%); the minor component
anisotropic displacement parameter was set equivalent to the major
component. A bond restraint also was applied to the C26−C28B bond
so that its bond distance is similar to those of the remaining bonds
about C26. A disordered CH3CN is present in the crystal lattice
(occupancy at 0.5); restraints were applied to regularize the C−C and
C−N distances.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The hexafluorophos-

phate salts of seven ruthenium(II)-bis(phenanthrolinyl) com-
plexes (1−7) and two ruthenium(II)-bis(bipyridyl) complexes
(8 and 9) with a dpte ligand were synthesized by treating the
appropriate cis-Ru(diimine)2Cl2 complex with excess dpte in
1:1 H2O:ethanol solution (Schemes 1 and 2). The PF6

− salts
were isolated by anion metathesis to give yellow, orange, light

Scheme 1. Structures and Abbreviations for the Substituted
1,10-Phenanthroline and 2,2′-Bipyridine Ligands
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brown, or brown-black air-stable solids, which were purified by
recrystallization or column chromatography. The compositions
were confirmed by elemental analysis, ESI-TOF mass
spectrometry and 1H NMR spectroscopy.
The patterns of resonances in the 1H NMR spectra are

consistent with C2 symmetry. The spectra show the expected
influence of metal coordination on the diimine ligand chemical
shifts,77 namely, a large downfield shift of the ortho-proton
resonances, a somewhat smaller influence on the meta-proton
resonances, and a very small effect on the para-proton
resonances with respect to free ligand resonances. Approx-
imately half of the diimine ligand resonances occur in the 7.3−
8.0 ppm range, whereas the remaining resonances are shifted
further downfield (8−10 ppm), closer to those of the free

ligand resonances. For each of the two sets of phenanthrolinyl
ortho-proton resonances, there is a qualitative correlation with
the electron-donor properties of the ligand substituents,
characterized by a downfield shift along the series tmphen <
CH3phen < phen < Brphen, Clphen, dpphen < NO2phen.
Interestingly, the dpte phenyl proton chemical shifts follow a

characteristic order,60,61 ortho (6.1−6.5 ppm) < meta (6.5−6.9
ppm) < para (6.6−7.2 ppm), but occur significantly upfield of
those of the free ligand (7.3−7.4 ppm) and even further from
those of square-planar platinum(II) complexes.78 These
observations are consistent with the presence of π−π
interactions between the phenyl rings and the diimine ligands
(vide inf ra). For each complex, the methylene protons give rise
to two apparent doublets (6−8 Hz) in the 3.0−3.3 and 3.8−4.0
ppm ranges, respectively. Similar patterns appear in the spectra
of Ru(bpy)2(CH3S(CH2)2SCH3)

2+ and Ru(phen)2-
(dpte)2+,60,61 as well as Ru(bpy)2(tmen)2+ (tmen =
N,N,N′,N′-tetramethylethylenediamine).79 By analogy to earlier
work,60 we assign these resonances to a poorly resolved
AA′XX′ pattern. Overall, the data are consistent with a single
dpte conformation, but we do not rule out the possibility of
rapidly interconverting conformers. For example, we anticipate
that inversion about the S atoms of the dpte ligand is slow at
room temperature, whereas flipping of the −CH2CH2− dpte
backbone is likely more rapid.80−82

Crystals of several of the salts (2, 5, 7, 9) were readily grown
by vapor diffusion of diethyl ether into ethanol−acetone or
acetonitrile solutions. Interestingly, attempts to grow crystals of
[Ru(dmbpy)2(dpte)](PF6)2 (8) in room light repeatedly
afforded orange crystals of [Ru(dmbpy)2(CH3CN)2](PF6)2
(8P), in which the dpte ligand is replaced with two acetonitrile
ligands. The overall conversion of 8 to 8P can be described as

Scheme 2. Synthetic Route and Numbering Scheme for
[Ru(diimine)2(dpte)](PF6)2

Figure 1. ORTEP diagrams of the cations of (a) [Ru(CH3phen)2(dpte)](PF6)2·0.5Et2O (2·0.5Et2O) (only 1 independent molecule shown), (b)
[Ru(NO2phen)2(dpte)](PF6)2·4/3CH3CN (5·4/3CH3CN), (c) [Ru(dpphen)2(dpte)](PF6)2·2CH3CN (7·2CH3CN), (d) [Ru(dbbpy)2(dpte)]-
(PF6)2·CH3CN (9·CH3CN), and (e) [Ru(5,5′-dmbpy)2(CH3CN)2](PF6)2 (8P). H atoms are omitted for clarity. Displacement parameters at 30%
probability level for 5·4/3CH3CN and 50% for all others.
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This behavior is reminiscent of the photosubstitution
chemistry of ruthenium(II) complexes with N-heterocyclic
chelating ligands,83−86 and the results are consistent with
Collin’s observation for the photolysis of Ru(phen)2(dpte)

2+.61

X-ray Crystallography. The coordination geometries of
the cations in 2, 5, 7, 9, and 8P were confirmed by single-crystal
X-ray crystallography (Figure 1; Table 1; and Table S1,
Supporting Information). The metal−ligand bond lengths
(Ru−N, 2.06−2.09 Å; Ru−S, 2.33−2.36 Å) and bond angles
are normal and in good agreement with values reported for
other ruthenium(II) diimine87 and thioether complexes.61,88

Overall, the geometries of the cations are similar to those of
related compounds, such as Ru(phen)2(dpte)

2+,61 Ru(phen)2-
(2,2′-bipyrimidine)2+,89 and Ru(bpy)2(phen)

2+.90

For each of the cations in 2, 5, 7, and 9, we can conceive of
12 isomers, resulting from configurational isomerism (Λ, Δ), as
well as conformational isomerism due to the relative orientation
of the dpte phenyl groups (syn, anti) and the conformation of
the −CH2CH2− dpte ligand backbone (λ, δ). To specify the
stereochemical configuration at each S-donor atom, we use
Cahn−Ingold−Prelog sequence rules (−Ru2+ > −Ph >
−CH2CH2S > lone pair).91 For each configurational isomer
(Λ or Δ) with a given dpte ligand backbone conformation (λ or
δ), there are three possible configurations for the pair of S
atoms, R,R, S,S, and R,S. Interestingly, in these four crystal
structures, as well as that of [Ru(phen)2(dpte)](PF6)2,

61 the
cation exclusively adopts the enantiomeric Δδ(S,S) and
Λλ(R,R) configurations. Disregarding the diimine substituents,
these isomers have crystallographically imposed C2 symmetry in
the structures of 5, 7, and 9 and approximate C2 symmetry in
the case of 2. In crystals of Pd(dpte)Cl2,

92 the dpte ligand
adopts a similar conformation, namely, δ(S,S) and λ(R,R). By
contrast, for six isostructural square-planar Pt(dpte)(X)2 and
Pt(dpte)(X)(Y) (X, Y = Cl, Br, I) complexes,93 as well as for
three complexes with fluorinated analogues of dpte,94 only the
δ(R,R) and λ(S,S) conformations are observed in the solid
state, each having approximate C2 symmetry. The δ(S,S) and
λ(R,R) isomers favored by the ruthenium complexes are
distinguished from δ(R,R) and λ(S,S) platinum complexes by
the C(Ph)−S−CH2−CH2 torsion angles. The average of the
mean angle is 162.5(9)° for the five ruthenium(II) structures
(including the bpy derivative) and 77(3)° for eight platinum-
(II) complexes. Molecular models indicate that the preferred
conformations for the ruthenium(II) bis-diimine complexes,
Δδ(S,S) and Λλ(R,R), can be rationalized, at least in part, in
terms of the reduced steric repulsion between the phenyl
groups and α-H atoms of the diimine ligands, as compared to
some of the other possible conformations. This results in a
rather compact geometry, characterized by small dihedral
angles (<24°; average mean angle for 5 structures: 18(3)°) and
short contacts (<3.4 Å) between each phenyl group and the
closest diimine ligand. Such π−π interactions are likely
responsible for the upfield shift of the dpte resonances as
compared to those of the free ligand and platinum(II)
complexes.
In the cases of the complexes with phenanthrolinyl ligands

substituted at the 5-position (2 and 5), there also are three
possible geometric isomers of each enantiomer. Two have C2

symmetry and are distinguished by the relative positions of the
phenanthroline N-donor atoms at the 1-position (i.e., the N
atom nearest the 5-position), which are either mutually cis or
trans. A third isomer has C1 symmetry and has the 1-position N
atoms in a mutually cis arrangement. Assuming no chemical
preference for one isomer over the others, a statistical
distribution would correspond to a 2:1:1 ratio of the
C1:C2(trans):C2(cis) isomers. In crystals of 2, the C1 and
C2(cis) isomers are present in a 1:3 ratio, and there is no
C2(trans) isomer. For 5, the exact distribution is not certain
because of disorder. However, the refined relative occupancies
of the NO2 group bonded to C13 (67%) and C14 (33%)
positions deviate from the expected 1:1 ratio (i.e., C13, 50%;
C14, 50%). We can find no compelling reason for the presence
of these nonstatistical distributions of geometric isomers in the
reaction products, and therefore, it appears that the observed
distributions are selected for in the crystallization process.

Electrochemistry. Cyclic voltammograms (CVs) of 1−10
exhibit waves characteristic of ruthenium diimine com-
plexes,74,95−97 including a nearly electrochemically and chemi-
cally reversible process in the 1.42−1.72 V vs Ag/AgCl range
due to the Ru(III/II) couple (Table 2). The anodic−cathodic

peak separations (ΔEp = Epa − Epc) of the latter vary between
59 and 70 mV and are nearly scan-rate independent. The ratios
of the cathodic to anodic peak currents (ipc/ipa) were typically
0.9−1.0. Each complex also exhibits two ligand-based reduction
waves74,98 with E°′(L0/−) and E°′(L−/2−) values falling in the
−1.17 to −1.72 and the −1.42 to −1.89 V ranges, respectively.
Values of ΔEp for the first reduction are scan-rate independent
and vary between 60 and 90 mV, which is not atypical.96 In the
case of 5, the first reduction process (−1.17 V) is quasi-
reversible; on the basis of the redox chemistry of the free ligand
and other nitroaromatics,63,99,100 we cannot exclude the
possibility that this process involves reduction of the nitro
group. In all cases, the second reduction process is chemically
irreversible. The CVs of several complexes show a third
irreversible wave in the −1.7 to −1.9 V range, which is
attributable to chemical product(s) formed at more positive
potentials.
Overall, the redox properties of the Ru(diimine)2(dpte)

2+

series can be rationalized in terms of the relative donor
properties of the ligands. For example, comparison with other
RuII(diimine)2(LL)

n+ complexes reveals that E°′(Ru3+/2+) lies
intermediate between values for complexes where LL is a

Table 2. Electrochemical Data (E°′) for Ru(L)2(dpte)2+
Complexes (L = Diimine) in Acetonitrile

E°′ (V vs Ag/AgCl (3.0 M NaCl))

compound Ru3+/2+ L0/− L−/2− 3rd reduction

1 1.60 −1.21 −1.42a

2 1.57 −1.34 −1.54a

3 1.65 −1.20 −1.55a −1.74a

4 1.64 −1.19 −1.53a −1.77a

5 1.72 −1.17b −1.53a

6 1.42 −1.72 −1.89a

7 1.53 −1.46 −1.64a

8 1.50 −1.46 −1.66a −1.90a

9 1.47 −1.59 −1.85b

10c 1.50
aIrreversible, reported as the cathodic peak potential (Epc).

bQuasi-
reversible. cReference 60.
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diimine ligand (e.g., RuII(phen)3
n+, 1.31 V vs Ag/AgCl)101 and

complexes where LL is a phosphine chelate (e.g., Ru(bpy)2-
(dppp)2+, 1.79 V; dppp = 1,3-bis(diphenylphosphino)-
propane),74 in keeping with the expected poor σ-donor
properties and high π-acidity of thioether ligands.102,103 Within
the series of phenanthrolinyl ligands substituted at the 5-
position, E°′(Ru3+/2+) increases as the substituent becomes
more electron-withdrawing along the series: CH3 < H < Br, Cl
< NO2 (vide inf ra). E°′(L0/−) varies over a wider range than
E°′(Ru3+/2+), but the results are qualitatively similar, with
E°′(L0/−) shifting to more positive values as the diimine ligand
subsitutents become more electron-withdrawing. Taken
together, the data are consistent with the view that the diimine
substituents influence the energies of the mainly metal-based
HOMO and mainly diimine ligand-based LUMO but have a
greater effect on the LUMO.
Electronic Spectroscopy. In acetonitrile solution, each

complex exhibits an intense ((6−9) × 103 M−1 cm−1) MLCT
[dπ(Ru) → π1*(diimine)] absorption band maximizing in the
375−410 nm range (Figure 2, Table 3). The band occurs at

significantly shorter wavelengths than found for many [Ru-
(diimine)2(LL)]

2+ complexes74 and lies near maxima for aryl-
phosphines (e.g., [Ru(bpy)2(dppm)]2+, 384 nm, dppm =
bis(diphenylphosphinomethane).60 This is a consequence of
the comparatively high π-acidity of the thioether donor ligand,
which stabilizes the dπ(Ru) levels and blue-shifts the MLCT
band. In keeping with the expected influence of the diimine

ligand substituents on the relative energies of the dπ(Ru) and
π*(diimine) levels,15,25 the MLCT band maxima for 1−7 shift
from to 375 to 408 nm along the tmphen < CH3phen, phen <
Brphen, Clphen < dpphen < NO2phen series, varying over a
2150 cm−1 range. In the spectra of several complexes (1, 2, 3, 4,
and 7), the MLCT band appears with a long-wavelength
shoulder shifted ∼2000 cm−1 from the maximum; this is
tentatively attributed to a formally spin-forbidden MLCT
transition.
In the UV region (Figure 2; Table S2, Supporting

Information), the spectra of the phenanthrolinyl complexes
show two strong absorption bands near 230 and 270 nm ((3−
6) × 104 M−1 cm−1). In the case of the longer wavelength band,
a similar feature appears in the 77 K absorption spectra of
Ru(phen)3

2+ (∼275 nm), Rh(phen)3
2+ (∼265 nm),104 and

Pt(phen)2
2+ (267 nm)105 Accordingly, the band is assigned to a

phenanthrolinyl ligand-centered transition. The bipyridyl
complexes also exhibit two intense absorption features near
240 and 290 nm ((4−5) × 105 M−1 cm−1) with a shoulder near
260 nm. From comparison with the spectra of the protonated
ligands,106 the two bands are assigned to the bipyridyl ligand-
centered (LC) π → π1* and π → π2* transitions, respectively.
Similar transitions are observed in the spectra of platinum(II)
and iridium(III) complexes.104,107 In support of the π → π1*
assignments, this band is shifted to the red by ∼1000 cm−1 in
the spectrum of 8, as compared to 9 and 10. This behavior is
consistent with the influence of hyperconjugation on π → π*
transitions polarized along the axis defined by the 5- and 5′-
carbon atoms, as we have previously described for platinum(II)
bipyridyl complexes.108 It also may be noted that the
MLCT[dπ(Ru) → S] band for Ru(dpte)2Cl2 occurs at 313
nm (1.5 × 103 M−1 cm−1).64 However, the metal-based redox
potentials of 1−10 (vide supra) are ∼1 V higher than that of
Ru(dpte)2Cl2, and therefore, the corresponding transition in
the spectra of 1−10 likely occurs at significantly shorter
wavelengths where it is obscured by ligand-centered transitions.
In the case of 5, an additional band occurs as a shoulder near
330 nm (7.8 × 103 M−1 cm−1). A similar feature appears in the
spectrum of Ru(NO2phen)3

2+ and has been assigned as an n →
π* transition of the NO2 group.

109

Emission Spectroscopy. Though ruthenium(II) bis-
diimine complexes with π-acidic phosphine ligands are typically
nonemissive in room-temperature fluid solution,110−112 the
complexes reported here give rise to reasonably intense
emissions. The bands are broad (fwhm, ∼4000 cm−1) and
structureless with slight asymmetry, which manifests as a tailing
to longer wavelengths (Figure 2). The maxima vary over a
∼2300 cm−1 range from 594 to 687 nm (Table 3). In most
cases, the emissions are assigned as originating from a lowest
MLCT[dπ(Ru) → π1*(diimine)] state. The lifetimes fall in the
140−740 ns range, which is consistent with spin-forbidden
character of the excited state. Overall and as observed for the
MLCT absorption band, the results are qualitatively consistent
with changes in the diimine ligand substituents, which are
expected to influence the unoccupied π*(diimine) level, as well
as the occupied dπ(Ru) levels to a lesser extent.15,25 In support
of this assignment, the emission maxima for 1−5 shift slightly
to longer wavelengths along the CH3phen ≈ phen < Clphen ≈
Brphen < NO2phen series. The trend is similar to that observed
for the MLCT absorption band and is consistent with the
increasing electron-acceptor properties of the substituent X
(CH3 < H < Cl, Br < NO2) at the 5-position of the
phenanthrolinyl ligand. Interestingly, for 1−5, the emission

Figure 2. Absorption and emission spectra of 2 (―), 3 (- - -), and 6
(- ― -) in room-temperature acetonitrile solution.

Table 3. Room-Temperature MLCT Absorption Maxima
(λabs), Emission Maxima (λem), and Excited-State Lifetimes
(τ) for 1−10 in Acetonitrile

compounda λabs (nm) λem (nm) τ (ns)b

1 378 597 278
2 377 594 245
3 389 606 351
4 387 608 335
5 408 635 742
6 375 687 140
7 398 610 639
8 396 673 254
9 390 625 571
10a 404

aReference 60. bDegassed solution.
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maxima only span a 1000 cm−1 range, which is roughly half that
of the 1MLCT absorption band. This behavior is reminiscent of
that noted for Os(bpy)2(LL)

2+ and Os(phen)2(LL)
2+ com-

plexes with nonchromophoric LL ligands; in those systems, the
MLCT emission energies span about half the range as the
corresponding absorption energies.23 The effect has been
attributed to increasing contribution of nuclear displacement to
the Franck−Condon energies with increasing energy gap. The
rather long lifetime for the NO2phen complex (5, 742 ns) is
somewhat surprising because complexes with this ligand are
frequently nonemissive at room temperature due to a low-lying,
intraligand n → π* excited state.77,113 It is noteworthy that
previous studies suggest a switching in the orbital character of
the LUMO of W(0) and Pt(II) phenanthrolinyl complexes
upon replacing phen with NO2phen.

114−116 Also, the emission
maximum of 6 occurs at longer wavelengths and is shorter-lived
(λmax, 687 nm; 140 ns) than that found for the other complexes,
which may signify different orbital parentage of the emitting
state.
Correlation of E°′(Ru3+/2+) with Hammett Parameters.

To assess the influence of phenanthrolinyl ligand substituents
on the Ru3+/2+ couple, we have explored empirical linear
correlations of the metal-based redox potential (vs NHE) of 1−
7 with a summative Hammett parameter, σT

ασ β°′ = ++ +E (Ru ) T
3 /2

(1)

where α and β are the fitted slope and intercept, respectively.
The 27 parametrizations are distinguished by σT[σ(3,8);σ-
(4,7);σ(5,6)], which is the sum of substituent parameters (σm,
σp, and/or σp

+) used to describe substituents at the 3,8-, 4,7-,
and 5,6-positions of each diimine ligand of a complex:

∑ ∑σ σ σ σ σ=[ (3, 8); (4, 7); (5, 6)]
i j

i jT ,
(2)

The substituent constant for phenanthrolinyl ligand i at
position j is given by σi,j, where j ranges from position 2 to
8.117 The Pearson product-moment correlation coefficient (R)
was used as a measure of the linear correlation between
E°′(Ru3+/2+) and σT. To find the strongest correlation, we
considered parametrizations with σp and/or σp

+ (as well as σm)
for σ(3,8) and σ(5,6), which can be rationalized if there are
significant mesomeric effects at these positions in the
phenanthrolinyl ligands. The strongest correlations occur for
eight of the nine cases with σT having σ(4,7) = σ+ (R, 0.973−
0.995). The strongest of these involves σT[σm;σp

+;σm] (R,
0.995; Figure 3; Table 4). Correlations with σp

+ have been
noted for Ru(4,4′-(X)2-bpy)32+ complexes with X substituents
at the 4- and 4′-positions of bipyridyl ligands.38 Interestingly,
the slope (=0.4) of a plot of E°′(Ru3+/2+) for the five
Ru(Xphen)3

2+ complexes with Xphen ligands (i.e., 1−5) vs
E°′(Ru3+/2+) of their Ru(4,4′-(X)2-bpy)32+ counterparts with X
substituents at the 4- and 4′-positions of bipyridyl ligands was
not significantly less than 0.5 (X = H, Cl, Br, Me, Ph). Thus, it
would appear that, within this limited data set, placement of a
substituent at the 5-position of 1,10-phenanthroline has roughly
half the effect of introducing substituents at both the 4- and 4′-
positions of 2,2′-bipyridine.117
For comparison and to explore the generality of these

parametrizations for ruthenium complexes with phenanthro-
linyl ligands (as well as bipyridyl ligands), we extended this
analysis to previously reported redox potentials for tris-diimine
complexes. The three data sets explored here are given in

Tables S7−S9 (Supporting Information): (A) 13 tris-
phenanthrolinyl complexes (27 measurements), (B) 57 tris-
bipyridyl complexes (135 measurements), and (C) 27 mixed-
ligand complexes (32 measurements) where each contains at
least one bipyridyl and one phenanthrolinyl ligand. In instances
of replicate measurements (i.e., reports on the same complex in
different publications), average values of E°′(Ru3+/2+) were
used. The summative Hammett parameter for data set B is
given by

∑ ∑σ σ σ σ′ ′ =[ (3, 3 ); (4, 4 )]
i j

i jT ,
(3)

For the mixed bipyridyl/phenanthrolinyl ligand data set C, we
required σ(3,3′) = σ(3,8) and σ(4,4′) = σ(4,7).
Each data set shows strong correlations with specific σT

parametrizations; the strongest are shown in Table 4. The most
striking finding is that use of σp

+ (vs σm or σp) for σ(4,4′) and
σ(4,7) consistently resulted in stronger correlations, just as we
found for 1−7. For example, in the case of the 57 tris-bipyridyl
complexes making up data set B, the correlation coefficient for
the best parametrization (σT[σp;σp

+], R = 0.976) is significantly
greater than that for parametrizations having σ(4,4′) ≠ σp

+ (R <
0.95). The superiority of σ+ in describing 4,4′-position
substituent effects in a subset of 10 tris-bipyridyl complexes
(i.e., Ru(4,4′-(X)2-bpy)32+) previously was rationalized in terms
of the emerging positive charge during oxidation of the Ru(II)
center.38 These findings can be understood in terms of dπ/π*
overlap since this allows for contribution from resonance
structures that delocalize the positive charge on the metal to the
4- and 4′-positions of bipyridyl ligands, as well as the 4- and 7-
positions of phenanthrolinyl ligands. The correlation coef-
ficients are less strongly dependent on the choice of σ(3,3′) for
bipyridyl ligands or σ(3,8) and σ(5,6) for phenanthrolinyl
ligands. Therefore, the statistical justification for selecting
specific parametrizations at these positions is somewhat weaker.
Taking σ(3,3′) = σ(3,8) and σ(4,4′) = σ(4,7), plots of

E°′(Ru3+/2+) vs σT for the best parametrizations (i.e., σ(4,4′) =
σ(4,7) = σp

+) show that data from sets A, B, and C are clustered

Figure 3. Plot of E°′(Ru3+/2+) for 1−7 (black circle), 57 tris-bipyridyl
complexes (data set A, blue triangle), 13 tris-phenanthrolinyl
complexes (data set B, red square), and 33 mixed-ligand complexes
(data set C, green diamond) vs σT[σm;σp

+;σm]. Dashed line shows best
fit for 1−7: E°′(Ru3+/2+) = 0.0862 σT + 1.785 (V vs NHE).

Inorganic Chemistry Article

dx.doi.org/10.1021/ic4022454 | Inorg. Chem. 2014, 53, 294−307302



together (e.g., Figure 3). Likewise, regression parameter
estimates for data sets A, B, and C tend to be similar for a
given σT parametrization (Table 4). Similar intercepts,
corresponding to σT = 0, are not surprising because values of
E°′(Ru3+/2+) for Ru(bpy)3

2+, Ru(phen)3
2+, Ru(bpy)2(phen)

2+,
and Ru(bpy)(phen)2

2+ are almost identical. Thus, one could be
tempted to treat A, B, and C as if they arose from the same
population and follow the same regression equation. Aside from
chemical concerns, such as the fact that the donor properties of
phen clearly are not identical to those of bpy, the hypothesis
that the three data sets obey the same regression equation is
not statistically significant. Moreover, the strongest regression
relationship for the tris-bipyridyl data set B involves σT[σp;σp

+],
whereas those for A and C involve a different parametrization,
namely, σT[σm;σp

+;σm]. Therefore, we recommend treating
such data separately, and we favor σT[σp;σp

+] for tris-bipyridyl
complexes and σT[σm;σp

+;σm] for tris-phenanthrolinyl com-
plexes.
Altogether, the results for 1−7 and each of the tris-diimine

data sets suggest that eq 1 has practical utility in the prediction
of E°′(Ru3+/2+). As shown in Figure 3, a plot of E°′(Ru3+/2+) vs
σT[σm;σp

+;σm] for 1−7 is shifted vertically by ∼0.24 V from that
for tris-phenanthrolinyl complexes (data set A). This is
consistent with the weaker donor properties of dpte as
compared to those of phen. For example, σT is 0 for
Ru(phen)2(dpte)

2+ (1.80 V vs NHE) and Ru(phen)3
2+ (1.52

V vs NHE), but the dpte complex has a significantly higher
value of E°′(Ru3+/2+). On the other hand, the slopes (α in
Table 4) of plots of E°′(Ru3+/2+) vs σT[σm;σp+;σm] for 1−7 and
data set A are statistically identical. This agreement is further
evidence of the predictive relationship between E°′(Ru3+/2+)
and the σm substituent constant for the 5- and 6-positions.
Furthermore, it is apparent that, despite being further from the
metal center, substituents at these positions exert influence on
E°′(Ru3+/2+) that is comparable to that of substituents at the 3-
and 8-positions.

EL Parameters. Lever has employed the ligand additivity
concept46 to assign a ligand electrochemical parameter, EL, to
more than 200 ligands of ruthenium complexes, whereby
E(Ru3+/2+) vs NHE for a given complex can be estimated from
the sum of the EL parameters (∑EL) of the ligands bonded to
the complex. Surprisingly, EL values have been reported for
only a few substituted phenanthrolinyl ligands,44,45 and
therefore, we were interested in extracting estimates from the
data assembled here. We considered 199 measurements of
E(Ru3+/2+) for 58 tris-bipyridyl complexes, 13 tris-phenan-
throlinyl complexes, and 27 Ru(X)2(Y)

2+ and Ru(X)(Y)2
2+

complexes where X is a bipyridyl ligand and Y is a
phenanthrolinyl ligand (Table S3, Supporting Information).
We chose to include replicate measurements rather than use
averages, because this approach served to retain some
information about the underlying variances. Addition of nine

Table 4. Regression Results for E°′(Ru3+/2+) on Best Parameterizations of σT

data set σT α (V vs NHE) β (V vs NHE) R N

compounds 1−7 σT[σm;σp
+;σm] 0.086 ± 0.010 1.785 ± 0.010 0.995 7

A (tris-phenanthrolinyl) σT[σm;σp
+;σm] 0.078 ± 0.009 1.541 ± 0.014 0.984 13

B (tris-bipyridyl) σT[σm;σp
+] 0.106 ± 0.006 1.547 ± 0.017 0.976 57

C (mixed diimine) σT[σm;σp
+;σm] 0.111 ± 0.014 1.516 ± 0.022 0.957 27

Table 5. Electrochemical Parameters (EL), Number of Compounds, and Number of Measurements for dpte and Diimine
Ligands Appearing in More than One Compound

liganda,b EL liganda,b EL

dpte (10, 10) 0.380 ± 0.016 CH3phen (4, 4) 0.253 ± 0.012
5,5′-dtfmbpy (3, 3) 0.338 ± 0.012 dpphen (3, 4) 0.243 ± 0.009
4,4′-dtfmbpy (3, 3) 0.337 ± 0.012 4,4′-dphbpy (3, 7) 0.243 ± 0.008
4,4′-dcmbpy (3, 3) 0.303 ± 0.012 5,6-dmphen (2, 2) 0.241 ± 0.013
4,4′-(COOEt)2-bpy (7, 11) 0.302 ± 0.007 4,4′-dmbpy (16, 34) 0.228 ± 0.004
4-NO2-bpy (2, 4) 0.293 ± 0.009 dbbpy (4, 6) 0.228 ± 0.008
NO2phen (5, 7) 0.284 ± 0.008 4-Me-4′-vinyl-bpy (7, 7) 0.224 ± 0.012
4-COOH-4′-Me-bpy (2, 2) 0.279 ± 0.033 4,7-dmphen (3, 3) 0.222 ± 0.012
5-Br-bpy (2, 2) 0.274 ± 0.013 tmbpy (2, 2) 0.216 ± 0.014
Brphen (2, 2) 0.273 ± 0.013 3,4,7,8-tmphen (3, 3) 0.213 ± 0.011
Clphen (4, 5) 0.270 ± 0.009 4,4′-(MeO)2-bpy (2, 4) 0.184 ± 0.009
4,4′-(COOH)2-bpy (2, 5) 0.269 ± 0.014 4,7-(HO)2-phen (2, 2) 0.132 ± 0.021
phphen (3, 3) 0.256 ± 0.010 4,4′-(NEt2)2-bpy (3, 6) 0.099 ± 0.007
phen (9, 21) 0.254 ± 0.004 4,4′-(NH2)2-bpy (2, 3) 0.098 ± 0.010
bpy (44, 98) 0.253 ± 0.002 4,4′-(NMe2)2-bpy (3, 4) 0.080 ± 0.010

a(No. of compounds containing ligand, no. of measurements). b5,5′-dtfmbpy = 5,5′-ditrifluoromethyl-2,2′-bipyridine; 4,4′-dtfmbpy = 4,4′-
ditrifluoromethyl-2,2′-bipyridine; 4,4′-dcmbpy = 4,4′-dicarbomethoxy-2,2′-bipyridine; 4,4′-(COOEt)2-bpy = 4,4′-dicarboethoxy-2,2′-bipyridine; 4-
NO2-bpy = 4-nitro-2,2′-bipyridine; 4-COOH-4′-Me-bpy = 4-carboxyl-4′-methyl-2,2′-bipyridine; NO2phen = 5-nitro-1,10-phenanthroline; 5-Br-bpy
= 5-bromo-2,2′-bipyridine; Brphen = 5-bromo-1,10-phenanthroline; Clphen = 5-chloro-1,10-phenanthroline; 4,4′-(COOH)2-bpy = 4,4′-dicarboxyl-
2,2′-bipyridine; phphen = 5-phenyl-1,10-phenanthroline; CH3phen = 5-methyl-1,10-phenanthroline; dpphen = 4,7-diphenyl-1,10-phenanthroline;
4,4′-dphbpy = 4,4′-diphenyl-2,2′-bipyridine; 5,6-dmphen = 5,6-dimethyl-1,10-phenanthroline; 4,4′-dmbpy = 4,4′-dimethyl-2,2′-bipyridine; dbbpy =
4,4′-di-tert-butyl-2,2′-bipyridine; 4-Me-4′-vinyl-bpy = 4-methyl-4′-vinyl-2,2′-bipyridine; 4,7-dmphen = 4,7-dimethyl-1,10-phenanthroline; tmbpy =
3,3′,4,4′-tetramethyl-2,2′-bipyridine; 3,4,7,8-tmphen = 3,4,7,8-tetramethyl-1,10-phenanthroline; 4,4′-(MeO)2-bpy = 4,4′-dimethoxy-2,2′-bipyridine;
4,7-(HO)2-phen = 4,7-dihydroxy-1,10-phenanthroline; 4,4′-(NEt2)2-bpy = 4,4′-diethylamino-2,2′-bipyridine; 4,4′-(NH2)2-bpy = 4,4′-diamino-2,2′-
bipyridine; 4,4′-(NMe2)2-bpy = 4,4′-dimethylamino-2,2′-bipyridine.
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measurements for dpte complexes 1−9, as well as an earlier
report for Ru(bpy)2(dpte)

2+ (10)60 (Table S4, Supporting
Information), yielded a data set of 209 measurements on 109
complexes. Multivariate linear regression (R2, 0.999) produced
estimates of EL for 56 diimine ligands, as well as dpte (Figure
S1, Supporting Information). For the 209 measurements, the
correlation coefficient (R) between E(Ru3+/2+) and ∑EL is
0.987. Large deviation from this relationship for one measure-
ment37 of Ru(4,4′-(Et2N)2-bpy)32+ calls into question the
reliability of the reported E(Ru3+/2+) value (Figure S1). EL
values for ligands appearing in two or more complexes are
shown in Table 5. Other values are in Table S10 (Supporting
Information). For previously parametrized ligands,44,45 most
values of EL are within ≤0.01 V of earlier reports.
It also is of practical interest to estimate EL from Hammett

substituent parameters. By extension of earlier work,39 EL
parameters for diimine ligands can be related to σT according to

σ= +E f E (LH)L T L (4)

where f is the slope and EL(LH) is the estimated EL for the
unsubstituted diimine ligand. Regression data for bipyridyl and
phenanthrolinyl ligands are summarized in Table 6. For 20
phenanthrolinyl ligands, correlations with σT[σp;σp

+;σm] and
σT[σm;σp

+;σm] are the strongest and almost equally good,118 but
there is a clear preference for σ(4,7) = σp

+. For 35 bipyridyl
ligands, the best correlation is with σT[σp;σp

+], but it is not
significantly higher than that with σT[σm;σp], which is second
best. The correlation is only slightly stronger for bpy and the 25
bipyridyl ligands having substitutents at only the 4- or 4,4′-
positions (Table 6). Therefore, in relating EL to Hammett
parameters, we favor the use of σ(4,7) = σp

+ and σ(5,6) = σm in
the case of phenanthrolinyl ligands, and either σT[σp;σp

+;σm] or
σT[σm;σp

+;σm] works well. Surprisingly, the choice of σ(4,4′) is
less obvious in the case of bipyridyl ligands, and we recommend
either σT[σp;σp

+] or σT[σm;σp]. Taken together, the accumu-
lated results indicate that eqs 1 and 4, along with the best
parametrizations in Tables 4 and 6, allow for interconversion
between estimates of EL, σT, and E(Ru3+/2+). We suggest that
deviations from these relationships are an indication of unusual
or suspect data.
Other Correlations. We were interested in delineating

other correlations between redox and spectroscopic parameters
with emphasis on complexes 1−5 with Xphen ligands. For
example, a plot of the first diimine ligand reduction potential,
E°′(L0/−), versus E°′(Ru3+/2+) for 1−9 gives a slope of 2.0 (R,
0.95; Figure S2, Supporting Information), indicating that the
ligand-based reduction potential is approximately twice as
sensitive to changes in the ligand as the metal-centered
potential for this particular series. For 1−5 alone, the slope is 0.9
(R, 0.79). In either case, the slope is steeper than that found for
33 [Ru(bpy)2XY]

n+ complexes (0.22), where X and Y are
nondiimine ligands.11 This is consistent with the reduction of
the latter complexes being bpy-based and, therefore, com-

paratively less sensitive to variations in the ancillary XY ligands
than the metal-based oxidation. Conversely, the ligand-based
reduction of 1−9 is more sensitive to variations in diimine
ligand substituents than is the metal-based oxidation. Related
arguments account for rather shallow slopes in two series of
Ru(L)n(bpy)3−n

2+ (n = 1, 2, 3) complexes in which the
reduction is L-based (L = 2,2′-bipyrimidine, slope = 0.4; L =
2,2′-bipyrazine, slope = 0.5).96 We find that the approximately
linear E°′(L0/−) versus E°′(Ru3+/2+) relationship holds for
several sets of ruthenium(II) complexes with substituted
bipyridyl ligands (L) (Figure S3, Supporting Information): 5
Ru(tpm)(py)(L)2+ complexes in acetonitrile (tpm = tris(1-
pyrazolyl)methane; slope = 1.7; R, 0.97),15 6 Ru(L)3

2+

complexes in DMF (slope = 1.6; R, 0.96),29 and 11 Ru(L)3
2+

complexes in acetonitrile (slope = 1.1, R, 0.98).
Earlier studies5,44 anticipated the existence of correlations

between redox potentials across different metal ions sharing
common ligand sets. To assess this possibility for the Xphen
ligand series, we identified three sets of homoleptic M-
(Xphen)m

n+ complexes where, for each metal (M = Fe, Ni,
Cu), there are four or all five of the Xphen ligands in 1−
5.119−121 For a given metal, the plot of E°′(Ru3+/2+) versus the
metal-based redox potential of M(L)m

n+ is approximately linear
(Figure S4, Supporting Information): Fe(Xphen)3

3+/2+ (n = 5,
slope = 0.6; R, 0.99), Ni(Xphen)3

3+/2+ (n = 4; slope = 0.7; R,
0.99), and Cu(Xphen)2

2+/+ (n = 4; slope = 1.1; R, 1.00). It is
noteworthy that, in each case, the slope is approximately equal
to the ratio of the number of Xphen ligands in the two sets of
complexes (i.e., 2/m).
One of the most well-known relationships between

spectroscopic and redox parameters of ruthenium(II) com-
plexes with bipyridyl ligands is the correlation of the MLCT
absorption (Eabs) and emission (Eem) energies with ΔE, which
is E°′(Ru3+/2+) − E°′(L0/−),5−22 we use the room-temperature
absorption and emission maxima as estimates of Eabs and Eem,
respectively. For 1−10, this relationship decidedly does not
hold, even when 5 (NO2phen) and 6 (tmphen) are excluded. It
would appear that the underlying assumptions of the constancy
of the reorganization energy, configuration interaction, and the
orbital character of the excited states do not hold across the
series. For the 1−5 subset, the correlation also is poor, but ΔE
only varies by 0.1 V, so no definitive conclusions can be
reached.
On the other hand, Eabs and Eem for 1−5 are strongly

correlated, such that a plot of Eem versus Eabs has a slope (=0.52;
R, 0.99; Figure S5, Supporting Information) that is significantly
less than 1 and consistent with greater variation in Eabs (vide
supra). Moreover, Eabs and Eem show an approximate linear
relationship with E°′(Ru3+/2+) (Eabs, −14.0 × 103 cm−1/V, R =
−0.98; Eem, −7.3 × 103 cm−1/V, R = −0.97; Figure S6,
Supporting Information), whereas correlations with the ligand-
based reduction potential E°′(L0/−) are poor (|R| < 0.67). The
existence of the former relationships reflects a degree of self-

Table 6. Regression Results for EL on Best Parameterizations of σT

ligand type σT f EL(LH) R N

phenanthrolines σT[σp;σp
+;σm] 0.060 ± 0.010 0.258 ± 0.006 0.943 20

σT[σm;σp
+;σm] 0.056 ± 0.009 0.258 ± 0.006 0.943 20

bipyridines σT[σp;σp
+] 0.048 ± 0.006 0.256 ± 0.007 0.951 35

σT[σm;σp] 0.084 ± 0.011 0.234 ± 0.008 0.941 35
4-R- and 4,4′-R2-bipyridines σT[σp

+] 0.048 ± 0.006 0.258 ± 0.008 0.963 26
σT[σp] 0.084 ± 0.011 0.234 ± 0.008 0.957 26
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consistency among the Eabs, Eem, and E°′(Ru3+/2+) values for 1−
5 and is in keeping with the notion that the absorption and
emission bands both arise from MLCT transitions. Moreover,
Eabs and Eem show strong negative linear correlations with
Hammett parameters σm, σp, and σp

+ for the X group of the
Xphen ligand. In contrast to the aforementioned results
showing that E°′(Ru3+/2+) is most strongly correlated with
σm, Eabs and Eem are more strongly correlated with σp (R ≤
−0.99; Figure 4) than either σp

+ (Eabs, R = −0.96; Eem, R =
−0.98) or σm (Eabs, R = −0.95; Eem, R = −0.93).

It is not obvious that correlations involving Eabs and Eem
across d6-electron metal ions should necessarily hold because of
additional complexities, not the least of which involves
solvation effects. Notwithstanding, it is apparent that, for 1−
5, these spectroscopic parameters are strongly correlated with
the corresponding values for M(Xphen)(CO)4 (M = Cr, Mo,
W) across a wide range of solvents.122−124 For example, noting
that the MLCT band maximum for W(bpy)(CO)4 in
acetonitrile (452 nm) is nearly the same as those in DMF
(454 nm) and DMSO (450 nm), it is satisfying that plots of
Eabs for 1−3 and 5 versus values for W(Xphen)(CO)4 in DMF
and DMSO have slopes of ∼2, in accord with the relative
number of Xphen ligands in the two sets of complexes (Figure
S7, Supporting Information). Eabs and Eem for 1−3 and 5 also
give linear plots (R > 0.997) versus values for Re(4,4′-X2-2,2′-
bipyridine)(CO)3(Etpy)

+ (Etpy = 4-ethylpyridine) in acetoni-
trile (Figure S8, Supporting Information).25 The slopes (Eabs,
0.50; Eem, 0.28) are substantially less than the ratio of the
number of X substituents in the two series (i.e., 1), which is
qualitatively consistent with the expected influence of two
substituents on the ligand-based LUMO in the rhenium(I)
series as compared to only one substituent in the Ru(Xphen)2-
(dpte)2+ series.

■ CONCLUSION
This investigation of a series of ruthenium(II) bis-diimine
complexes with the π-acidic dpte thioether-donor chelate
provides insight into the surprising structural, electronic, and
photochemical properties of this system. Crystallized samples
contained nonstatistical distributions of geometric isomers. In

addition, the complexes were found to adopt rather compact
geometries in the solid state, in which there are short contacts
between the dpte phenyl groups and the diimine ligands. Going
forward, it is anticipated that this conformational preference
can be exploited to construct larger organized structures based
on monomeric metal complex building blocks. The complexes
also exhibit fluid solution luminescence with lifetimes in the
140−750 ns time range. This behavior stands in contrast to
observations for ruthenium(II) bis-diimine complexes with π-
acidic phosphine donor ligands, which typically are not
luminescent in fluid solution. It would appear that, at least in
the case of 8, a low-lying d−d excited state is accessible because
the complex undergoes photosubstitution reactions. Overall,
the combination of promising spectroscopic, photophysical,
photochemical, and electrochemical properties makes Ru-
(diimine)2(dpte)

2+ complexes attractive candidate components
for a variety of applications.
The variation in the redox potentials and MLCT state

energies of the Ru(diimine)2(dpte)
2+ series is consistent with

the view that the diimine substituents influence the energy of
the mainly diimine ligand-based LUMO to a greater extent than
the energy of the mainly metal-based HOMO. The qualitative
trends are by no means surprising. However, these observations
sparked a closer examination than previously undertaken of the
quantitative relationship between these experimental observ-
ables for a large number of complexes and summative Hammett
parameters (σT), as well as Lever’s electrochemical parameter
(EL). Variations in E°′(Ru3+/2+) due to substituents at the 4-
and 7-positions of phenanthrolinyl ligands and the 4- and 4′-
positions of bipyridyl ligands are decidedly more strongly
correlated with σp

+ than σm or σp. Moreover, despite being
further from the metal center, substituents at the 5- and 6-
positions of phenanthrolinyl ligands exert influence on
E°′(Ru3+/2+) that it is comparable to that of substituents at
the 3- and 8-positions. This result is qualitatively consistent
with the fact that the 5- and 6-position substituents are each
within two bonds of either pyridyl ring, whereas substituents at
the 3- and 8-positions only interact strongly with one ring.
Overall, the rather strong relationships between E°′(Ru3+/2+),
σT, and EL suggest their usefulness for predicting properties and
identifying unusual or suspect data. Moreover, these empirical
relationships represent a benchmark against which the
reliability of computational strategies for predicting properties
may be evaluated.
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