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A comparative study of the photophysics of the four positional isomers (onetrans and threecis) of the
chromophore-quencher triad [RuII(dmb)(bpyCH2PTZ)(bpyCH2MV2+)]4+ (dmb is 4,4′-dimethyl-2,2′-bipyridine,
bpyCH2PTZ is (4′-methyl-4-(2,2′-bipyridin-4-yl)methyl)phenothiazine, and bpyCH2MV2+ is (4′-methyl-4-
(2,2′-bipyridin-4-yl)methyl)-1′-methyl-4,4′-bipyridinium cation) has been undertaken. Following metal-to-
ligand charge transfer (MLCT) excitation by laser flash photolysis at 460 or 532 nm, the redox-separated
states [RuII(dmb)(bpyCH2PTZ•+)(bpyCH2MV •+)]4+ are formed rapidly (< 5 ns). Quenching of MLCT emission
occurs with near unit efficiency for all four isomers. For thetransandcis3 isomers, formation of the redox-
separated state is∼25% efficient. For back electron transfer from-MV+ to -PTZ+, ∆G0 ) -1.14 eV for
all four isomers from electrochemical measurements and yetkET varies from 4.5× 106 to 8.7× 106 s-1 in
acetonitrile at 25°C.

The coordination of unsymmetrically-substituted bidentate
ligands to an octahedral center such as ruthenium(II) gives rise
to stereoisomerism based on the relative positions of the
substituents. Such geometrical isomerism, positional isomerism,
has been recognized in the past, but little was known about what
effect it might have on chemical and physical properties since
there was no means for obtaining isomerically pure samples.1

For instance, Oppermanet al.2 prepared a series of Ru(II)
polypyridyl complexes containing linked phenothiazine electron
transfer donors and anthraquinone acceptors. Although it was
recognized that the chromophore-quencher existed in different
isomeric forms, it was not possible to discern whether or not
all of the four possible isomers were present in the sample and,
therefore, if electron transfer kinetics observed following laser
flash photolysis were of a single isomer or an average. This
issue has been raised by others as well.3 Positional isomerism
is illustrated in Figure 1 for the four isomers of the chro-
mophore-quencher complex [RuII(dmb)(bpyCH2PTZ)(bpyCH2-
MV2+)]4+ (1) in which dmb is 4,4′-dimethyl-2,2′-bipyridine,
bpyCH2PTZ is (4′-methyl-4-(2,2′-bipyridin-4-yl)methyl)pheno-
thiazine, and bpyCH2MV2+ is (4′-methyl-4-(2,2′-bipyridin-4-
yl)methyl)-1′-methyl-4,4′-bipyridinium cation.4 We report here
the development of techniques for the separation of these
isomers and their use in mapping the various electron transfer
pathways that they provide.
The synthesis of the target chromophore-quencher complex

was based on a synthetic strategy for tris(heteroleptic) complexes
reported previously5 and is described in detail elsewhere.6 It
involves stepwise addition first of dmb to [Ru(CO)2Cl2]n to give
[Ru(dmb)(CO)2Cl2], followed by bpyCH2MV2+ and pyridine
to give [Ru(dmb)(bpyCH2MV2+)(py)2]4+ as the hexafluoro-
phosphate salt. The two isomers of this complex (in which the
MV2+ as a substituent istrans to one pyridine orcis to both)
were separated by cation exchange chromatography (SP-
Sephadex C25; aqueous sodium 4-toluenesulfonate eluent) by
using a previously developed method.7 The pyridyl ligands were
displaced in refluxing ethylene glycol with an excess of bpyCH2-

PTZ, which gave separate sets of the binary mixtures of
geometrical isomers1a/1b and1c/1d with the stereochemistry
from the first separation maintained.8 These isomeric mixtures
were also separated by cation exchange chromatography by
utilizing aqueous sodium 4-toluenesulfonate as eluent. Pre-
cipitation from water with KPF6 (2×) led to the isolation of
pure PF6- salts of the onetrans and threecis isomers. The
structures of1a, 1b, 1c, and1d were established by1H-NMR
spectroscopy by utilizing1H COSY, as well as homonuclear
decoupling and NOE measurements.6 Extensive use was made
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Figure 1. Geometrical isomers for [RuII(dmb)(bpyCH2PTZ)(bpyCH2-
MV2+)]4+ (1) with rate constants for back electron transfer (kET); see
text. Each of these isomers exists as a pair of∆/Λ enatiomers.
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of the anisotropic interactions caused by differing degrees of
shielding provided by the ring currents in differently substituted
pyridyl rings as described previously.9

UV-visible absorption spectra of the four isomers are
identical with an MLCT absorption band in acetonitrile appear-
ing at λmax ) 460 nm (ε ) 18 600 cm-1 M-1), which is the
λmax for [Ru(dmb)3]2+. In cyclic voltammograms in acetonitrile
0.1 M in [(n-C4H9)4N]PF6 versus SSCE, waves appear for the
couples RuIII/II (E1/2 ) +1.22 V), -PTZ+/0 (E1/2 ) 0.80 V),
-MV2+/+ (E1/2 ) -0.34 V), and MV+/0 (E1/2 ) -0.74 V).
Polypyridyl-based reductions appeared at-1.37 and-1.57 V.

Compared to [Ru(dmb)3]2+ with an emission quantum yield
of φem ) 0.060 in acetonitrile at 25° ( 2 °C, MLCT emission
from 1 is>95% quenched and short on the∼5 ns time scale.10
Laser flash excitation at 460 or 532 nm (2.0-4.5 mJ/pulse) with
absorbance monitoring from 350-700 nm under the same
conditions with an apparatus described elsewhere11 resulted in
the<5 ns loss of the MLCT absorption at 460 nm, no evidence
for the characteristic MLCT bleach at 460 nm, and the
appearance of bands atλmax ) 517 nm12 for -PTZ•+ andλmax
) 397 and 610 nm13 for -MV •+ at the earliest observation times
(∼5 ns). These observations are consistent with initial MLCT
excitation followed by a series of rapid electron transfers to
give redox-separated state,2, in eq 1. The quantum yields for
appearance of2 for the transandcis3 isomers (ηrss), Table 1,
were measured relative to the efficiency of reaction 2.14 Back
electron transfer (-MV •+ f -PTZ•+), kET in eq 1, was studied

by transient absorption measurements throughout the visible
region from 350 to 690 nm. The results are summarized in
Table 1. In all cases the variation inkET with observation
wavelength was<3%, and the values in the table represent an
average of measurements at 10-65 wavelengths.15

The kinetic scheme for formation of2 is shown in Scheme
1. The first step is expected to be electron transfer to-MV2+.
On the basis of picosecond transient absorbance measurements
in acetonitrile at 23°C, Yonemotoet al.16 concluded that MLCT
excitation in [RuII(bpy)2(bpyCH2MV2+)]4+ is followed by bpy•-

f -MV2+ electron transfer to give [RuIII (bpy)2(bpyCH2-
MV •+)]4+ with kq ) 5.9× 1010 s-1 (τ ) 17 ps) and that back
electron transfer to give the ground state occurs withkb ) 4.0
× 1010 s-1 (τ ) 25 ps). If the initial MLCT excited state(s) is
reached with unit efficiency,ηrss ) k/(k + kb) and if the rate
constants measured by Yonemotoet al. are comparable in the
transandcis3 isomers,k for -PTZf RuIII electron transfer is
∼1.3× 1010 s-1 (τ ) 75 ps).
Initial electron transfer from-PTZ to RuIII * is slow. In the

model [RuII(dmb)2(bpy-CH2PTZ)]2+, reductive quenching, eq
3, is uphill thermodynamically by∼0.1 eV17 and quenching is
only partly complete as shown by the decrease in the lumines-
cence quantum yield compared to [Ru(dmb)3]2+* (φem) 0.044

SCHEME 1a

a In acetonitrile, b-MV2+ is bpyCH2MV2+, b-PTZ is bpyCH2PTZ.
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TABLE 1: kET(τ) and Efficiencies (ηrss) for Intramolecular
Redox Separation in Deaerated Acetonitrile at 25° ( 2 °C

isomer trans(1a) cis 1(1b) cis 2(1c) cis 3(1d)

kET× 106s-1 a 7.7 (130 ns)b 4.5 (220 ns) 8.7 (115 ns) 6.3 (160 ns)
ηrss 0.20, 0.22, 0.25c 0.25

a Values reproducible to(3%. bWeighted average of biexponential
fits or best fit to exponential decay (ref 15).cMeasured at concentrations
of 3.4× 10-6, 2.4× 10-5, and 6.5× 10-5 M, respectively,(0.05.
The slight variation inηrssmay be real but is within the experimental
error.

[Ru(bpy)3]
2+* + PTZf [Ru(bpy)3]

+ + PTZ•+ (2)
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compared toφem ) 0.060) and a decrease in MLCT excited
state lifetime from 900 to 680 ns.

The data forkET in Table 1 map four distinct pathways for
back electron transfer in the isomeric series. From the
electrochemical measurements,∆G0 ) -1.14 eV for all four
isomers, butkET varies from 4.5× 106 to 8.7× 106 s-1. This
is an important finding for earlier results on related systems
where there were unresolved mixtures of isomers and, in
retrospect,kET values were most likely averaged quantities for
a series of isomers and not for a single isomeric assembly.
Given the known self-exchange rate constants for couples

related to-PTZ+/0 and-MV2+/+, back electron transfer occurs
in the inverted region sinceλ ∼0.9 eV.18 These reactions are
remarkably slow given the small energy gap of 1.14 eV.11 This
must be a consequence of weak electronic coupling through
the extended bond system at least for thetrans isomer where,
on the basis of molecular modeling,19 the closest distance of
through space-MV •+/-PTZ•+ approach is 16.5 Å (center to
center). For thecis isomers there are accessible rotamers that
bring them into edge to edge contact (7.0 Å center to center).
The solvent and vibrational barriers to electron transfer for the
cis isomers should be nearly the same. The differences inkET
probably reflect differences in electronic coupling for them and
subtle differences in their orbital pathways for electron transfer.
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