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The redox characteristics, electronic absorption, steady-state emission, nanosecond laser flash photolysis,
and a femtosecond laser spectroscopic study have been carried out for a series of monomeric, homobimetallic,
and heterobimetallic complexes with M(bpy)2Cl-based moieties (M) RuII and OsII) and ethynyl- and
butadiynyl-bridged polyphosphines, namely Ph2PCtCPPh2 (C2P2) and Ph2PCtCCtCPPh2 (C4P2). These
complexes were synthesized by reactions of the spacers withcis-M(bpy)2Cl2 or by coupling reaction between
two [Cl(bpy)2M(Ph2PCtCH)](PF6) (M ) RuII, OsII) molecules. Electronic communication through poly-
phosphine/polyyne spacers is found to decrease upon increase of the carbon chain length, and the
comproportionation constantKc was calculated as 14-18 for species withC2P2 and ca. 4 for the ones with
C4P2. In addition, fast intramolecular energy transfer from the RuII-based donor to the OsII-based acceptor,
with rate constant of (2.4-2.5) × 109 s-1, occurs within heterobimetallic complexes via a Dexter-type
mechanism and an attenuation factor (â) of 0.02 Å-1.

Introduction

Various low-dimensional multicomponent supramolecular
systems have been designed and constructed owing to the
longstanding interests in the mimetic modeling of natural
photosynthesis and the study of directional electron/energy
transfer as well as electronic interaction across bridging
moieties.1-9 Saturated and conjugated bridges have been applied,
including flexible or rigid alkanes,3 polyenes,4 polyphenylene,5

acetylenes,6-8 and cumulenes,9 in order to elucidate the
parameters that govern the electron delocalization and electron/
energy transfer processes. The tuning and optimization of such
basic processes have attracted much attention due to the potential
application of these supramolecular systems in optical and
electronic devices as wires or switches and in artificial mimicry
of light-energy conversion.

Among them, bimetallic one-dimensional rigid molecular
complexes where metal centers are linked by the basic and
fundamental class of unsaturated organic ligands, e.g., poly-
phenylenic (Phn) and cumulenic/acetylenic sp carbon chains
(Cn), have provided the desired features such as rigidity,
electronic conductivity, and coordination versatility.5-9 We
recently reported the preparation, electrochemical characteristics,
and photophysical properties of a series of Ru(bpy)2 and Os-
(bpy)2 complexes with polyphosphines bearing short cumulenic
bridging moieties, namely, 1,1′,3,3′-tetrakis(diphenylphosphino)-
allene (C3P4) and 1,1′,4,4′-tetrakis(diphenylphosphino)cumulene
(C4P4).9 To compare the similarity and difference between the
cumulenic and acetylenic sp carbon chains in redox-active and
photoresponsive supramolecular systems, we now report the
synthesis, characterization, redox chemistry, and ultrafast study
of the systems1-5 with Ru(bpy)2Cl- and Os(bpy)2Cl-based
chromophores and ethynyl- and butadiynyl-bridged polyphos-
phine spacers Ph2P(CtC)nPPh2 (n ) 1, C2P2, or 2, C4P2).
Electronic absorption and cyclic and square-wave voltammetry

(CV and SWV) are used to study the ground-state electronic
and redox properties. Steady-state emission and ultrafast time-
resolved emission and transient spectroscopic studies give us
insights of the excited-state luminescence, decay kinetics, and
energy transfer mechanism. Distance-dependent electronic com-
munication and energy transfer via the Dexter mechanism are
also discussed herein.

Results and Discussion

Synthetic Aspects. The monomeric and homobimetallic
complexes1a-4a and 1b-4b (synthesis of1b with ClO4

-

counteranion was previously reported using another method10)
were synthesized using substitution reaction betweencis-
(bpy)2MCl2‚2H2O (M ) Ru or Os) andC2nP2 (n ) 1 or 2) in
different ratios: metal-to-ligand ratio of 1:2 to give predomi-
nantly monomeric complexes and 2.2:1 ratio to give homobi-
metallic ones (Scheme 1). However, no matter what ratios were
used, the products always contained mixtures of the monomeric
and homobimetallic complexes. Column chromatography (basic
alumina) was required for purification, using different ratios of
acetonitrile/toluene mixtures as eluants. Specifically, solvent
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mixture of acetonitrile/toluene (1:2, v/v) gave monomeric
complexes, and 2:1 (v/v) gave homobimetallic species.

Heterobimetallic complexes (5a,b) were prepared from the
further reaction of the OsII monomeric complexes1a and 2a
with cis-Ru(bpy)2Cl2‚2H2O. Theoretically it would be the same
product starting from the RuII monomeric complexes1b or 2b
andcis-Os(bpy)2Cl2‚2H2O. However, the former route provided
higher reaction yields. It was found that the RuII center was
more reactive toward phosphines than the OsII ones, and more
stringent conditions were required to form the more inert OsII

adducts.1,9

An alternative synthetic route, the coupling reaction, was also
investigated to give bimetallic complexes with longer chain
lengths (Scheme 2).6 A 2 equiv amounts of the monomeric
complexes [Cl(bpy)2M(Ph2PCtCH)](PF6) (M ) Ru,6a,or Os,
6b) were coupled together in acetone solution to form4a,b,
using CuCl/TMEDA as catalysis and O2 as oxidant.6c Although
the yield of the coupling reaction (40-51%) is not as high as
the above substitution reactions (79-85%) for 4a,b, it does
provide additional means in the synthesis of rigid rodlike
complexes with longer acetylenic chains.

Characterization. All complexes are characterized with31P-
{1H} NMR, fast atom bombardment mass spectral analysis

(FAB/MS), and elemental analysis (EA), Table 1. Monomeric
complexes1a and2a and1b and2b exhibit two peaks in the
31P{1H} NMR spectra: a more positive one for M-PPh2 (-11.5
to -13.6 ppm for M) Os and+33.3 to+35.9 ppm for M)
Ru) and the more negative one for the free phosphine (-32.0
ppm forC2P2 and-30.6 ppm forC4P2). Because of the possible
formation of isomers with cis and trans structures, each of the

SCHEME 1: Synthesis of Monomeric and Homobimetallic Species

TABLE 1: 31P{1H} NMR and FAB/MS Data for 1a-5a and 1b-5b

complex 31P{1H}NMR (ppm) FAB/MS: m/z (rel %), peak assgnt

1a -13.6 (OsII -PPh2) 933 (80), [M- PF6]+

-32.0 (free PPh2) 539 (100), [M- PF6 - C2P2]+

2a -11.5 (OsII -PPh2) 957 (100), [M- PF6]+

-30.6 (free PPh2) 539 (90), [M- PF6 - C4P2]+

1b +33.3 (RuII-PPh2) 843 (100), [M- PF6]+

-32.0 (free PPh2) 449 (98), [M- PF6 - C2P2]+

2b +35.9 (RuII-PPh2) 867 (70), [M- PF6]+

-30.6 (free PPh2) 449 (100), [M- PF6 - C4P2]+

3a -9.8 1615 (50), [M- PF6]+

-10.1 1470 (15), [M- 2PF6]+

933 (100), [M- 2PF6 - Os(bpy)2Cl]+

4a -10.7 1639 (80), [M- PF6]+

-10.9 1494 (10), [M- 2PF6]+

957 (100), [M- 2PF6 - Os(bpy)2Cl]+

3b +37.7 1437 (50), [M- PF6]+

+37.6 1292 (10), [M- 2PF6]+

842 (100), [M- 2PF6 - Ru(bpy)2Cl]+

4b +36.7 1461 (70), [M- PF6]+

+36.5 1316 (10), [M- 2PF6]+

867 (100), [M- 2PF6 - Ru(bpy)2Cl]+

5a -9.5,-9.7 (OsII -PPh2) 1527 (25), [M- PF6]+

+37.4,+37.2 (RuII-PPh2) 1381 (10), [M- 2PF6]+

933 (100), [M- 2PF6 - Ru(bpy)2Cl]+

5b -10.6,-10.8 (OsII -PPh2) 1551 (35), [M- PF6]+

+36.5,+36.4 (RuII-PPh2) 1405 (10), [M- 2PF6]+

957 (100), [M- 2PF6 - Ru(bpy)2Cl]+

SCHEME 2: Synthesis of Homobimetallic Species with a
Coupling Reaction
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homobimetallic complexes3a (-9.8,-10.1 ppm),4a (-10.7,
-10.9 ppm),3b (+37.7,+37.6 ppm), and4b (+36.7,+36.5
ppm) has two peaks. Each of the heterobimetallic complex5a,b
has four peaks also due to the presence of the cis and trans
isomers: two for Ru-PPh2 (+36.4 to+37.4 ppm) and two for
Os-PPh2 (-10.8 to-9.5 ppm).

As a relatively soft ionization technique, FAB/MS is another
excellent method for characterization. All the new complexes
were ionized to give [M- nPF6]+ fragments (n ) 1 or 2) in
the higher molecular weight region, leaving the inner sphere of
those compounds intact. Further loss ofC2nP2 (n ) 1 or 2)
from the monometallic complexes or loss of M(bpy)2Cl (M )
Ru or Os) from the homo- and heterobimetallic species was
also observed, Table 1.

Electrochemistry.Cyclic voltammetry (CV) and square-wave
voltammetry (SWV) were used to study the electrochemical
behavior and possible electron delocalization. The metal-based
oxidation and ligand-based reduction potentials are listed in
Table 2, and Figure 1 compares the oxidation potentials of a
series of OsII mono- and bimetallic complexes.

Previously RuII center was reported to exhibit more positive
oxidation potential than the OsII one.1 The OsII/III redox couple
in 1a or 2a gives one reversible wave (1 e- process) atE1/2 )
+0.645 and+0.666 V, while RuII complexes1b and2b give
peaks at+1.020 and+1.044 V, respectively. The reversibility
as used here implied that theipa/ipc ratio was found to be
approximately unity. Interestingly, complexes withC4P2 exhibit
slightly more positive potentials (∼20 mV) when compared with
the corresponding complexes withC2P2, which suggests that
C4P2 is a strongerπ acceptor thanC2P2 and renders the metal
center harder to be oxidized.

Each of the homobimetallic complexes3a, 4a, 3b, and 4b
displayed two closely overlapping one-electron waves in the
positive region. When SWV was employed, peak separations
of 74 and 68 mV were observed for3a (Figure 1d) and3b,
respectively. However, the peak separation was too small to be
detected in the CV diagrams of homobimetallic4a,b. The
observed peak separation in3a,b is ascribed to the consecutive
oxidations of the two terminal metal units (eq 1), when a
substantial amount of electronic delocalization exists across the

TABLE 2: Electrochemical Data for 1a-5a and 1b-5b

E1/2, V (∆Ep) E1/2, V (∆Ep) E1/2, V (∆Ep)

complex OsII/III RuII/III 1st bpy0/- redn 2nd bpy0/- redn

1a +0.645 (1e-, 59) -1.414 (1e-, 73) -1.621 (1e-, 75)
2a +0.666 (1e-, 67) -1.429 (1e-, 66) -1.654 (1e-, 60)
1b +1.020 (1e-, 70) -1.428 (1e-, 76) -1.634 (1e-, 70)
2b +1.044 (1e-, 79) -1.471 (1e-, 70) -1.705 (1e-, 66)
3a +0.709 (1e-)a -1.422 (2e-, 96) -1.643 (2e-, 92)

+0.635 (1e-)a

4a +0.705 (2e-, 99) -1.448 (2e-, 86) -1.664 (2e-, 80)
3b +1.105 (1e-)a -1.418 (2e-, 95) -1.635 (2e-, 96)

+1.037 (1e-)a

4b +1.058 (2e-, 100) -1.478 (2e-, 85) -1.717 (2e-, 88)
5a +0.681 (1e-, 65) +1.101 (1e-, 63) -1.414 (2e-, 137) -1.648 (2e-, 145)
5b +0.671 (1e-, 65) +1.057 (1e-, 62) -1.457 (2e-, 110) -1.710 (2e-, 140)
Ru(bpy)3(PF6)2

14 +1.29 -1.33
Os(bpy)3(PF6)2

13 +0.81 -1.29

a Data measured using square-wave voltammetry (SWV).

Figure 1. Metal-based oxidation wave in the CV of [Cl(bpy)2Ru-
(C2P2)Os(bpy)2Cl](PF6)2 (5a) (a), [Cl(bpy)2Os(C4P2)Os(bpy)2Cl](PF6)2

(4a) (b), [Cl(bpy)2Os(C2P2)Os(bpy)2Cl](PF6)2 (3a) (c), and [(bpy)2Os-
(C2P2)Cl](PF6) (1a) (e) and SWV of [Cl(bpy)2Os(C2P2)Os(bpy)2Cl]-
(PF6)2 (3a) (d).
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central spacerC2P2. Due to the electronic communication across
the spacer, the second redox potential (E2°) is expected to be
more positive than the first one (E1°), and the amount of peak
separation can be used to probe the degree of such electronic
communication between the two redox-active termini. This is
manifested in the magnitude of the comproportionation constant
Kc (eq 2), andKc values have been found to range from 4 in
the uncoupled Robin and Day class I system to 1013 in the
strongly coupled class III system.11d Here, MIIMII represents
the homobimetallic complexes, MIIMIII and MIIIMIII are the
oxidized species, andE1° and E2° (in mV) can be estimated
from the metal oxidation potentials using SWV or CV.11 Using
eq 2, the comproportionation constantsKc for 3a,b were
estimated to be 14-18. For 4a,b, Kc is ca. 4. (The peak
separation in4a,b is ca. 34 mV, estimated from the difference
of peak separation in5a,b. This is about 34 mV smaller than
the peak separation within3a,b). On the basis of the different
Kc values of these complexes, the electronic interaction was
found to decrease, as expected, when the sp carbon atom number
increases from 2 to 4 in the spacer unit.

Previously, polyphosphines with cumulenic bridges, namely,
(Ph2P)2CdCdC(PPh2)2 (C3P4) and (Ph2P)2CdCdCdC(PPh2)2

(C4P4) were also used by our group to study the electronic
communication between the two terminal OsII or RuII centers.9

The complexes with longerC4P4 were found to have much
stronger electronic interaction (Kc ) 1.3 × 107 - 4.5 × 1010)
than the corresponding complexes withC3P4 (no significant
redox peak separation was observed). This was caused by the

fact that each odd carbon will rotate the pπ orbitals 90°, while
the chain with even number of carbon atoms remains conjugated.
However, the current systems with acetylenic C2 and C4 units
have the coplanar dπ orbitals and, hence, the electronic
communication is dominated by the distance between the two
metal termini.

Heterobimetallic complexes5a,bexhibited two one-electron
processes in the positive region, one corresponding to the OsII/III

redox couple (+0.671 or+0.681 V) and the other corresponding
to the RuII/III pair (+1.057 or+1.101 V). This assignment is
based on the observed redox potentials of the monometallic
complexes1a, 2a, 1b, and 2b. The larger peak separation
between the OsII/III and RuII/III redox potentials in5a (420 mV)
than5b (386 mV) also suggests thatC2P2 is more conductive
than C4P2, giving rise to an increase in the electronic com-
munication between the two metal termini. Hence, the conduc-
tivity order of C2nP2 (n ) 1, 2) andCnP4 (n ) 3, 4) isC4P4 >
C2P2 > C4P2 ≈ C3P4, on the basis of the observed electro-
chemical data and calculatedKc values.

Furthermore, all complexes exhibit two ligand-based reduc-
tion peaks corresponding to the two bpy0/- redox couples,12 both
being quasi-reversible in the range of-1.414 to-1.478 V and
-1.621 to-1.717 V, Table 2. For the monometallic complexes
1a, 2a, 1b, and 2b, each peak is an one-electron process.
However, for bimetallic species3a-5aand3b-5b, each redox
wave is a two-electron process, corresponding to two overlap-
ping one-electron processes from the two equivalent bpy ligands
on both metal centers.

Ground-State Electronic Absorption. All complexes were
found to have strong absorption peaks at 291-293 nm (ε )
38 190-84 240 cm-1 M-1) and 432-442 nm (ε ) 5950-
15 035 cm-1 M-1; Table 3). The higher energy peak is assigned
as a ligand-basedπ f π* absorption. The lower energy band
accounts for the1MLCT band, with M as a metal dπ orbital
and L as aπ* orbital of bpy.1 In addition, an OsII-centered

TABLE 3: Photophysical Data for 1a-5a and 1b-5b

complex λabs, nm (ε, cm-1 M-1) λem,a nm ((5%) 104Φa ((10%) τem, ns ((5%)a ηisckr
b (s-1) knr

c (s-1)

1a 291 (46 855) 540 1.1 11 1.0× 104 9.1× 107

442 (8080)
600 (2580)

2a 291 (43 425) 535 2.9 14 2.1× 104 7.1× 107

442 (7830)
595 (2360)

1b 291 (38 190) 515 1.3 12 1.1× 104 8.3× 107

441 (5950)
2b 291 (39 320) 510 14 18 7.8× 104 5.6× 107

432 (6080)
3a 293 (82 310) 545 1.2 12 1.0× 104 8.3× 107

436 (14 450)
595 (4220)

4a 291 (84 240) 540 1.9 13 1.5× 104 7.7× 107

438 (15 035)
595 (4070)

3b 291 (57 345) 515 1.3 12 1.1× 104 8.3× 107

434 (8520)
4b 291 (65 400) 510 9.5 15 6.3× 104 6.7× 107

432 (10 690)
5a 291 (70 160) 545 1.2 0.38 (RuII)d 1.1× 104 (OsII) 2.6× 109 (RuII)

435 (11 580) 11 (OsII) 9.1× 107 (OsII)
570 (2230)

5b 291 (70 890) 540 2.8 0.40 (RuII)d 2.0× 104 (OsII) 2.5× 109 (RuII)
440 (12 790) 14 (OsII) 7.1× 107 (OsII)
580 (2460)

Ru(bpy)3(PF6)2
14a 452 620 620 855 7.7× 104 4.8× 105

Os(bpy)3(PF6)2
13b 640 746 50 60 8.3× 104 1.66× 107

a λex ) 470 nm in CH3CN. b ηisckr ) Φ/τem. In 5a,b, only the longer lifetime is used in the calculation.c knr ) 1/τem - Φ/τem (assumingηisc )
114). d λex ) 390 nm in CH3CN.

MIIMII y\z
E1°

e-
MIIIMII y\z

E2°

e-
MIIIMIII (1)

Kc ) [MIIMIII ]2/[MIIMII][M IIIMIII ] )
exp[(E2° - E1°)/25.69] (2)
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3MLCT absorption was also observed at 570-600 nm (ε )
2360-4220 cm-1 M-1) while RuII complexes do not exhibit a
significant3MLCT band due to the lower spin-orbit coupling
in RuII than in OsII.13

Figure 2 displays the absorption spectra within 350-800 nm
for all complexes. Several interesting features emerge when we
compare them together. (a) The homobimetallic complexes3a,
4a, 3b,and4b give extinction coefficients nearly double that

of the corresponding monomeric complexes1a, 2a, 1b,and2b,
representative of a chromophore summation effect. (b) OsII

complexes have stronger MLCT absorption band when com-
pared with the corresponding RuII complexes. (c) When
compared with1MLCT bands of complexes M(bpy)3(PF6)2

13

(M ) Ru,λMLCT ) 452 nm; M) Os,λMLCT ) 640 nm), all the
new compounds withC2nP2 (n ) 1, 2) have blue-shifted1MLCT
absorption bands, which may be caused by the fact thatC2nP2

(n ) 1, 2) are strongerπ acceptors than the bpy ligand.
Emission, Lifetime, and Quantum Yield. Steady-state

emissions of RuII monomeric and homobimetallic complexes
were observed at 510-515 nm, while emissions of the corre-
sponding OsII complexes have maxima within 535-545 nm
(Table 3). However, heterobimetallic complexes exhibit only
one peak at 540-545 nm (from OsII excited state) due to energy
transfer from the RuII donor to OsII acceptor as discussed later.

Time-resolved emission studies of all complexes have been
carried out at room temperature in spectrophotometric grade
acetonitrile. The emission decay traces of all complexes, except
5a,b, fit to single-exponential decay curves, giving excited-state
lifetimes from 11 to 18 ns, Table 3. Such short lifetimes from
the emitting excited states may be ascribed to the possible
mixing between the emitting excited state with the nonemissive
3MC state in both OsII and RuII complexes.5b,13 The mixed-
metal complexes5a,b have two lifetimes, with the shorter one
(0.38-0.40 ns) corresponding to the quenched donor excited
state and the longer one (11-14 ns) to the acceptor excited
state. While the longer lifetimes were determined from the time-
resolved emission measurements using nanosecond laser flash
photolysis, the shorter lifetimes of the energy donors (RuII-
based) were measured with femtosecond laser spectroscopy.
Figure 3 displays the decay traces of the transient signals upon
excitation at 390 nm for5a,b.

The radiative decay rate constantkr and nonradiative decay
rate constantknr for the emitting excited state can be calculated
asηisckr ) Φem/τem andknr ) 1/τem - kr ) (1 - Φem/ηisc)/τem.14

Here,Φem andτem are quantum yield and lifetime of emitting
excited state andηisc is the intersystem crossing efficiency. The
values of all quantum yields (Φem) were measured to be (1.1-
14) × 10-4, as listed in Table 3. Sinceηisc has not been

Figure 2. Comparison of electronic absorption spectra of1a-4a (a),
1b-4b (b), and5a,b (c).

Figure 3. Transient time profiles of5a,b (λex ) 390 nm) in CH3CN
at 25 °C, following excitation at 390 nm, probed at wavelength 780
nm: (a) [Cl(bpy)2Ru(C2P2)Os(bpy)2Cl](PF6)2 (5a); (b) [Cl(bpy)2Ru-
(C4P2)Os(bpy)2Cl](PF6)2 (5b).
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determined in our system, theηisckr values are calculated as
(1.0-7.8) × 104 s-1 andknr can be estimated, when assuming
ηisc to be unity,14 as (5.6-9.1)× 107 s-1 for 1-5. For the excited
states of the RuII-based energy donors in the heterometallic
systems5a,b, theknr values are found to be much higher, (2.5-
2.6)× 10-9 s-1. Such observed nonradiative decay rate constants
are consistent with the observed low quantum yields and short
lifetimes, suggesting that nonradiative decay path plays the
dominating role in the excited-state decay kinetics in the current
systems.

When we inspect the absorption and emission maxima of all
new OsII complexes, we noticed that the range of3MLCT
absorption band (570-600 nm) is actually lower in energy than
the observed emission maxima (535-545 nm) of the corre-
sponding complexes, Table 3. The observed emission maxima
of the RuII complexes are further blue-shifted to 510-515 nm.
Previously, the analogous monomeric complexes [(bpy)2Ru(P)-
Cl](PF6) (P ) PPh3, PPh2Me) had no reported emission from
the3MLCT state.10 Hence, the observed emission in these new
complexes withC2nP2 (n ) 1, 2) spacers cannot be simply
attributed to the conventional3MLCT state (M f bpy, M )
Ru or Os). Possible alternative excited states may exist. The
polyphosphine/polyyne spacers and the polypyridyl auxiliary
ligands used in this study most likely possess low-lying ring
and polyyneπ-antibonding orbitals that are capable of participa-
tion in the charge transfer interactions. Hence, the existence of
a low-energy ligand-centered excited state is possible. Alter-
natively the3MLCT (M f phosphine spacer) state cannot be
completely excluded as a possible emitting excited state.12aThe
following features have been observed regarding the excited-
state characteristics. (a) As discussed above, the values of the
radiative decay constantkr are (1.0-7.8) × 104 s-1 for all
complexes reported here. These relatively low observed radiative
decay constants may imply either rapid relaxation of the1MLCT
state back to the ground state or formation of another excited
state.9b,12d These values are also found to be sensitive to the
polyphosphine spacer, with higherkr values for complexes with
C4P2. (b) The emission measurements at 77 K in frozen MeCN
matrix and at room temperature revealed little changes, and no
significant blue shift was observed as expected for the metal-
to-ligand charge-transfer bands.12c A comparison of the elec-
tronic absorption and emission at room temperature and 77 K
for [(bpy)2Os(C4P2)Cl](PF6) is shown in Figure 4. On the basis
of these observations and data, we may assign the observed

emission from the ligand-centered charge-transfer excited state.
However, question arises regarding whether both ancillary bpy
and central polyphosphine/polyyne spacer have been involved
here. To resolve this, a calculation was done using the Spartan
program. The distributions of electron densities on the HOMO
and LUMO of the monometallic complexes1b and 2b are
included in Figure 5. Apparently in both complexes, the HOMO
locates primarily on the C2 or C4 bridging unit of the central
spacer and the LUMO locates primarily on one of the ancillary
bpy ligand. This calculation suggests that the ligand-centered
charge transfer may be ascribed as from polyphosphine/polyyne
spacerf bpy.

Energy-Transfer Mechanism.Energy transfer from the RuII-
based donor excited state to the OsII-based acceptor within5a,b
is evident for several reasons. (a) From steady-state emission
study of both the monomeric and homobimetallic complexes it
was found that the emitting excited states of OsII units are lower
in energy than those of the corresponding RuII-based ones.
According to conventional assumptions,15 the energetics or the
driving force,∆G°, of energy transfer can be estimated as the
difference between the spectroscopic energies of the donor and
acceptor using homobimetallic species as model complexes. The
calculated value is-1069 cm-1 (-0.13 eV) for5a and-1089
cm-1 (-0.14 eV) for5b. Hence, the energy transfer from the
donor excited state to the acceptor one is thermodynamically
favored. (b) The steady-state emission of the heterobimetallic
complexes5a,bwas dominated by the radiative decay from the
acceptor. (c) Two lifetimes were found for5a,b. One is rather
short (0.38-0.40 ns, Figure 3), corresponding to the quenched
donor excited state. The other is longer (11-14 ns), corre-
sponding to the acceptor excited state. For comparison, the
lifetimes of RuII-based donor excited states in the mono- and
homobimetallic species range from 12 to 18 ns, where no energy
transfer is possible. Hence, the rate constant of energy transfer
can be estimated asken ) 1/τ -1/τm,15 whereτ is the lifetime
of the RuII-based energy donor in5a,bandτm is the lifetime of
the homobimetallic model complexes3b and 4b. The rate
constants thus calculated are 2.5× 109 s-1 for 5a and 2.4×
109 s-1 for 5b.

Two possible mechanisms exist for the electronic energy
transfer, namely, Fo¨rster- vs Dexter-type mechanism. For energy
transfer via a Fo¨rster-type dipole-dipole (through space)
mechanism, the appropriate spectroscopic overlap integral (JF)
can be expressed as eq 3:1,7,9

Here F(ν) is the luminescence intensity at wavelengthν (in
cm-1) andε(ν) is the corresponding molar extinction coefficient
(in M-1 cm-1). TheJF value thus calculated is 2.7× 10-14 and
2.9 × 10-14 cm6 mol-1 ((10%) for the heterobimetallic com-
plexes5a,b, respectively. The values obtained here are of com-
parable magnitude to the estimated overlap integrals previously
reported for systems with rigid alkyne-7 or phenylene-bridged15b

Ru/Os complexes. The rate constant for triplet energy transfer
via Förster mechanism can then be calculated using eq 4:7

whereK is the orientation factor relating to the alignment of
transition dipoles on donor and acceptor (K2 ) 0.677b), ΦL and
τL are the quantum yield and excited-state lifetime of the

Figure 4. Comparison of the electronic absorption and emission (298
and 77 K) for [(bpy)2Os(C4P2)Cl](PF6) (2a).

JF )
∫F(ν)ε(ν)ν-4 dv

∫F(ν) dν
(3)

kF )
8.8× 10-25K2ΦLJF

n4τLR6
(4)
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appropriate model complex, andn is the refractive index of
solvent acetonitrile. At 295 K the calculatedkF value is 1.9×
108 s-1 over a metal-to-metal distance ofr ) 8.0 Å in 5a with
C2P2 spacer and 3.2× 107 s-1 over a metal-to-metal distance
of 10.5 Å acrossC4P2 spacer in5b. This calculated Fo¨rster
energy transfer rate constant is much lower than the observed
values of (2.4-2.5)× 109 s-1. Hence, an energy transfer exclu-
sively through the Fo¨rster mechanism may not be suitable here.

For energy transfer occurring by way of a Dexter-type
electron-exchange (i.e. through-bond) mechanism, the appropri-
ate overlap integral (JD) can be calculated from eq 5:7d

The derivedJD values are 1.0× 10-2 and 9.1× 10-3 cm for

Figure 5. Spartan calculation of HOMO and LUMO in (a)1b and (b)2b.

JD )
∫F(ν)ε(ν) dν

∫F(ν) dν∫ε(ν) dν
(5)
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5a,b, respectively. The corresponding rate constantkD can then
be expressed in the following form:7

where Hen is the electronic coupling matrix element for the
electron exchange. When assuming that the energy transfer
occurs exclusively via electron exchange andkD has the values
of the observed rate constantken of (2.4-2.5) × 109 s-1, then
Hen will only need to have values of 0.46 cm-1 for 5a and 0.47
cm-1 for 5b. Such values correspond to a situation where the
terminal RuII and OsII centers have fairly weak interaction. The
aforementioned electrochemical study has revealed a relatively
weak redox interaction acrossC2nP2 spacers (n ) 1 or 2), with
peak separation of ca. 34-74 mV. However, such redox
separation is sufficient to drive the intramolecular energy transfer
across the spacer unit. Hence, on the basis of all above
calculations and observations, we may conclude that the Dexter-
type energy transfer mechanism may dominate in the observed
energy transfer process within the current heterobimetallic Ru/
Os systems.

Dependence on Distance.In the study of intramolecular
energy- or electron-transfer processes, another important issue
is the distance dependence of the rate constantken. In the frame
of superexchange mechanism, the energy transfer rateken falls
off exponentially as in eq 7, withdMM as the metal-to-metal
distance.7b,16

On the basis of the observedken for 5a,b, an attenuation factor
â value of 0.02 Å-1 was estimated for this system with
polyphosphine/polyyne. Since only two points are used in the
calculation ofâ value here, this can only serve as a crude
estimation. When compared with the reportedâ values of other
systems through alkenes (â ) 0.06 Å-1),4 polypyridyl/polyynes
(â ) 0.17 Å-1),7 phenylene (â ) 0.4 Å-1),1,17aand fused alkanes
(â ) 0.6-1.0 Å-1),17b we may conclude that the estimatedâ
value of 0.02 Å-1 in our system suggests that the polyphosphines
spacers with short polyyne bridges can mediate sufficient
electronic coupling to facilitate an efficient intramolecular
energy transfer.

Experimental Section

General Procedures.All experiments described below were
performed under a nitrogen atmosphere using standard glovebox
and Schlenk techniques. Separations by column chromatography
were performed in air and in the absence of light by using basic
alumina (Brockman activity I, 60-325 mesh, from Fisher
Scientific).

Materials. cis-Os(bpy)2Cl2‚2H2O,12 Ph2PCtCH (C2PH)18

and PPh2CtCCtCPPh2 (C4P2)19 were prepared according to
the literature methods. PPh2CtCPPh2 (C2P2, Strem), CuCl
(Aldrich, 99.9+%), TMEDA (Aldrich), cis-Ru(bpy)2Cl2‚2H2O
(Strem), NH4PF6 (Aldrich), and KPF6 (Aldrich) were purchased
and used as received. Commercial grade solvents (acetonitrile,
toluene, and diethyl ether) were dried over 4 Å molecular sieves
prior to use. Spectrophotometric grade acetonitrile were pur-
chased from Fisher and used without further purification.
Tetrahydrofuran (THF) was distilled under nitrogen over sodium
and benzophenone. Acetone was distilled under nitrogen over
K2CO3. Ethylene glycol was dried over 4 Å molecular sieves
for at least 24 h and deoxygenated with dry nitrogen for 20
min or longer prior to use.

Physical Measurements.31P{1H} NMR spectra were ob-
tained on Omega 500 MHz spectrometer, referenced to a
solution of 85% H3PO4 in D2O. Combustion analysis (C, H,
N) was measured with a Carlo Erba Instruments Fisons
elemental analyzer, and all data are included in the Supporting
Information. Fast atom bombardment mass spectral analysis
(FAB/MS) was recorded on a Micromass (Altrincham, U.K.)
Autospec mass spectrometer at the UC, Irvine, CA, Mass
Spectral Laboratory. Cerium ions at 25 kV were the bombarding
species, and the matrix wasmeta-nitrobenzyl alcohol (mNBA).

Cyclic and square-wave voltammograms were recorded using
a CHI 630 electrochemical analyzer. Typical experiments were
run at a scan rate of 100 mV/s in spectrophotometric grade
acetonitrile with 0.1 M tetrabutylammonium hexafluorophos-
phate as the electrolyte. A Ag/AgCl wire was used as a
pseudoreference electrode, a platinum wire as the counter
electrode, and a 1.0 mm platinum disk electrode as the working
electrode. A ferrocene standard was used as the reference vs
SCE.

Electronic absorption spectra were obtained on a Hewlett-
Packard 8453 diode array spectrometer. Steady-state emission
spectra were recorded on a Hitachi F-4500 fluorescence
spectrometer. Quantum yields (QY) were measured relative to
Ru(bpy)3(PF6)2 (QY ) 0.06212,14 in CH3CN), and all samples
were treated with three freeze-pump-thaw cycles prior to the
measurements.

Time-resolved emission of all complexes was carried out on
a nanosecond flash photolysis unit. It is equipped with a
Continuum Surelite II-10 Q-switched Nd:YAG laser and Surelite
OPO (optical parametric oscillator) tunable visible source, a
LeCroy 9350A oscilloscope, and a Spex 270 MIT-2x-FIX high-
performance scanning and imaging spectrometer. All samples
were dissolved in spectrophotometric grade acetonitrile and
deoxygenated with dry N2 for 30 min prior to the measurements.

For complexes5a,b, the transient time profiles were obtained
using a pump-probe technique based on a regeneratively
amplified, mode-locked femtosecond Ti-sapphire laser system.
The details of the laser setup and the spectrometer have been
described elsewhere.20 All data were obtained with 390 nm
excitation and probed at 780 nm, using spectrophotometric grade
acetonitrile as solvent. Pulses of 40-100 fs with 5 nJ/pulse
energy and 100 MHz repetition rate were generated by a mode-
locked Ti-sapphire oscillator, which were then amplified using
a Quantronix regenerative amplifier pumped with a Q-switched
Nd:YLF laser. Final output pulses (150 fs, 350µJ/pulse) at 780
nm were frequency doubled in a KDP crystal to generate a 390
nm pump beam with 30µJ/pulse and 1 kHz repetition rate. The
pump power was adjusted with neutral density filters so that
no solvent signal was detected, and the observed signals were
linear with pump power. The remaining fundamental was
focused into a quartz crystal to generate a white light continuum.
An interference band path filter (10 nm fwhm) was used to select
the desired probe wavelength. The pump and probe beam were
delayed in time using a translation stage, and the signal was
detected by a silicon photodiode. The resulting signal was
normalized to a reference signal from another photodiode
monitoring the laser beam.

Molecular Orbital Calculation. Molecular orbital calcula-
tions were performed on Silicon Graphics Indigo2 XZ worksta-
tions, using Spartan V. 5.1.1-62 for IRIX developed by
Wavefunction, Inc. The semiempirical PM3(tm) method with
geometry optimization for transition metals was applied, which
is related to Thiel’s MNDO/d and describes each transition metal
in terms of d-type, as well as s- and p-type, valence atomic

kD )
4π2Hen

2JD

h
(6)

ken ∝ exp(-âdMM) (7)
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orbitals. All model structures without PF6
- were minimized

using the Spartan Builder. For computational purposes, all
phenyl groups were replaced with protons. In the absence of
OsII parameters in the Spartan PM3(tm) program, only RuII

model structures were used for calculations.
General Preparation of [(bpy)2M(C2P2)Cl](PF6) (M ) Os

(1a), Ru (1b)), [(bpy)2M(C4P2)Cl](PF6) (M ) Os (2a), Ru
(2b)), [Cl(bpy)2M(C2P2)M(bpy)2Cl](PF6)2 (M ) Os (3a), Ru
(3b)), and [Cl(bpy)2M(C4P2)M(bpy)2Cl](PF6)2 (M ) Os (4a),
Ru (4b)) from M(bpy) 2Cl2 and C2nP2 (n ) 1, 2). A solution
of C2nP2 (n ) 1 or 2) andcis-(bpy)2MCl2‚2H2O (M ) Os or
Ru) (2:1 ratio for mononuclear complexes1a,band2a,b; 1:2.2
ratio for homobimetallic complexes3a,b and4a,b) in 30 mL
of ethylene glycol/THF (1:2, v/v) was refluxed for 2 h. An
excess amount of NH4PF6 (200-300 mg) was then added, and
the mixture was refluxed for another 48 h to ensure the
completion of reaction. The solution was cooled to room
temperature, and THF was removed by rotary evaporation. The
resulting ethylene glycol solution was added dropwise to a
saturated solution of KPF6 in 50 mL of H2O under vigorous
stirring. The precipitate was collected by vacuum filtration,
washed with H2O (3 × 10 mL) and diethyl ether (3× 10 mL),
and then dried in vacuo. The product was then purified by
column chromatography using acetonitrile/toluene (1:2, v/v) as
the eluant for the first fraction (1a,b, 2a,b) and acetonitrile/
toluene (2:1, v/v) as the eluant for the second fraction (3a,b,
4a,b). Yields: 1a, 61%;1b, 54%;2a, 65%;2b, 59%,3a, 80%;
3b, 84%; 4a, 79%; 4b, 85%. Please refer to the Supporting
Information for characterization data (elemental analysis,31P-
{1H} NMR, and FAB/MS data).

General Preparation of [Cl(bpy)2Os(C2nP2)Ru(bpy)2Cl]-
[PF6]2 (n ) 1 (5a), 2 (5b)) from M(bpy)2Cl2 (M ) Ru, Os)
and [(bpy)2Os(C2nP2)Cl](PF6) (n ) 1 (1a), 2 (2a)).A solution
of cis-(bpy)2RuCl2‚2H2O and [(bpy)2Os(C2nP2)Cl](PF6) (n )
1 or 2; 1:1 ratio) in 30 mL of ethylene glycol/THF (1:2, v/v)
was refluxed for 2 h. An excess amount of NH4PF6 (200-300
mg) was then added, and the mixture was refluxed for another
48 h. The solution was cooled to room temperature, and THF
was removed by rotary evaporation. The resulting ethylene
glycol solution was added dropwise to a saturated solution of
KPF6 in 50 mL of H2O under vigorous stirring. The precipitate
was collected by vacuum filtration, washed with H2O (3 × 10
mL) and diethyl ether (3× 10 mL), and then dried in vacuo.
The solid was then purified by column chromatography. The
second fraction was collected as the desired products using
acetonitrile/toluene (2:1, v/v) as the eluant. Yield:5a, 77%;
5b, 75%.

Preparation of M(bpy)2(C2PH)Cl (M ) Os (6a), Ru (6b))
from M(bpy) 2Cl2 and Ph2PCtCH (C2PH). A solution of
C2PH andcis-(bpy)2MCl2‚2H2O (M ) Os or Ru) (2:1 ratio) in
30 mL of ethylene glycol/THF (1:2, v/v) was refluxed for 2 h.
An excess amount of NH4PF6 (200-300 mg) was added, and
the mixture was heated under reflux for another 48 h. The
solution was cooled to room temperature, and THF was removed
using rotary evaporation. The resulting ethylene glycol solution
was added dropwise to a saturated solution of KPF6 in 50 mL
of H2O. The precipitate was collected by vacuum filtration,
washed with H2O (3 × 10 mL) and diethyl ether (3× 10 mL),
and then dried in vacuo. The product was then purified by
column chromatography, and the first fraction was collected as
the desired products using acetonitrile/toluene (1:2, v/v) as the
eluant. Yield: 6a, 98%;6b, 90%.

Alternative Preparation of [Cl(bpy) 2M(C4P2)M(bpy)2Cl]-
[PF6]2 (4a,b) from Coupling Reaction of M(bpy)2(C2PH)Cl

(6a,b) (M ) Os, Ru). Hay catalyst was prepared by mixing
CuCl (51 mg, 0.52 mmol) and TMEDA (41µL) in 10 mL of
acetone. The resulting mixture was stirred for 30 min. The blue
supernatant was used in the subsequent reaction.6c

To a solution of6aor 6b (ca. 0.1 mmol) in 20 mL of acetone,
Hay catalyst was added and air was bubbled through. After the
mixture was stirring for 2 h, solvent was removed using rotary
evaporation. The resulting residue was dissolved in a minimum
amount of CH3CN and added dropwise to 30 mL of diethyl
ether under vigorous stirring. The solid thus formed was
collected by vacuum filtration and purified by column chro-
matography using acetonitrile/toluene (2:1, v/v) eluant. The
second portion was collected as the desired product (yield 51%
for 4a and 40% for4b).
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