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Photophysical properties have been recorded for a ruthenium(II) bis(2,2′:6′,2′′-terpyridine) complex bearing a single
ethynylene substituent. The target compound is weakly emissive in fluid solution at room temperature, but both the
emission yield and lifetime increase dramatically as the temperature is lowered. As found for the unsubstituted
parent complex, the full temperature dependence indicates that the lowest-energy triplet state couples to two higher-
energy triplets and to the ground state. Luminescence occurs only from the lowest-energy triplet state, but the
radiative and nonradiative decay rates indicate that electron delocalization occurs at the triplet level. Comparison
of the target compound with the parent complex indicates that the ethynylene group reduces the size of the electron-
vibrational coupling element for nonradiative decay of the lowest-energy triplet state. Although other factors are
affected by substitution, this is by far the most important feature with regard to stabilization of the triplet state.

Introduction

It is well established that 2,2′:6′,2′′-terpyridine (terpy)
provides an ideal building block with which to assemble
multicomponent molecular systems around photoactive tran-
sition metal centers.1 The main advantages of the terpy
module are its facile functionalization,2 the ability to construct
linear arrays,3 and the achiral nature of the resultant metal
complexes. A major drawback, however, concerns the very
short (τ < 1 ns) triplet state lifetime found for the parent
ruthenium(II) complex, [Ru(terpy)2]2+, at ambient temper-
ature.4 This short triplet lifetime, which precludes lumines-
cence in fluid solution, is caused by coupling between the
lowest-energy triplet state and a higher-energy metal-centered

(MC) state.5 Numerous attempts have been made to prolong
the triplet lifetime of the parent complex. These include
incorporating the chromophore into a zeolite structure6 and
raising the energy of the metal-centered state by replacement
of one terpy with three cyanide ligands.7 Other approaches
have involved substituting electron-withdrawing groups at
the 4′-position of the terpy ligand. This latter procedure has
met with modest success, and triplet lifetimes as long as 10
ns have been reported.8
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A related strategy for prolonging the triplet lifetime has
focused on attaching alkynylene groups at the 4′-position.9

The acetylenic residue raises the reduction potential for the
coordinated terpy ligand to a less negative value.10 Because
the oxidation potential for the metal cation is essentially
unaffected by this substitution, the net effect is to lower the
energy of the metal-to-ligand charge-transfer (MLCT) triplet
state. In turn, this effect helps to decouple the MLCT triplet
from higher-energy MC states and thereby prolongs the
triplet lifetime.11 Because of the extendedπ-conjugation over
the substituted ligand, there is increased opportunity for
electron delocalization at the triplet level. Such delocalization
should lower the nuclear reorganization energy that ac-
companies nonradiative decay of the MLCT triplet by
providing additional degenerate vibrational modes to ac-
commodate any geometric change.12 Within the framework
of the Englman-Jortner energy-gap law,13 this will further
stabilize the triplet state. The overall result is nontrivial, and
triplet lifetimes of 55 and 565 ns, respectively, have been
reported for the ethynylene-substituted mono- and binuclear
complexes at room temperature.14 Extending the conjugation
with a bridging butadiynylene group extends the triplet
lifetime of the resultant binuclear complex to 720 ns.9

Thus, the presence of an alkynylene group at the 4′-
position of the terpy ligand is expected to stabilize the triplet
lifetime of the corresponding ruthenium(II) complex. Al-
though there is considerable literature information15 to sup-
port this notion, the detailed mechanism by which the triplet
lifetime is prolonged has not been clarified. In particular,
and in contrast to the analogous 2,2′-bipyridine complexes,16

the importance of electron delocalization at the triplet level
has not been elucidated. Here, we examine the effect of
temperature on the luminescence yield and lifetime recorded
for a ruthenium(II) bis(2,2′:6′,2′′-terpyridine) complex bear-
ing a single ethynylene substituent at the 4′-position (Figure
1). The objective is to compare the photophysical properties
with those of the parent complex, [Ru(terpy)2]2+, in an effort
to distinguish between decoupling of MC and MLCT triplet
states and electron delocalization at the triplet level. A further
motivation for this work is to provide photophysical data
for the ruthenium(II)-based terminal of photoactive dyads
and triads displaying intramolecular triplet energy transfer.17

Related work by Meyer et al.18 has shown how the rates of
radiative and nonradiative decay of selected osmium(II) poly-

(pyridine) complexes can be calculated from absorption,
emission, and resonance Raman spectra.

Experimental Section

All raw materials were purchased from Aldrich Chemicals Co.
and were used as received. Solvents were dried by standard literature
methods19 before being distilled and stored under nitrogen over 4
Å molecular sieves.1H and13C NMR spectra were recorded with
a JEOL Lambda 500 spectrometer. Routine mass spectra and
elemental analyses were obtained using in-house facilities. The
starting materials [Ru(terpy)(CH3CN)3](PF6)2

20 and trifluoromethane
sulfonic acid [2,2′:6′,2′′]-terpyridin-4′-yl ester21 were prepared and
purified by literature methods.

Cyclic voltammetry experiments were performed using a fully
automated HCH Instruments electrochemical analyzer and a three-
electrode set-up consisting of a glassy carbon working electrode, a
platinum wire counter electrode, and an SCE reference electrode.
All experiments were performed in dry CH3CN containing tetra-
N-butylammonium tetrafluoroborate (0.2 mol dm-3) as the back-
ground electrolyte. Absorption spectra were recorded with a Hitachi
U3310 spectrophotometer, while corrected luminescence spectra
were recorded with a Hitachi F4500 spectrophotometer. All lumi-
nescence measurements were made using optically dilute solutions
and were corrected for spectral imperfections of the instrument by
reference to a standard lamp. Emission quantum yields were mea-
sured relative to ruthenium(II) tris(2,2′-bipyridine).22 Time-resolved
luminescence measurements were made with a Spex Fluorolog
Tau-3 spectrophotometer. Laser flash photolysis studies were made
at the FRRF housed in the Daresbury Laboratory (United King-
dom). Excitation was made with a frequency-doubled, Q-switched
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Figure 1. Molecular structure and energy-minimized conformation
computed for1.
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Nd:YAG laser (fwhm) 10 ns,λ ) 532 nm). The monitoring beam
was provided with a pulsed, high-intensity Xe arc lamp.

Computational studies were made with the TITAN package23

run on a fast PC. Several geometry optimizations were performed
using the semiempirical PM3 method, starting from different initial
geometries. All calculations were run in vacuo and in the absence
of the counterions.

Synthesis of 4′-Phenylethynyl-[2,2′:6′,2′′]terpyridine. A solu-
tion of trifluoromethane sulfonic acid [2,2′:6′,2′′]terpyridin-4′-yl
ester (1.00 g, 2.62 mmol), Pd(PPh3)4 (0.15 g, 0.13 mmol), and
phenylacetylene (0.33 g, 3.23 mmol) in THF (22 mL) containing
diisopropylamine (15 mL) was heated at 95°C for 16 h under a
dry dinitrogen atmosphere. The solution was allowed to cool to
room temperature, followed by removal of the organic solvents
under reduced pressure. The crude product was dissolved in
dichloromethane (30 mL) and washed with distilled water (3× 30
mL). The aqueous layer was separated and extracted with dichlo-
romethane (2× 20 mL). The combined organic layers were dried
over MgSO4, filtered, and evaporated under reduced pressure. The
crude product was recrystallized from methanol to produce an off-
white solid (0.65 g, 74%), mp) 144-146°C. 1H NMR (CDCl3):
δ 8.66-8.64 (2H, d,J ) 4 Hz), 8.55 (2H, d,J ) 8 Hz), 8.54 (2H,
s), 7.83-7.76 (2H, dt,J ) 8 Hz,J′ ) 1.5 Hz), 7.53-7.50 (2H, m),
7.33-7.26 (5H, m).13C NMR (CDCl3): δ 156.1, 155.9, 149.6,
137.3, 133.9, 132.4, 129.4, 128.9, 124.4, 123.2, 122.9, 121.6, 94.2,
87.9. EIMS calcd for MH+ 333.1269, found 333.1266. Elemental
analysis calcd for C23H15N3‚H2O: C 78.61, N 11.96, H 4.88%.
Found: C 78.32, N 11.60, H 4.88%.

Synthesis of [Ru(4′-Phenylethynyl-[2,2′:6′,2′′]terpyridine-
(CH3CN)3](PF6)2. A solution of 4′-phenylethynyl-[2,2′:6′,2′′]terpy-
ridine (0.60 g, 1.80 mmol) and RuCl3‚xH2O (0.41 g) in methanol
(50 mL) was refluxed for 4 h under a dry dinitrogen atmosphere.
The mixture was cooled to 0°C in an ice bath and the resultant
solid filtered and washed with methanol (50 mL) and diethyl ether
(3 × 50 mL). The brown solid was dried under vacuum. This
material (0.32 g, 0.59 mmol) was dissolved in a 1:1 methanol/
acetonitrile mixture (25 mL) containing AgBF4 (0.69 g, 3.54 mmol).
The mixture was heated to reflux for 16 h under a dry dinitrogen
atmosphere and in the absence of light. The solution was cooled to
0 °C in an ice bath and filtered to remove all silver complex
impurities. An aqueous (1 M) KPF6 solution was added slowly to
the solution to precipitate the desired product. The solid was filtered
and washed with distilled water (50 mL), methanol (50 mL), and
diethyl ether (3× 50 mL). It was air-dried for 5 min and vacuum-
dried to produce the required compound as an orange powder (0.32
g, 21%), mp> 250 °C. 1H NMR (CD3CN): δ 8.97-8.95 (2H, d,
J ) 6 Hz), 8.56 (2H, s), 8.45 (2H, d,J ) 8 Hz), 8.27-8.20 (2H,
dt, J ) 8 Hz, J′ ) 1.5 Hz), 7.82-7.80 (1H, dd,J ) 5 Hz, J′ ) 1
Hz), 7.80-7.77 (1H, dd,J ) 5 Hz, J′ ) 1 Hz), 7.77-7.73 (2H,
m), 7.59-7.57 (2H, d,J ) 2 Hz), 7.56 (1H, d,J ) 2 Hz), 2.79
(3H, s), 2.19 (6H, s).13C NMR (d6-DMSO): δ 158.9, 158.0, 154.7,
138.8, 132.2, 131.4, 130.8, 129.6, 128.9, 128.8, 125.2, 125.1, 124.5,
120.9, 97.2, 86.7, 4.5, 3.5.

Synthesis of 1.A solution of [Ru(4′-phenylethynyl-[2,2′:6′,2′′]-
terpyridine)(CH3CN)3](PF6)2 (0.36 g, 0.42 mmol) and 2,2′:6′2′′-
terpyridine (0.10 g, 0.42 mmol) in a mixture of butanol (50 mL)
and acetone (20 mL) was refluxed for 24 h under a dry dinitrogen
atmosphere. The solution was cooled to room temperature, and the
organic solvents were removed under reduced pressure. To the
resultant residue was added dichloromethane (10 mL), and the
insoluble solid was filtered and washed with dichloromethane (2

× 10 mL). After removal of the organic solvent, the residue was
allowed to air-dry for 5 min and then dried under vacuum to afford
the complex as a pinkish-red solid (0.16 g, 39%), mp> 250 °C.
An analytically pure sample of1 was obtained by slow vapor
diffusion of diethyl ether into an acetonitrile solution containing
the material.1H NMR (CD3CN): δ 8.90 (2H, s), 8.84 (2H, d,J )
8 Hz), 8.55-8.49 (4H, t,J ) 8 Hz), 8.49-8.43 (1H, t,J ) 8 Hz),
8.00-7.92 (4H, 2× ddd, J ) 8 Hz, J′ ) 5 Hz, J′′ ) 1.5 Hz),
7.84-7.80 (2H, m), 7.61-7.60 (3H, m), 7.43-7.38 (4H, 2×
dd, J ) 5 Hz, J′ ) 1.5 Hz), and 7.24-7.17 (4H, 2 × ddd,
J ) 8 Hz,J′ ) 5 Hz,J′′ ) 1.5 Hz).13C NMR (CD3CN): δ 157.6,
157.1, 155.1, 154.9, 152.3, 152.2, 137.9, 137.8, 135.8, 131.8,
130.0, 129.7, 128.8, 127.4, 127.1, 124.9, 124.2, 124.2, 123.5, 121.0,
96.4, 85.9. Elemental analysis calcd for1, CH3CN(3H2O)-
C40H35N7RuP2F12O2: C 45.64, H 3.35, N 9.31%. Found: C 45.14,
H 3.00, N 9.58%. Electrospray-MSm/z calcd for [M - PF6]+ )
813.1, found 812.9;m/z calcd for [M - 2PF6]2+ ) 334.1, found
334.0.

Results and Discussion

The mononuclear complex1 was readily prepared in three
steps by first reacting RuCl3‚xH2O with 1 equiv of 4′-
phenylethynyl-[2,2′:6′,2′′]-terpyridine L , which itself was
synthesized by a cross-coupling reaction between phenyl-
acetylene and trifluoromethane sulfonic acid [2,2′:6′,2′′]-
terpyridin-4′-yl ester. The resultant complex RuLCl3 was
converted to [Ru(L )(CH3CN)3](PF6)2 which, when reacted
with 2,2′:6′,2′′-terpyridine, afforded the desired complex. An
analytically pure sample of1 was prepared by multiple
recrystallization from acetonitrile/diethyl ether. The com-
pound, after isolation as the bis-hexafluorophosphate salt,
was relatively soluble in most polar organic solvents at room
temperature. It was stable toward prolonged storage in
ambient light. Characterization was made on the basis of1H
and 13C NMR spectroscopy, elemental analysis, and mass
spectrometry. The energy-minimized structure is shown in
Figure 1 and confirms the expected pseudo-octahedral
geometry around the metal center. The phenylene ring
appears to lie coplanar with the attached terpy ligand in an
orientation that maximizes orbital overlap throughout the
ligand. However, there is only a small barrier to rotation
around the ethynylene bond.

Cyclic voltammetry showed that the metal center under-
goes a quasireversible (∆EP ) 70 mV), one-electron oxida-
tion process with a half-wave potential (E1/2) of 1.33 V versus
Ag/AgCl. Two successive quasireversible, one-electron
reduction processes are found withE1/2 values of-1.11 V
(∆EP ) 70 mV) and-1.43 V versus Ag/AgCl (∆EP ) 60
mV), respectively. Comparison to related complexes9,10,15

indicates that the first reduction step corresponds to addition
of an electron to the ethynylated terpyridine ligand. The
second reductive process is due to electron attachment to
the unsubstituted terpyridine. That this latter reduction is
much easier than for the parent complex, [Ru(terpy)2]2+ (E1/2

) -1.25 V and-1.52 V vs Ag/AgCl), is probably attrib-
utable to partial electron delocalization over the ethynylene
group, reducing electrostatic factors. It is also clear that the
large difference inE1/2 values will localize the added electron
at the substituted ligand. Oxidation of the metal center in1
occurs at the same potential as for the parent complex.(23) Wavefunction Inc.
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The absorption spectrum recorded for1 in dilute buty-
ronitrile solution exhibits an intense (formally) spin-allowed,
metal-to-ligand charge-transfer (MLCT) transition centered
at 490 nm (Figure 2). There is a fairly intense tail on the
low-energy side that stretches as far as 620 nm and can be
attributed to the spin-forbidden MLCT absorption transitions.
On the higher energy side, the ethynylene-substituted terpy-
ridine ligand absorbs between 300 and 350 nm, while the
unsubstituted terpyridine ligand shows an absorption band
at ca. 280 nm. The MLCT region is assumed to contain
contributions arising from electron injection into both parent
and substituted ligands. Weak phosphorescence can be de-
tected in deoxygenated solution at room temperature (Figure
2). This emission peak is relatively narrow and is centered
at 680 nm. The corrected excitation spectrum shows good
agreement with the absorption spectrum, and the emission
profile remains independent of excitation wavelength. In
deoxygenated butyronitrile, the emission quantum yield
(ΦLUM) was found to be 0.000 36( 0.000 05, and the emis-
sion lifetime (τLUM) was 44( 3 ns. Time-resolved emission
decay profiles were strictly monoexponential at all monitor-
ing wavelengths, but the derived lifetime was shortened by
the presence of molecular oxygen. The emission yield and
lifetime are comparable to those reported earlier for a
somewhat related mononuclear complex,9 and in particular,
the lifetime is significantly longer than that of the parent.4

Laser flash photolysis studies, with excitation at 532 nm,
gave access to the lowest-energy MLCT triplet state. This
species, which retains the same lifetime as that recorded from
time-resolved emission spectroscopy, displays the transient
differential absorption spectrum shown in Figure 3. There
is strong bleaching of the spin-allowed MLCT band at 490
nm and weaker absorption stretching toward both higher and
lower energies. Absorption reaches out as far as 800 nm.
The derived differential absorption spectrum is similar to
spectra recorded for related ethynylated Ru-terpy deriva-
tives.2c,12,22b,24Decay kinetics were independent of monitoring
wavelength and laser intensity. The similarity in lifetimes
derived by the two techniques confirms that the observed
emission is from the lowest-energy MLCT triplet state.

It was noted that the emission quantum yield and lifetime
increased progressively with decreasing temperature

(Figure 4). There was no obvious spectral shift upon cooling.
At the lowest temperature studied (T ) 80 K), where the
solvent is frozen,ΦLUM is increased to 0.225 whileτLUM is
27.4µs. At intermediate temperatures, the nonradiative decay
rate constant [kD ) (1 - ΦLUM)/τLUM] was found to follow
an Arrhenius-type expression that involves a 4-state model
(Figure 5).25 Here, the lowest-energy MLCT triplet is coupled
to the ground state and to two higher-lying triplet states.
Access to the first of these triplets involves crossing a barrier
(EA) of only 835 cm-1, but reaching the higher-lying triplet
involves overcoming a more substantial barrier (EB ) 2675
cm-1). Following from earlier work,5,25,26it is assumed that
the uppermost triplet state is an MC state that is strongly
coupled to the ground state. There is no direct spectroscopic
evidence for this assignment, but it remains the most
reasonable possibility. The other triplet state is assumed to
be an additional MLCT triplet but with more singlet
character.27 At low temperature, nonradiative decay of the
lowest-energy MLCT triplet is activationless and occurs with
a rate constant (k0) of 3.2 × 104 s-1. This latter value is
close to the radiative rate constant (kRAD ) 8 × 103 s-1).

In fitting the experimental data, it was necessary to include
two activated processes and an activationless decay route.25,28,29

Even so, several models are possible, and we have opted to
use the model developed by Demas et al.30 Here, both MLCT
triplets are coupled to the uppermost MC triplet by way of
activated processes (Figure 5). The energies of these MLCT
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Figure 2. Absorption and emission spectra recorded for1 in dilute
butyronitrile solution at room temperature.

Figure 3. Differential transient absorption spectrum recorded 20 ns after
laser excitation of1 in deoxygenated acetonitrile at room temperature.

kD )
(k0 + k1 exp-EA/kBT + kP exp-EB/kBT)

1 + exp-EA/kBT
(1)
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triplets are sufficiently close for the two states to lie in
thermal equilibrium at reasonable temperatures, and it is
assumed that both states undergo nonradiative decay to the
ground state. Within this model, the nonradiative decay rate
constants for deactivation of the lowest-energy MLCT state,
the upper-lying MLCT triplet, and the MC state are
designated ask0, k1, andkdd, respectively. Internal conversion
from the MC state is likely to be very fast30 such that, once

populated, this state decays rapidly to the ground state. The
rate constant for population of the MC state from each MLCT
triplet is activated and follows an Arrhenius-type expression.

Given that the rate constants for formation of the MC state
from the lowest- and higher-energy MLCT states, respec-
tively, arekA andkB, it follows that

From the data analysis30 (Table 1), it appears thatk1 is
some 1000-fold faster thank0. This difference is attributed
to the increased singlet-state character of the upper-lying
MLCT triplet.27 It is worth noting that the photophysical
properties of the ruthenium(II) complex bearing two phen-
ylethynylated terpyridine ligands remain identical to those
recorded for1. This finding implies that the upper MLCT
triplet state is not formed by charge injection into the parent
ligand. The combined rate constant (kP) for reaching the
uppermost state is on the time scale expected for a vibration,31

but this process refers to an endoergonic electron-transfer
step.32 As such, the activation energy (EB) comprises terms

Figure 4. (a) Effect of temperature on the emission spectral profile recorded for1 in butyronitrile. (b) Fit of the measured rate constant for nonradiative
decay to eq 1 with the parameters collected in Table 1.

Figure 5. Energy level diagram proposed for the triplet manifold of1.
Interconversion between the lowest-energy MLCT triplet state (MLCT) and
the second triplet (MLCT′) is assumed to be reversible, but population of
the metal-centered triplet state (MC) is followed by rapid decay to the ground
state. Note that in the potential energy diagram (a) the position of the second
MLCT triplet has been displaced to higher energy for clarity of presentation.

Table 1. Comparison of the Derived Parameters Controlling
Deactivation of the Lowest-Energy Triplet Excited States of1 and
[Ru(terpy)2]2+ in Deoxygenated Butyronitrile

property 1 [Ru(terpy)2]2+

E0/cm-1 14 860 16 230
ET/cm-1 15 540 16 950
hω/cm-1 1 300 1 370
λT/cm-1 680 720
S 0.62 0.68
k0/s-1 3.2× 104 6.5× 104

k1/s-1 5.0× 107 2.1× 107

EA/cm-1 835 720
kP/s-1 1.6× 1013 2.0× 1013

EB/cm-1 2 675 1 700
kRAD/s-1 8 × 103 4 × 104

M/Å 0.038 0.023
C/cm-1 1 300 2 640
g 1.91 1.86

kA ) kA
0 exp-EA/kBT

kB ) kB
0 exp-(EB-EA)/kBT (2)

kP ) kA
0 + kB

0 (3)
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associated with the reorganization energy (λtd) and the
spectroscopic energy gap (ETT) between the MLCT and MC
states. None of these terms are available for1. Presumably,
kA andkB are of comparable magnitude. It should be noted
that a prior investigation of the photophysical properties of
the parent complex in the solid state considered thatkdd,
rather thankP, was the rate-determining step for the highly
activated decay process.33 This latter pathway was treated
as an electron-transfer reaction, rather than as internal
conversion via vibrational modes. Some support for this
hypothesis can be derived from two-photon transient absorp-
tion spectroscopic studies34 made with ruthenium(II) tris-
(2,2′-bipyridine), where the lifetime of the MC state was
reported to be some 270 ns. Our experimental results do not
distinguishkdd or kP as being the rate-determining step, but
the observation of a large activation energy (EB) suggests
that population of the MC state is slower than its subsequent
decay (Figure 5).

The luminescence profile recorded over the temperature
range 140-250 K, where the signal is relatively intense,
could be analyzed35 in terms of three Gaussian components
of common half-width (fwhm) 1020 cm-1). The highest-
energy Gaussian component, which corresponds to the 0,0
transition, is centered at 14 860 cm-1. From the half-width,36

the total reorganization energy (λT) accompanying deactiva-
tion of the lowest-energy MLCT triplet is estimated to be
ca. 680 cm-1, while the weighted-average, medium-frequency
vibrational mode (hωM) coupled to nonradiative decay is
calculated to be 1300 cm-1. On this basis, the triplet energy
(ET) has a value of ca. 15 560 cm-1. It should be noted that
a low-frequency vibrational mode (hωL ) 630 cm-1) has to
be included when the solute is present in a low-temperature
glass.37

The various parameters derived from the emission spec-
trum were refined by reconstituting the entire spectrum on
the basis of a single averaged vibrational mode. In this
procedure, the emission intensity,I(ν), at wavenumberν
relative to the intensity of the 0,0 transition is given by eq
4.36 Here,m is the number of quanta of vibrational frequency
hωM and displacementS. The termE00 refers to the energy
of the 0,0 transition, and∆ν1/2 is the full-width at half-
maximum of the individual vibronic components. The
displacementS is also known as the Huang-Rhys factor.38

Equation 4 gives a good representation of the emission
spectrum recorded in fluid solution and with the parameters
listed in Table 1. Refinement had little effect on eitherE00

or ∆ν1/2 but allowed determination ofS. Increasing the
number of vibrational quanta beyondm ) 6 had little, if
any, effect on the quality of the fit.

The radiative rate constant,kRAD, can be expressed in terms
of eq 5 wheren is the refractive index of the solvent andM
is the vibronic transition moment (Table 1).39 The term〈ν-3〉

refers to the average emission energy (in units of cm-1).40

Evaluation of these expressions allows calculation ofM as
being 0.038 Å. This latter parameter can also be obtained
by treating the emission spectrum in terms of the Franck-
Condon factor,41 but this was not attempted here. Instead,
the activationless rate constant for nonradiative decay,k0,
was used to estimate the magnitude of the vibronically
induced electronic coupling matrix element (C) according
to13

Here, the parameterγ depends not only on the amount of
energy to be dissipated during nonradiative decay but also
on the size ofhωM and the magnitude of the reduced
displacement of the accepting vibrational modes (∆M).42

Evaluating eq 7 over the full temperature range allows the
derivation ofγ ) 1.91 which, when used in conjunction with
eq 6, results in an estimate forC of 1300 cm-1.

It is instructive to compare these derived values with those
reported earlier for the parent complex,26 [Ru(terpy)2]2+,
under identical experimental conditions (Table 1). Thus, the
triplet energy of1 is reduced by ca. 1410 cm-1, while the
total reorganization energy is decreased slightly. The former
observation is in accord with the measured reduction
potentials, which suggest that the lowest-energy MLCT triplet
is formed by charge injection from metal center to the
ethynylene-substituted terpy ligand. Because this ligand is

(31) Boyarkin, O. V.; Rizzo, T. R.; Perry, D. S.J. Chem. Phys. 1999, 110,
11346, 11359.

(32) Islam, A.; Ikeda, N.; Nozaki, K.; Ohno, T.Chem. Phys. Lett. 1996,
263, 209.

(33) Islam, A.; Ikeda, N.; Yoshimura, A.; Ohno, T.Inorg. Chem. 1998,
37, 3093.

(34) Thompson, D. W.; Wishart, J. F.; Brunscgwig, B. S.; Sutin, N.J. Phys.
Chem. A2001, 105, 8117.
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I00
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m

[(E00 - mpωM

E00
)3 Sm

m!

exp(-4 ln 2(ν - E00 + mpωM

∆ν1/2
)2)] (4)

kRAD ) 32π3n3

3h |e2M2

4πε0
| 〈ν-3〉-1 (5)

kNR )
x2πC2

pxpωME00

exp(-SM)exp[-
γE00

pωM
] (6)

γ ) ln( E00

SMpωM) - 1 ) ln( 2E00

d∆M
2 pωM

) - 1 (7)
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easier to reduce than is the terpy ligand in the parent
complex, we would expect to observe a lower triplet energy
for 1. The weighted-average, medium-frequency vibrational
mode coupled to nonradiative decay remains in the 1300-
1400 cm-1 for both compounds, and the Huang-Rhys
factors,S’s, are similar.

The rate constants,k1’s, for nonradiative deactivation of
the upper-lying excited triplet MLCT state are comparable
for the two compounds, but the barrier height (EA) is larger
for 1. It is interesting to note that the difference in barrier
heights (∆EA ) 275 cm-1) is significantly smaller than the
difference in triplet energies (∆ET ) 1410 cm-1). This
suggests that the ethynylene substituent also lowers the
energy of the upper-lying triplet state, and in turn, this is
taken as an indication that the upper state possesses consider-
able MLCT character. Given the small barrier height, it is
reasonable to suppose that barrier crossing is reversible.43

The ethynylene substituent causes a marked increase in
the activation energy for reaching the uppermost triplet state.
On the basis of literature precedents,5,25,26it seems likely that
this high-energy state is of MC character. According to
Figure 5, we associate this activation energy with charge
transfer from the MLCT triplet to the metal center, thereby
forming the MC state. For the parent complex, the energy
gap between the lowest-energy MLCT triplet and the MC
state has been calculated26 to be ca. 1235 cm-1. Because
electron transfer is weakly endoergonic, it is likely to fall
within the Marcus normal region so that the activation energy
can be related to the accompanying reorganization energy
(λtd) and the energy gap (ETT).44 This leads to estimation of

the reorganization energy as being ca. 3930 cm-1. It has been
reported45 that λtd for a somewhat related rhodium(III)
complex is ca. 6400 cm-1 while that for the parent complex
in the solid state33 is ca. 5400 cm-1. The increased barrier
height found for1 requires that either the reorganization
energy is reduced or the energy gap is increased. Assuming
the ethynylene substituent does not affect the reorganization
energy for reaching the MC state, the energy gap for1 will
increase to 2555 cm-1. This value compares well with the

energy gap (ETT ) 2645 cm-1) obtained by retaining the
MC energy calculated for the parent complex26 and using
the triplet energy derived for1. Thus, the ethynylene
substituent appears to have only a modest effect on the
properties of the MC state. The more important effect is on
the triplet energy of the MLCT states.

The radiative rate constant for the lowest-energy MLCT
triplet, kRAD, is significantly smaller for1 than for the parent
complex (Table 1), despite the larger transition moment. This
is a consequence of the change in emission energy. It is
possible that the derivedM values reflect the relative singlet
character associated with the radiative process. The radiative
probability also depends on the energy gap between the
emitting species and the perturbing singlet state.46 This
energy gap might, in part, refer to coupling to the upper
triplet, and as such, we would expect a faster rate for the
parent complex.

After allowing for the variation in triplet energy, and
ignoring the various activated processes, it is clear that the
triplet state of1 is much longer lived. This effect can be
traced to changes in the electron-vibrational coupling ele-
ment, C, which for the parent complex is increased by a
factor of 2. Although there are minor variations in the other
parameters, it is this disparity inC that accounts for the
different triplet lifetimes found at low temperature. It is
notable that the Huang-Rhys factor remains similar for the
two compounds. This latter term is related to the mean
displacement and to the number of degenerate vibrational
modes coupled to nonradiative decay. Because we lack
vibrational spectroscopic data, it is not possible to examine
if the invariance ofS is a coincidence. However, it seems
clear that the main effect of the ethynylene substituent is to
reduce electron-vibrational coupling. Following the classical
arguments of Weisman,47 the relevant matrix element
contains contributions from both vibronic and spin-orbit
coupling processes.46 It is not possible to separate these
aspects at the present time, but ongoing Stark-effect spec-
troscopic studies might help resolve the finer details.
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