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Luminescent Iridium(III)-Terpyridine Complexes – Interplay of Ligand Centred
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Electrochemical properties, ground state absorption spectra,
luminescence spectra and lifetimes (at room temperature and
77 K) as well as transient absorption spectra are reported
herein for newly synthesized iridium(III) complexes in which
benzamide units are appended to the coordinated terpyrid-
ine fragments. The nature of the luminescent excited states
(Φ � 2×10–3 and τ in the microsecond range, in air-equili-
brated acetonitrile at 298 K) is discussed with regards to the
ligand-centred (3LC) or charge transfer (3CT) nature. At room
temperature, the excited state, a predominantly ligand-
centred triplet (3LC) for the iridium(III) terpyridine com-

Introduction

Iridium(iii) complexes of polypyridine ligands are in-
creasingly being employed in relevant applications.[1–5] For
iridium(iii) terpyridine (2,2�:6�,2��-terpyridine, tpy) com-
plexes some interesting perspectives concern their use as
biological labelling reagents[6] as well as the building up of
dyads and triads as models for photoenergy conversion
schemes.[7–9] [Ir(tpy)2]3+ and derivatives like those of the
Ir(ttpy)2]3+ family (ttpy = 4�-tolyl-tpy) exhibit favourable
optical properties which include intense luminescence (Φ �
10–2) and lifetimes in the μs time range.[10] Furthermore, the
luminescent levels for these complexes come at ca. 2.5 eV so
that they have potential to act as efficient photosensitisers.
Indeed, the possibility of developing linear arrays by at-
taching suitable groups at the 4�-position of tpy groups co-
ordinated at the IrIII ion is very appealing.[8,9,11] The use of
geometrically opposite photoactive and electroactive units
(e.g. D and A, electron donor and acceptor units, respec-
tively) has proven to be of importance within energy con-
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pounds, is switched for the benzamide-containing complexes
to a charge transfer state (3CT). Intense absorption in the vis-
ible range, high energy content, long excited states lifetimes
at 298 and 77 K and good luminescence yields make these
complexes very promising as photosensitisers (P). The CT na-
ture of the excited states of the benzamide-containing com-
plexes makes them ideal components for the construction of
rigid, linear arrays of the Donor-P-Acceptor type for charge
separation.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

version schemes.[7] So far, the [Ir(tpy)2]3+ unit integrated
within linear triad arrays has been used both as an electron
relay[8a] and as a photosensitiser.[9] Whereas it has proven
to be rather effective as an electron relay, its properties as a
photosensitiser (P) are less satisfactory. For this latter role,
in fact, in dyads (D-P and P-A) and triads (D-P-A) de-
signed to perform photoinduced charge separation, it is rel-
evant to gain control over the early events triggered by light
absorption at P. In fact, primary formation of the lowest-
lying charge transfer (CT) states within P could favour sub-
sequent intercomponent hole and electron migration
towards the D and A interacting partners, once the thermo-
dynamic requirements are met. In contrast, for ligand
centred (LC) excited states, holes and electrons reside in
physically coincident sites and the expected intercomponent
charge shift steps could be slowed down and be less compet-
itive towards other processes, e.g. energy transfer.[9]

For the iridium(iii) complexes of tpy derivatives studied
up to now, the luminescent state has been found to be pre-
dominantly ligand centred, 3LC.[10,11,13,14] This is in con-
trast to what happens for the closely investigated polypyrid-
ine complexes of transition metals such as ruthenium(ii),
osmium(ii) and rhenium(i)[12] which are currently being em-
ployed as photosensitisers and the emitting states of which
are triplet metal-to-ligand states (3MLCT) in nature. In
only one case, a scarcely emissive excited state in a 4-amino-
biphenyl-substituted Ir(tpy) reported by Williams et al. was
attributed to an intraligand charge transfer state, ILCT,
where the appended group acts as a donor and the metal-



Luminescent IrIII-Terpyridine Complexes FULL PAPER
bond terpyridyl unit behaves as an acceptor.[11] The poor
tendency of Ir(tpy) derivatives to form MLCT excited states
can be understood on the basis of their electrochemical be-
haviour which is in contrast to that found for polypyridine
complexes of transition metals such as ruthenium(ii) and
some others.[12] For the latter complexes, the free energy for
the reaction of the one-electron oxidised and reduced forms,
ΔE1/2, correlates with the energy of the lowest-lying absorp-
tion and emission bands. These are MLCT in nature as
evaluated from the longest-wavelength portions of absorp-
tion spectra (1MLCT) and from the characteristics of the
emission spectra (3MLCT).[15] For instance, for [Ru(tpy)2]2,
the metal centred oxidation, E1/2

ox (3+/2+), and the ligand
centred reduction, E1/2

red (2+/+), are +1.30 and –1.24 V,
respectively, with respect to the SCE in MeCN.[16] The emis-
sion level, Eem, is ca. 2.0 eV so that Eem � ΔE1/2 – 0.5 eV.
On the other hand, for [Ir(tpy)2]3+, E1/2

red = –0.77 V but
the oxidation of Ir(iii) to Ir(iv) is not observed and E1/2

ox

� +2.4 V.[10] Based on these electrochemical results and the
above correlation, the 3MLCT level for [Ir(tpy)2]3+ can be
estimated higher (� 2.7 eV) than the luminescent 3LC level
which is ca. 2.5 eV.[1] It is worth mentioning here that a
ligand-to-ligand excited state, LLCT, was identified as the
emitting state in a related cyclometallated complex recently
reported.[17]

We show below that newly prepared Ir(iii)-tpy type spe-
cies with appended N-phenyl-benzamide fragments, 2 and 3
Scheme 1, also feature 3CT emission properties. Among
other things, this CT character causes a low-energy shift of
the main absorption bands in complexes 2 and 3 (bright
yellow) in comparison with that observed in the prototype
[Ir(tpy)2]3+ complex or 1 (colourless or yellowish). This
makes this series more promising for the conversion of solar
light into chemical energy.

Scheme 1.
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Results and Discussion

Synthesis and Electrochemistry

Complexes 1 and 2 were prepared as previously re-
ported.[8,10] Complex 3 was synthesized straightforwardly in
one step from 4�-(benzamidophenyl)-2,2�:6�,2"-terpyridine
(bap-tpy) and IrCl3.

The redox characteristics of complexes 1, 2 and 3 exam-
ined by cyclic voltammetry in acetonitrile (MeCN) are re-
ported in Table 1. The working electrode used was a glassy
carbon electrode since irreproducible and poorly defined
signals were obtained with a platinum electrode due to ad-
sorption phenomena. Two reversible ligand-centred[10] one-
electron waves followed by an irreversible peak at more
negative potential were observed for the three complexes.
As indicated by the values of the potentials, complex 1 is
slightly more difficult to reduce than 2 and 3. In fact, the
presence of one (in 2) or two (in 3) benzamide groups leads
to a very similar LUMO energy level in these two com-
plexes. This fact is in agreement with the various spectro-
scopic properties observed for the three complexes (see be-
low). Thus complex 1 has distinct characteristics compared
with 2 and 3 which, in turn, are very similar to one another.

Table 1. Cyclic voltammetric data[a] for the complexes 1, 2 and 3.

E1/2 (V vs. SCE)
tpy/tpy– tpy–/tpy2– tpy2–/tpy3–

1 –0.79 –0.93 –1.80[b]

2 –0.76 –0.92 –1.68[b]

3 –0.76 –0.92 –1.65[b]

[a] Solvent is MeCN, 0.1 m nBu4NPF6 and SCE as the reference
electrode (v = 100 mVs–1). [b] Irreversible peak.

Optical Spectroscopy

Figure 1 shows the absorption spectra in MeCN solu-
tions for the complexes shown in Scheme 1. For complex 1,
the absorption onset is at 400 nm and the UV features are
due to intraligand 1LC transitions as previously estab-
lished.[10] The spectra of complexes 2 and 3 are character-
ised by an additional, unstructured broad band extending

Figure 1. Absorption spectra in MeCN of 1 (dashed), 2 (solid) and
3 (dotted).
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well beyond 400 nm. This band is about twice as intense in
3 as it is in 2 with ε398nm ca. 45000 m–1 cm–1 and ε380nm ca.
27000 m–1 cm–1, respectively (see Figure 1).

Figure 2 shows the room temperature luminescence spec-
tra in air-free MeCN. In the inset, the luminescence decays
at 298 K of 2 and 3 are also displayed. While a structured
luminescence profile can be observed for 1 at 298 K, a
broad unstructured band was recorded for both 2 and 3.
The luminescence lifetimes at room temperature of 2 and 3,
which are 800 and 1990 ns, respectively, are shorter than the
lifetime of 6800 ns for 1. The poor solubility of 2 and 3
limits the use of solvents with different dielectric constants
which could be helpful in the assignment of the nature of
the luminescent state at room temperature. A comparison
of emission data in MeCN (dielectric constant = 36), meth-
anol (dielectric constant = 33) and acetone (dielectric con-
stant = 21) shows band maxima in the range 566–570 nm
and does not provide any clear evidence of the effect of
solvent polarity on the luminescent state energy levels.

Figure 2. Corrected luminescence spectra (λexc = 379 nm) at 298 K
of optically matched solutions in air-free MeCN of 1 (dashed), 2
(solid) and 3 (dotted). In the inset the luminescence decay in air-
free MeCN for 2 and 3 is reported with the exponential fitting.

In contrast to room temperature data, the luminescence
spectra at 77 K in glassy butyronitrile (BuCN) illustrated in
Figure 3 display rather similar spectroscopic profiles for 1,
2 and 3. The luminescence lifetimes detected at 77 K in
BuCN for 2 and 3 are 80 and 85 μs, respectively, as shown
in the insets of Figure 3. These are longer than the lifetime
of 39 μs for 1 under the same conditions. Luminescence
data in aerated and air-free MeCN at 298 K and in BuCN
at 77 K are collected in Table 2. The room temperature re-
action rate constants with oxygen (O2 solubility in air equil-
ibrated MeCN is 1.9×10–3 m[18]) can be derived from the
lifetime data shown in Table 2 and are 2.5×108 m–1 s–1,
4.2×108 m–1 s–1 and 6.4×108 m–1 s–1 for 1, 2 and 3, respec-
tively, in agreement with previous reports.[19]

We noticed that complexes 2 and 3 exhibit spectroscopic
features, both in the low-energy regions of the absorption
spectra and in the luminescence spectra at room tempera-
ture, which suggest an electronic nature other than neat LC
for the excited states involved in the concerned transitions.
Thus, the absorption profile for these complexes, see Fig-
ure 1, is characterised by a broad, unstructured band ex-
tending beyond 400 nm with εmax of the order of
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Figure 3. Normalised luminescence at 77 K in BuCN of 1 (dashed),
2 (solid) and 3 (dotted). In the inset the luminescence decay at 77 K
in BuCN for 2 and 3 is reported with the exponential fitting.

Table 2. Luminescence data[a] for the complexes 1, 2 and 3.

298 K 77 K

λmax Φ[b] τ[b] Φ[c] τ[c] λmax τ E0
[d] HS[e]

nm ×102 ns ×102 ns nm μs eV cm–1

1 506 9.3 6800 2.2 1600 486 39 2.55 810
2 570 0.55 800 0.21 490 510 80 2.43 2060
3 566 0.76 1990 0.27 580 514 85 2.41 1790

[a] Solvent is MeCN at room temperature, BuCN at 77 K; exci-
tation performed at 379 and 373 nm for the luminescence spectra
and lifetimes, respectively. [b] Air-free MeCN. [c] Air-equilibrated
MeCN. [d] Estimated energy content of the emitting level from the
energy of the emission maximum at 77 K. [e] Hypsochromic shift
for the emission band maximum on going from 298 to 77 K.

104 m–1 cm–1. These absorption features are consistent with
a CT character for the implied electronic transitions. From
the luminescence properties of the complexes at room tem-
perature, further indications about the CT nature of the lu-
minescent state can similarly be drawn, as discussed below.

The room temperature luminescence spectroscopic pro-
files of complexes 2 and 3 look fairly unstructured as op-
posed to that of complex 1, Figure 2. For the latter com-
plex, the extended conjugation at the phenyl-tpy ligand cou-
pled with nuclear rearrangements at the torsional angle be-
tween the aromatic rings[20] is known to affect the spectro-
scopic profile.[10,11] For complexes 2 and 3, therefore, it
seems that further electronic effects must be taken into ac-
count. With regard to the low-temperature results, complex
1 on one hand and 2 and 3 on the other hand exhibit dif-
ferent behaviour in terms of the hypsochromic shift (HS) on
going from fluid (298 K) to frozen (77 K) solvent, Table 2.
Actually, HS amounts to 810 cm–1 for 1 but 2060 and
1790 cm–1 for 2 and 3, respectively. The difference between
the luminescence profiles of 1, 2 and 3 recorded in frozen
solvents appears less important (Figure 3) but some differ-
ence in peak positions and luminescence lifetimes still ap-
pears.

Inspection of Table 2 confirms that the luminescent be-
haviour of 1 at room temperature is different from that of
2 and 3. Actually, the luminescence lifetimes at room tem-
perature of 2 and 3, which are 800 and 1990 ns, respectively,
(O2-free case) are well shorter than the lifetime of 6800 ns
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for 1 but still quite remarkable in comparison with other
transition metal complexes widely used for light energy con-
version, being of the same order of magnitude or greater
than the prototype complex [Ru(bpy)3]2+.[21] The lumines-
cence quantum yield, Φ (Table 2, room temperature, O2-
free) for 1 is one order of magnitude larger than for 2 and
3. Furthermore, use of Φ and τ values from Table 2 yields
radiative rate constants kr of 1.4×104 s–1 for 1 (for [Ir(tpy)
2]3+, kr is 2.5×104)[10] and ca. 5×103 s–1 for 2 and 3. This
also points to a different nature for the emissive state at
room temperature. Based on all these observations, we as-
cribe the luminescence of 2 and 3 to an excited state with
CT character.

An assessment of the nature of the excited states respon-
sible for the luminescence and the type of vibrations affect-
ing their deactivation can further be obtained by studying
the luminescence spectroscopic profiles in terms of Franck–
Condon envelopes.[22–27] According to Equation (1a,b)[22–23]

(see Experimental Section), vibronic analyses for complexes
1, 2 and 3 reveal similarities and differences between them.
Figure 4 provides a direct comparison of results obtained
both at room temperature and at 77 K. Derived estimates
for the indicated parameters are further listed in Table 3
(for 1, at room temperature, no satisfactory analysis could
be applied). The luminescence profiles at 77 K for 1, 2 and
3 exhibit the same vibrational progression, with a frequency
h-ωv in the range 1200–1280 cm–1, Table 3. The displace-
ment parameter along this frequency, S, was found to be
0.90, 0.75 and 0.84 for 1, 2 and 3, respectively. The 0–0
energy of the luminescent level, E0, is � 2.8 eV for 1 and �
2.7 eV for both 2 and 3. This indicates that at 77 K, the
luminescent state is deactivated via coupling with the same
type of vibrational modes, which are likely to be C–N or
C–C skeleton vibrations,[24–27] with a similar extent of elec-
tronic delocalisation for all three cases. According to pre-
vious assignments for the 3LC emission for 1,[1,10,11] this
suggests that at 77 K the nature of the emitting state in 2
and 3 is likewise 3LC.

With regards to the room temperature cases, analysis of
the broad and unstructured luminescence shape for com-
plexes 2 and 3 (Figure 4 and Table 3) yields a displacement
parameter S � 2, supporting the view of a quite localised
emitting level, with a coupled vibration h-ωv � 600–
700 cm–1. Because of their CT character, on passing from
room temperature to the frozen solvent (77 K), these levels
can be expected to be highly destabilised which explains
why the luminescence of 2 and 3 in the glass has 3LC origin,
as for 1 (see Figure 4). This is supported by the large HS
observed for 2 and 3 against a much smaller one for 1 on
passing from room temperature to 77 K. We notice that the
room temperature luminescence spectrum for 1 was not
amenable to a profile analysis which might be explained by
a mixed nature for the emission (presumably LC-CT) of this
complex at this temperature.

Other interesting spectroscopic features which help to de-
fine useful spectroscopic differences among the investigated
complexes are the excited state absorption spectra (ESA).
Figure 5 shows the end of pulse spectra determined with
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Figure 4. Vibronic analysis [dashed line, Equation (1a,b) of Experi-
mental Section] of the corrected luminescence profiles (full line, an
energy scale is employed) of complexes 1, 2 and 3 as obtained in
MeCN (room temperature) and BuCN (77 K); excitation was at
379 nm. For 1 at room temperature, the fit of the experimental
profile was unsuccessful.

Table 3. Data from vibronic analyses of the luminescence spectra.[a]

298 K 77 K

2 3 1 2 3

h-ωv [cm–1] 610 700 1270 1275 1190
λV [cm–1] 1580 1450 1140 960 1000
λS [cm–1] 1720 1430 1830 2270 2210
E0 [eV] 2.57 2.52 2.78 2.72 2.69
S[b] 2.59 2.07 0.90 0.75 0.84

[a] According to Equation (1a,b) in the Experimental Section.[22,23]

Solvent: MeCN at room temperature, BuCN at 77 K; excitation
performed at 379 nm. The room temperature spectra of 1 could not
be analysed. [b] Displacement parameter, S = λV/h-ωv, see text.

picosecond resolution upon excitation with a 355 nm laser
pulse of the complexes in air-equilibrated MeCN. The ESA
profiles are quite different. Complex 1 shows a peak at
670 nm whereas both 2 and 3 display more intense and
broad bands peaking at 780 nm. This is indicative of the
fact that excited states of a different nature are involved in
the transitions of 1 on one hand and 2 and 3 on the other,
i.e. a 3LC state is involved in 1 and a 3CT in is involved in
both 2 and 3. The time evolution of the transient absorp-
tion in aerated and air-free solutions, as determined by a
nanosecond flash photolysis experiment for 2 and 3, is re-
ported in Figure 6. The decay has a lifetime of 440 ns in
air-equilibrated and 740 ns in air-free solutions for 2 and
530 ns in air-equilibrated and 1.75 μs in air-free solutions
for 3. The good agreement[28] with the luminescence life-
times indicates that the states responsible for the absorption
are the same as those displaying luminescence. The molar
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absorption coefficient of the triplet state for 2 and 3 was
determined against a benzophenone in benzene actinometer
(see experimental section for details) and ε780nm was of the
order of 15 000 m–1 cm–1. The characteristic and very strong
ESA feature for 2 and 3, in a spectroscopic region free from
the absorbance of most D and A components, will prove
very useful as a spectroscopic fingerprint during the study
of the sequential events in the D-P-A arrays currently being
designed.

Figure 5. Excited state absorption spectra detected at the end of a
laser pulse (35 ps, 355 nm, 3.5 mJ per pulse) in MeCN solutions.
Symbols are: 1 (dashed), 2 (solid) and 3 (dotted).

Figure 6. Time decay of excited state absorption spectra (full line
results from exponential fit) detected at λ = 780 nm in air-free (o)
and air-equilibrated (�) optically matched solutions of 2 (upper
panel) and 3 (lower panel) in MeCN following nanosecond laser
excitation (18 ns, 355 nm, 1.9 mJ per pulse)

All the above observations are consistent with a predomi-
nantly 3LC-type emission for 1 whereas 2 and 3 qualify bet-
ter at room temperature as 3CT emitters. The differences
between 1 on the one hand and 2 and 3 on the other tend
to disappear at 77 K, indicating a common nature for the
emitting states in frozen solutions. This can be easily under-
stood if one keeps in mind that the rigid environment,
which prevents molecular reorientation, effectively destabi-
lises CT states whereas this effect is only minor for LC
states. In fact, our results suggest that at 77 K the three
complexes exhibit an LC emission. In this respect, the lower
and lower energy of emission at 77 K upon passing from 1
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to 2 and 3 could reflect a stabilisation induced by an in-
creased delocalisation within the LC manifold.

While it is somewhat tempting to identify the CT state
as a metal-to-ligand charge transfer, MLCT, in analogy to
other photo- and electro-active transition metal com-
plexes,[12] an ILCT state should in fact also be considered.
An ILCT state with the appended benzamide group acting
as a donor while the metal-bond terpyridyl unit functions
as an acceptor, similar to that postulated by Williams et
al. for a 4-aminobiphenyl-substituted Ir(tpy)2 complex,[11]

appears unlikely given the electrochemical inertness of the
benzamide group which is rather difficult to oxidise.[29] An-
other possible source of an ILCT excited state could be con-
nected with the intrinsic properties of the ligand, in particu-
lar of the benzamide unit. It is therefore useful to recall the
spectroscopic properties of N-phenylbenzamide. The latter
material has been investigated by Lewis at al. in aromatic
solvents and at room temperature it displays dual fluores-
cence which can be assigned to an 1n–π* transition (λmax =
433 nm) and a twisted intramolecular charge transfer state,
1TICT (λmax = 510 nm), originating from a relaxed, higher
energy 1π–π* state.[30,31] The extended conjugation at the
ligand, which occurs when benzamide units are appended
to the tpy fragment coordinated to the metal centre, and
the polar solvent could further stabilise the latter state so
as to match the detected luminescent level in the present
complexes. Accordingly, the low-lying CT transitions de-
tected in the benzamide appended complexes 2 and 3 could
be intra-ligand charge transfer in nature (3ILCT) and local-
ised on the N-phenyl benzamide fragment. This hypothesis,
however, cannot explain the extremely large bathochromic
shift, from 265 nm to ca. 400 nm, in the low energy absorp-
tion bands detected in these complexes with respect to N-
phenylbenzamide.

So it seems that IrIII to pab-tpy MLCT transitions could
better explain the observed spectroscopic behaviour. How-
ever, we lack support from the electrochemistry for the oc-
currence of such CT transitions at low energy. As discussed
above, with reference to the redox properties of [Ir(tpy)2]3+,
estimated levels for an IrIII �L CT emission could be too
high in energy in comparison with experimental findings.
Nonetheless, the estimated energy gap between 3MLCT and
luminescent levels is not exceedingly large and thermal re-
distribution might well mix some 3MLCT character into the
luminescent level at room temperature.

Conclusions

New IrIII-bisterpyridine type complexes exhibiting a low-
lying excited state with 3CT nature at room temperature
have been synthesized and spectroscopically characterised.
The lifetimes of the excited states of these complexes are
long, τ � 1–2 μs, given the CT nature of the excited species.
In a rigid matrix at 77 K the emission, which is 3LC in char-
acter, exhibits lifetimes τ � 102 μs which is longer than re-
corded for other [Ir(tpy)2]3+ derivatives. In addition, with
respect to previously investigated IrIII-tpy type complexes,
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complex 2 and, even more, complex 3 feature an absorption
spectrum the lowest-energy portion of which is shifted
towards the visible region of the spectrum and is character-
ised by a high molar absorption coefficient. Because of their
spectroscopic and photophysical properties, complexes 2
and 3 appear promising as photosensitisers and assembling
units in D-P-A arrays designed for exploring photoinduced
charge separation. In fact, they combine an advantageous
geometry which allows the construction of linear and rigid
arrays with the presence of a CT excited state (at room tem-
perature) which, being characterised by a separation of
charges with respect to an LC excited state, is much better
suited to initiate a multistep electron transfer required to
achieve charge separation over long distances.

Experimental Section

The syntheses and characterisations of 1 and 2 have been reported
elsewhere.[8,10] Complex 3 was synthesized according to the follow-
ing procedure: IrCl3 and two equiv. of bap-tpy were heated at
196 °C in degassed ethylene glycol in the dark for 20 min. After
precipitation with an aqueous solution of KPF6, crude 3 was puri-
fied by column chromatography (silica, CH3CN / water / saturated
KNO3 solution 100:10:1) to give 3 in 40% yield as a yellow solid.
1H NMR (CD3CN,300 MHz): δ = 9.17 (s, 2H, NH), 9.09 (s, 4H,
H3�5�), 8.73 (d, 3J = 7.5 Hz, 4H, H33��), 8.27 (d, 3J = 8.9 Hz, 4H,
Ho1), 8.25 (m, 4H, H44��), 8.18 (d, 3J = 8.9 Hz, 4H, Hm2), 8.04 (d,
3J = 8.9 Hz, 4H, Ho2), 7.72 (d, 3J = 8.8 Hz, 4H, H66��), 7.66–7.57
(m, 6H, Hm2, Hp2), 7.51 (ddd, 3J = 6.9 and 4J = 1.2 Hz, 4H,
H55��) ppm. ES-MS, m/z (calcd.): 349.75 (349.76) [M – 3PF6]3+.

Spectrophotometric grade acetonitrile or butyronitrile solvents
were used. Absorption and luminescence spectra were measured
with a Perkin–Elmer Lambda 5 UV/Vis spectrophotometer and a
Spex Fluorolog II spectrofluorimeter, respectively. Solutions were
purged of air by bubbling with argon for 10 min. The samples were
contained in home designed 10 mm fluorescence cells. Lumines-
cence quantum yields (Φ) were evaluated, after correcting for the
photomultiplier response, with reference to air-equilibrated
[Ir(ttpy)2](PF6)3 in aerated acetonitrile as a standard (Φ = 0.029).[10]

Luminescence lifetimes (τ) were obtained with an IBH single pho-
ton counting instrument upon excitation at 373 nm from a pulsed
diode source. Transient absorption spectra were determined by a
pump-probe spectrograph with 30 ps resolution based on a Nd-
YAG laser (355 nm, 10 Hz).[32] The lifetime of the absorbing excited
state was determined by a laser flash photolysis system based on a
Nd-YAG laser (355 nm, 18 ns pulse) previously described.[33] Molar
absorption coefficients of the excited states were determined with
the same nanosecond apparatus using the benzophenone in ben-
zene actinometer (λ = 530 nm, ε = 7 220 m–1 cm–1, ΦT = 1).[34] The
experimental uncertainty in the absorption and luminescence max-
ima is 2 nm. The uncertainties in the τ values and the Φ values are
10 and 20%, respectively.

The vibronic band profiles of the corrected luminescence spectra,
I(E), on an energy scale [E (cm–1)] were analysed according to
Equations (1a) and (1b) which describe the relation between the
Frank–Condon envelope, FC(E), and some other pertinent param-
eters.[22–23]
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In this equation, E0 is the energy of the 0–0 transition (the energy
gap between the 0–0 vibrational levels in the excited and ground
states), j is a vibrational quantum number for high-frequency
modes, h-ωv (in practice an upper limit j = 5 is taken into account),
λv and λs are internal and solvent reorganisation parameters, S is
a displacement parameter and kB is the Boltzmann constant. A
nonlinear least-squares fit of Equation (1a,b)[35] to the experimen-
tal spectra provides estimates for E0, λv, λs and the displacement
parameter S along the h-ωv vibrational mode (predominantly con-
tributing to deactivation of the excited level). The magnitude of S

(the electron-vibrational coupling constant or Huang–Rhys factor)
is related to the relative intensities of the individual components in
the vibrational progression. Analysis according to Equation (1a,b)
allows, among other things, an assessment of the extent of delocal-
isation of the luminescent level which undergoes deactivation be-
cause of coupling with ground state h-ωv vibrational modes. High
values for S (typically in the range 0.7 to 1 and more)[27] indicate
that the excited state is significantly distorted along the concerned
vibrational mode because of electronic localisation effects. On the
contrary, when the exited state undergoes extended electronic de-

localisation, low S values are obtained (typically in the range 0.2
to 0.6)[24,36] indicating that the electronic curve for the excited level
is not displaced much relative to that for the ground state.
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