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Abstract

The relations between the structure and excited state properties of Re(E}CO),(x-diimine)
and Ru(E)}(E)}(CO),(«-diimine) complexes (axial ligand E, E’' = halide, alkyl, benzyl, metal
fragment) are unravelled and discussed in detail. For example, it is shown how the increasing
n-donor strength of an axial ligand, such as a halide changes the character of the lowest
excited state from MLCT to LLCT. On the other hand, the presence of a covalently bound
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axial ligand in the coordination sphere introduces a on* lowest excited state that involves an
excitation of an electron from the metal-ligand o-bonding orbital to the n* orbital of the
«-diiamine. While the orbital parentage of the lowest excited state-—~MLCT, LLCT, az* or
IL—is mostly determined by the axial ligand(s), its detailed properties (energy, lifetime,
reactivity, decay mechanism) are dependent on both the axial and diimine ligands. Depend-
ing on the molecular structure and the medium, the excited state behaviour of these
complexes ranges from a strong, long-lived emission to a very fast photochemical homolysis
of a metal-ligand bond. Photochemical and photophysical properties of the complexes with
different types of the lowest excited state are explored and pertinent structural effects
discussed. It is shown how the excited state properties of the Re and Ru carbonyl—diimine
complexes can be controlled by a judicious choice of the axial and diimine ligands and by the
medium. These relations can be employed to design new functional molecular photonic
materials, e.g. sensitisers, luminophores, photocatalysts, radical photoinitiators, luminescent
probes or sensors. © 1998 Elsevier Science S.A. All rights reserved.

Keywords: MLCT states; LLCT states; on* states; Photochemistry; Photophysics; Rhenium;
Ruthenium; Diimine complexes
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Scheme 1. Structural formulae of selected a-diimine and other acceptor ligands and the abbreviations
used.
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Scheme 1. (Continued)

1. Introduction

The spectroscopy, photochemistry and photophysics of Re(I) carbonyl-diimine
complexes fac-Re(E)(CO);(a-diimine)® * (Fig. 1, left) continue to attract much
research interest ever since their intriguing excited state properties were first
recognised in the mid-1970s [1-4]. Depending on the nature of E and the diimine,
these complexes are often strong luminophores, either in fluid solutions or in
low-temperature glasses. Detailed studies of their emission have contributed to the
development of theoretical models of the non-radiative deactivation of excited
states and to the understanding of its mechanism [5~9). The strong environmental
sensitivity of the emission of Re(I) carbonyl-diimines has been employed to
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monitor polymerisations [10], and to label [11,12] or photo-cleave [13] DNA or
nucleobases [14]. Possible applications as luminescent sensors [15-18] or molecular
materials for non-linear optics [19,20] or optical switching [21] are also emerging.

Most of the photochemistry of Re(E)}(CO)s(«-diimine)®” * complexes involves
electron transfer. Early work has amply demonstrated that their excited states are
both strong reductants and oxidants [2,4,22,23]. For example, excited
*[Re(C)(CO),(phen)] is oxidised to [Re(CI}CO).(phen)] * at — 1.0 V versus SCE,
while the reduction occurs at ca. + 1.0 V, making this complex a very strong
excited state oxidant [2]. Excited states of Re(E)(CO);(a-diimine)” * complexes are
often sufficiently long-lived (ns—ps) to become engaged in fast bimolecular electron
or energy transfer reactions, similar to those of the famous family of [Ru(bpy);]**
and related polypyridyl complexes [24]. However, despite their higher stability
towards photochemical ligand loss, the Re(E)(CO);(a-diimine)” © complexes found
less applications in light energy conversion schemes because of a limited stability
[2,25-27] of their reduced or oxidised forms, which precludes their functioning as
reversible redox photosensitisers. On the other hand, the high reactivity of the
reduced species may be utilised in photocatalysis. For example, photoexcitation of
Re(CI)(CO),(bpy), in the presence of a reductive quencher like triethanolamine,
produces [Re(C1H)(CO),(bpy)] ~ ", which loses the C]1~ ligand. A further reaction with
CO,, present in the solution, results ultimately in the photocatalytic CO, reduction
to CO via a rather complicated mechanism [28—34). The Re(E)XCO),(«-diimine)” +
complexes also undergo very interesting intramolecular electron transfer reactions
on excitation, provided that either the axial ligand E or the diimine bears a redox
active substituent. Such reactions have provided a lot of information on the
mechanism of intramolecular electron transfer [35—47] and on the dynamics of the
fragmentation [48—52] or folding [18] of a ligand E upon its oxidation.

A completely different type of photoreactivity, a homolytic breaking of a Re-E
bonds producing radicals, was observed recently for E = alkyl [53-61] or a metal
fragment [3,62-75]. These reactions may find applications in photoinitiation of
radical polymerisations. Obviously, the photochemical and photophysical be-
haviour of Re(E)(CO),(x-diimine)” * complexes is strongly dependent on the
composition of the coordination sphere, i.e. on the particular nature of the axial
ligand E and the diimine, respectively. A great variety of these compounds may be
synthesised since the nature of the axial ligand E can be varied broadly, ranging

,,,,,

4,

co E

Fig. 1. Structures of the Re(E)(CO)s(x-diimine)” = and Ru(E)E')(CO),(a-diimine) complexes and
chosen orientation of axes. (The Re complexes are neutral or cationic for anionic or neutral axial ligands
E, respectively.)
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from anionic ligands, like halides or CN~, to neutral phosphines, pyridine
derivatives, isonitriles, etc. Alkyls or metal-containing fragments like Ph;Sn or
M(CO)s; (M = Re, Mn) were also employed as axial ligands. Extensive variations
of the structure of the diimine ligand are possible as well.

The Ru carbonyl-diimine complexes of the type trans,cis-Ru(E)(E'NCO),(«-di-
imine) (Fig. 1, right) form a new family of photoactive organometallic complexes
[56,71,72,74—84]. Their excited state behaviour is qualitatively similar to that of
their Re(EXCO);(a-diimine)” * counterparts. The Ru complexes are strongly
emissive [72,74,77), their excited states undergo bimolecular electron or energy
transfer reactions [77], and photochemical formation of radicals has been ob-
served for E or E' =alkyl [56,59) or a metal fragment [71,75,76]. These com-
pounds afford even more structural flexibility than the Re complexes, since the
ligands E and E’ may be varied to a large extent independently of each other.
Thus, bis-halide, halide—~alkyl, halide-metal, alkyl-metal or bis-metal complexes
are known. Each of these classes exhibits a distinct spectroscopic, photochemical,
photophysical or electrochemical behaviour.

From the above overview, it is evident that the strong dependence of photo-
chemical and photophysical properties of Re(E}CO);(«-diimine)”* and
Ru(E}E')(CO),(x-diimine) complexes on the axial ligand(s) E, E' and the di-
imine, together with their great synthetic versatility, make these species very
flexible photoactive materials that could be involved in various light-induced
processes of both fundamental and applied interest. Their photobehavior reflects
the structural dependence of the nature of their low-lying excited states. In
principle, the presence of an electron-accepting «-diimine ligand in the coordina-
tion sphere allows for charge transfer, CT, electronic transitions directed to the
diimine ligand, while the origin of the excited electron depends strongly on the
actual complex composition, namely on the nature of the axial ligand(s). As will
be shown in detail below, the photobehaviour of the Re(l) and Ru(Il) carbonyl—
diimine complexes may essentially be discussed in terms of four limiting types of
excited states:

I. M —diimine metal-to-ligand charge transfer states, MLCT;

2. E —diimine ligand-to-ligand charge transfer states, LLCT (abbreviation XLCT
is sometimes used for E = halide);

3. Transition from the M-E o-bonding orbital to the diimine ligand, on*;

4. Intraligand (diimine) nz* states, IL.

Ligand field (LF, also called metal-centred, MC, or dd) states appear to lie at rather

high energies in the complexes discussed herein, thus being of a little photochemical

importance.

Many new Re(E)(CO)(x-diimine)”* and Ru(E)(E')(CO),(«-diimine) complexes
have recently been synthesised and pertinent spectroscopic, photophysical and
photochemical data accumulated. Their analysis now allows us outline of general
relationships between molecular structure and excited state behaviour of these Re(I)
and Ru(II) carbonyl--diimine complexes, which will be discussed later.
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2. Energy gap law as an indication of changing excited state character

Emission from Re(E)(CO),(«-diimine)” * complexes often provides the first
indication of the character of the low-lying excited state(s). The shape of the
emission band, its maximum energy E,,, quantum yield ¢.,, lifetime 7z, and the
half-width of the emission band at full maximum A¥, ., are the directly measurable
experimental data. The rate constants of the radiative and non-radiative decay, &,
and k,,, respectively, may easily be calculated from the experimentally available
quantities: 7= 1/(k, + k,,); @em = k. /(k, + k), assuming that the emitting excited
state is populated with an efficiency of unity. In most of the complexes discussed
herein, the excited state deactivation is dominated by the non-radiative mechanism:
ko> k. and, hence, v = 1/k,,.

The radiative rate constant is approximately proportional [9,85] to the cube of
the emission energy and to the square of the transition moment:

ko oc E3 (Wi P,)% (1)

where ¥, and ¥, are the wave functions of the excited and ground state,
respectively, and / is the dipole moment operator. However, the linear dependence
of k. on EJ, is seldom followed accurately, even in series of structurally related
complexes, apparently because of a large structure-sensitivity of the transition
moment.

Rate constants of the non-radiative deactivation of excited Re(E)(CO);(x-di-
imine)” * complexes often exhibit Arrhenius-like temperature dependence [8,86]
described by Eq. (2) or Eq. (3):

—E,
kyn=ky+ A exp( KT ), 2)
ko+ A cxp( ; l;")
Koy = 5 3)

—E, >
1+exp<k T>
B

in which &, represents the rate of the non-radiative deactivation of the excited state
by weak coupling to the ground state. The exponential term stands for a deactiva-
tion via a higher lying excited state that decays very rapidly, either with or without
a net chemical change. E, is an apparent activation energy needed to populate the
higher lying state, i.e. the energy difference between the crossing point of the
potential energy surfaces of the two excited states in question and the zero-level
energy of the initial (emissive) excited state. ky, is the Boltzmann constant. Eq. (3)
is more appropriate if the two excited states are in a thermal equilibrium and their
energy difference is small: E, < k3 7. More complicated versions of Eq. (3) have to
be used if more than one higher state is involved in the deactivation process [86].
For the complexes studied herein, the thermally activated deactivation pathway
becomes relatively unimportant at low temperatures (77 K) at which the excited
state decay is dominated by the weak coupling to the ground state: &, = ko= 1/7.

nr =
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This is the case of virtually all the Re and Ru carbonyl-diimine complexes
discussed herein. The weak coupling mechanism is usually the most important
deactivation pathway, even at ambient temperatures.

Theoretical treatment of the temperature-independent decay pathway k, within
the low-temperature limit of the weak vibrational coupling model [5,6,8,9,37,85,87-
89] leads to the energy gap law (EGL). Briefly, the excited and ground states are
vibronically coupled by a promoting vibration(s) & of frequency w, and/or by
spin—orbit interaction. Promoting vibrations remove the orthogonality of the states
¥, and ¥, and thus allows for the non-radiative transition to take place. They
induce changes in the ground and excited state overlap, bringing the excited
electron and the hole together. At the same time, an admixture with an intermediate
spin-singlet state via a spin—orbit coupling mechanism would remove spin restric-
tions on the non-radiative decay. A non-radiative transition is assumed to occur
from the lowest vibrational level of the electronically excited state ¥, into isoen-
ergetic, highly excited vibrational levels of the electronic ground state ¥, The
excited state energy is thus converted into the energy of the ground state acceptor
vibrations 7 of angular frequency w,. (Note that the acceptor vibrations are different
from the promoting ones.) Acceptor vibrations correspond to those normal coordi-
nates Q; which are displaced upon the electronic excitation, i.e. to the vibrations of
those bonds whose lengths and/or angles are changed by the electronic excitation.
Excited state displacement of a normal coordinate @, is described by a dimension-
less parameter A, = (Mw,/h)*AQ,, where AQ, is the actual difference in the normal
coordinate i between the excited and ground state and M, is the reduced mass. For
practical reasons, a single acceptor vibration m of a mean frequency w,, and a mean
displacement parameter AZ = £A?, which describes the overall excited state distor-
tion, are used instead of individual w; and A, values.

The former is defined as a weighted average of the frequencies of individual
acceptor vibrations i: hw,, = hEA7w?/LA%w,. Notably, the acceptor vibrations give
rise to the vibrational structure of emission bands and to resonance enhanced
Raman peaks. Hence, they may be identified and their relative importance assessed
independently by spectroscopic experiments.

Quantitatively, the model of a weak vibrational coupling between the excited and
ground state is applicable whenever the energy difference between the ground and
excited state AE is much larger than the electron—vibrational coupling: AE >
S,.hw,,. The electron-vibrational coupling constant (the Huang—-Rhys factor) S, is
related to the excited state distortion: S,, = A2,/2 = £A?/2. (Note that hw,, A2, is the
emission Stokes shift.) The excited state energy AFE is usually approximated by the
emission energy E,,,. The high-frequency acceptor vibrations m are treated within
the low-temperature limit, fiw,, » kg7, while the low-frequency intramolecular and
solvent vibrations are treated classically. They are described collectively by the
parameter y, which is related to the half-width of the emission band.

Theoretical treatment of this situation [9,85,87,88] predicts an exponential de-
crease of k, with increasing AE: k,ocexp( — yAE/hw,,), as well as the dependence
of k, on the excited state distortion and mean acceptor frequency:



134 D.J. Stufkens, A. Vicek, Jr. / Coordination Chemistry Reviews 177 (1998) 127-179

1 E.. +1\2
In kO =In ﬂ - E In hmeem - Sm - );iw + XOkBT(};.Iw > ’ (4)

E
) = om - 1. 5
} ln (hmem> 1 ( )

The parameter S describes the electronic coupling between the two states.
Generally [87,88,90], it is a product of the spin—orbit coupling integrals H,, and
terms describing the vibronic coupling between the excited and ground states
through the promoting vibration(s) w:

ﬂ mHSO. Czwk AV 7T/2, (6)
e A A 7
AN A

Despite several approximations [9], Eq. (4) is a very convenient basis for the
discussion of structural effects on the non-radiative decay rate. The dependence of
both y and In § on E,, is rather weak. Hence, for a series of structurally related
emissive compounds, Eq. (4) predicts that In &, will decrease (and hence In 7 will
increase) linearly with increasing emission energy E.,,. Moreover, it follows that the
rate of non-radiative decay will decrease with decreasing excited state distortion S,
diminishing electronic coupling, and with decreasing role of the low-frequency
skeletal and solvent vibrations in accepting the excited state energy, x, The
acceptor frequency hw,, determines the slope of the Ink,— E,, correlations,
—y/hw,,. Hence, the sensitivity of the decay rate to the emission energy will
increase with decreasing acceptor frequency. These predictions of the weak coupling
model account for many aspects of excited state behaviour and may also be used to
design molecules with excited states of predetermined properties [89,91] (see Section
4.1).

The linear correlation between the logarithm of the non-radiative decay rate and
the emission energy is usually called the EGL. It is expected to hold for any series
of compounds that meet the following requirements:

1. Excited state decays through the same acceptor vibrations of similar frequencies.

2. The vibronic coupling term C2w, and the spin—orbit interaction do not appre-
ciably vary within the series.

3. The factor S,, does not change significantly, i.e. the excited state distortions of
individual species are comparable. In fact, it has been shown [8] that S, may
increase linearly with increasing E_, not affecting the linearity of the In k, —
E._,, correlation.

4. No large changes in solvation occur.

The set of conditions (1)—(4) can be met only in a series of such compounds that
are structurally closely similar and share an excited state of a common orbital
origin. The validity of the EGL has been tested for numerous series of coordination
compounds with excited states of different orbital parentage. Linear correlations
between Ink, and E,, were observed for the emission from LF states of
[Rh(NH;);L]P * complexes [6], for do *po emission from [Rh,(CNR),(L),)** dimers
[6], emission from MLCT states of several series of polypyridyl complexes [5,9,85],
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namely [Os'(phen),(L),J’ *, [Os"(bpy)(L).F * or [Ru"(phen),(L),F*. Very good
linear EGL correlations were found for each of these classes of compounds. The
slopes and intercepts are, expectedly, different for each class.

As for the Re(EXCO),(«-diimine)”* complexes, good EGL correlations were
found [6,92-95] for the MLCT emission from an extensive series of complexes
containing the same «-diimine ligand while the axial ligand E was varied: n =0,
L=Cl; n=1, L=CH,CN, PMe,, pyridine derivatives, N-methylimidazole, etc.
Alternatively, good EGL correlations were obtained by changing the substituents
on the bpy ligand [8,78,94]. Large changes in the diimine structure lead to
deviations from EGL behaviour and, generally, each diimine ligand gives rise to a
separate EGL correlation for the corresponding Re(E}(CO),(x-diimine)" series
[5,93] (see Section 4.1 and Fig. 19). In several cases, the observed non-radiative
decay rates were quantitatively well-reproduced using S,, and w,, parameters
obtained from the analysis of the shape of emission bands and/or rR spectra
[8,47,93]. It followed that the intraligand (diimine) vibrations are the most effective
acceptor modes. Stretching v(CO) vibrations are also involved in the deactivation
of the excited states of carbonyl-diimine complexes, but their relative contribution
appears to be less important [8,93]. A large width of the emission bands suggests an
important acceptor role of the low-frequency skeletal and especially, solvent
vibrations. For example, values of hw,, (1450 cm~') and y, (1100 em ! in
EtOH:MeOH (4:1 v/v) and 650 cm~' in 2Me~THF) were obtained [8] for the
Re(C1)(CO),(4,4'-X,-bpy) series. Notably, the Aw,, value of 1450 cm —' is signifi-
cantly larger than that found for Ru and Os bipyridine complexes, 1350 cm "',
which do not contain any CO ligand. This was attributed to the involvement of the
high-frequency v(CO) vibration at approximately 2020 cm ~! as one of the acceptor
vibrations for the Re species. Values of y, are also much larger than those found
for Os or Ru polypyridine complexes. The combination of a large solvation
reorganisation energy and activation of skeletal vibrations is also responsible for
relatively large Stokes shifts and broadening of the emission bands which precludes
observation of vibronic structures for the MLCT emission of Re(E)(CO);(«-di-
imine)” * complexes.

The examples discussed above show clearly that EGL serves as a general basis for
the understanding of the nonradiative excited state decay. Linear EGL correlations
are observed in series of structurally related compounds which share an emitting
excited state of a common character, namely of the same orbital parentage. Sudden
changes in EGL correlations usually indicate a changing excited state character.
‘EGL maps’, ie. plots of Ink, (or simply —Inz) versus E,, for a family of
compounds investigated, thus provide a good insight into ligand effects on the
excited state character. Figs. 2 and 3 show such EGL maps for the newly
investigated Re(I) and Ru(II) complexes containing halide, alkyl, or metal-coordi-
nated ligands.

Even a brief perusal of these maps shows that the complexes can be grouped into
two different families with profoundly different characters of their emitting excited
state: the halide containing complexes and those with Re-metal or Ru-metal
bonds, respectively. Each of them is characterised by a distinct EGL correlation.



136 D.J. Stufkens, A. Vicek, Jr. / Coordination Chemistry Reviews 177 (1998) 127179

CI/DAB
Br/DAB
16
I/DAB
Cl/PyCa
Br/PyCa
14 @ Mn/DAB
-
£ 1 & Mn/PyCa VPyCa Clibpy
I XBrlbpy'
12 by’
ReDAB® @\ @ snDAB
1 Re/PyCa
@ Sn/PyCa
101 Re/bpy' €
4 Sn/bpy’
T v T T T T T T T
12000 14000 16000 18000 20000
E_/cm’

em

Fig. 2. EGL map of Re(E)XCO);(«-diimine) complexes. Values of the emission energies £, and lifetimes

T were obtained in 2Me~THF glasses at 80 K to avoid any influence of the thermally activated decay
pathway: k. = k,. The rate of radiative decay is negligible; k, « k.. Hence, 1/7 =k, = k,, where k, is

nr —
the rate constant of the non-radiative decay of the excited state to the ground state by the weak coupling
mechanism. The dependence of — In 7 on E,, is thus equivalent to the EGL correlation, In &, vs. £,

em

see Eq. (4). Data from Refs. [53,60,62,73,112].

Closer inspection of the halide complexes suggests that another change in the
excited state character occurs when the halide ligand changes from CI to Br and 1
since the strong drop of In k,, is not accompanied by any significant decrease of E,,,,.
A comparison of Figs. 2 and 3 also shows that variations in the ligand character
has qualitatively similar effects on both the Re and Ru species. Using these EGL
maps as a starting point, the ligand dependence of the character of the low-lying
excited states will now be explored in more detail.

3. Effects of the axial ligands

3.1. Complexes with lowest Re, Ru— diimine MLCT excited states

Most of the cationic complexes Re(E)}CO) («-diimine)~ and neutral
Re(C1)(CO);(a-diimine) species studied so far exhibit a spectroscopic, photophysical
and photochemical behaviour that was attributed to (Re — diimine) MLCT excited
states. Axial ligands E are m-acceptors, n-neutral ligands or very weak m-donors.
Complexes of this type are known for E =pyridine derivatives, nitriles [96],
isonitriles [16], phosphines [32,97], phosphites [97], acetylenes [98,99], histidine
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[100], imidazole [23], 9-ethylguanine nucleobase [14], and binuclear complexes
[43,101-108] in which the axial ligand (bis-pyridine derivative or CN ~) forms a
bridge to another metal atom. Derivatives of bpy, phen and other polypyridyls are
the most commonly used diimines. Increasing attention is being paid to complexes
with PyCa and DAB-type ligands. Lowest MLCT excited state was also well
established [76—78] for Ru(C)(R)(CO),(«-diimine)} complexes; R = alkyl.

In general, complexes with lowest MLCT states display a rather intense (2000—
6000 M ~! cm ') absorption band in the visible spectral region which shifts to
lower energies (longer wavelengths) with decreasing solvent polarity due to a
characteristic solvatochromism [4,46,109,110]. This is indicative of a significant
change in the charge distribution on MLCT excitation. Emission bands of these
complexes are broad, structureless, and exhibit a rigidochromic effect, i.e. a shift to
higher energy on going from a fluid to glassy solution [46,110]. Emission lifetimes
are EGL-controlled [6,8,78,93—95]. Low-temperature (4-77 K) emission studies of
Re(CI)(CO),(diimine) complexes; (diimine = phen, bpy, bpy’); have revealed [7] that
the emitting state is split by a second order spin—orbit coupling into three spin
sublevels. However, the overall splitting is small, less than 100 cm ~'. Hence, the
emitting state is adequately described as a spin-triplet, *MLCT, the spin—orbit
splitting playing no significant role in the experiments carried out at or above 77 K,
despite the presence of the heavy Re atom.

CiMe
BrMe
14 - BrEt
X Me
b IEt v
"
\
i
12 L
5 MeMn SncCl @ “'MerPyCa
- ‘ L IMembpy
. Tem
AMeRe MeSn
10
Re,
A
. ReSn Snsn'
¥
SnGe sn
8 v 2

T T T T T T T T T T T
12000 13000 14000 15000 16000 17000 18000

E /em”

em

Fig. 3. EGL map of Ru(E)(E'(CO),(«-diimine) complexes. Conditions as in Fig. 2. Data from Refs.
[72,74,77).
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MLCT excited states of the Re or Ru carbonyl-diimine complexes may be
simply viewed as charge-separated species *[Re'(E)(CO),(«-diimine ~)]”* or
*[Ru™(CI)E")(CO),(a-diimine’ ~)], respectively. Such a charge separation has un-
mistakable spectroscopic signatures. Thus, time-resolved UV-vis absorption spec-
tra of *MLCT-excited Re(CI)(CO),(«-diimine) complexes, diimine = bpy or phen
derivatives [22] or of Re(X)(CO),(bpy’) (X = Cl, Br) [111,112] are rather similar to
the spectra of the corresponding reduced Re(Cl)(CO);(x-diimine) ~ species, which
in turn resemble spectra of the radical-anions of the free ligands. These observa-
tions point to the presence of a diimine’~ chromophore in *MLCT excited states.
The virtual reduction of the diimine ligand in MLCT excited state is directly
evidenced by time-resolved resonance Raman (TR?) spectra that reveal a shift of
the symmetrical stretching vibration of the two diimine C=N bonds, v(CN), to
lower frequencies on excitation. For example, the TR?® spectrum of
[Ru(C1)(Me)(CO),(iPr-DAB)] showed a shift of the v(CN) band from 1569 to
1486 cm ~' on MLCT excitation [78], while the TR? spectrum of MLCT-excited
*[Re(4-Etpy)(CO);(bpy)] * displays a typical spectral pattern of bpy' ~ [39]. Ac-
cordingly, ground state Raman spectra show strong resonance enhancement of the
peak due to the v(CN) vibration when measured with excitation tuned into
the MLCT absorption band [8,72,76,81,112—114].

Virtual oxidation of the metal atom in the MLCT excited state decreases the
M - CO =-back bonding, thus strengthening (shortening) the C=0 bonds. This
excited state distortion manifests itself by the resonance enhancement of the Raman
band belonging to the in-phase v(CO) stretching vibration when the Raman
spectrum is measured using excitation within the MLCT absorption band
[8,72,76,81,112-116). The structural effect of the MLCT excitation on the CO
ligands may be followed quantitatively using time-resolved IR spectroscopy of the
*MLCT excited state. Indeed, significant shifts of the v(CO) IR bands to higher
frequencies were observed on going from the ground to *MLCT states. Thus, the
pump-probe nanosecond time-resolved IR spectrum of Re(CI)(CO),(bpy) shows
[117] an average shift of the three v(CO) bands by + 55 cm ~! on MLCT excitation
while a shift by +46 cm~' was observed in a step-scan TR-FTIR spectrum of
*[Re(4-Mepy)(CO),(phen)]* measured 600 ns after excitation [118], clearly indicat-
ing the MLCT character of the excited state. Resonance enhancement of v(CO)
Raman peaks and large high-frequency shifts of v(CO) IR bands are thus good
experimental criteria for the MLCT character of the lowest excited state in
carbonyl-diimine complexes.

The temperature dependence of the non-radiative decay of a typical MLCT state
of Re(CI)(CO),(bpy) is satisfactorily described by Eq. (3) with the following
parameters: 4 =4.9x 10" s~', E, =270 cm ~! in 2-Me-THF solution [8]. These
parameters are close to those found [86] for [Os(bpy),P* (k,=3.7x 10° s~ ',
A=72x107 s7', E,=312 cm~"). A larger activation energy of 1130 cm !
(kg=34x10° s=', A=18x10° s~ ') was measured [8] for [Re(4-Etpy)-
(CO)s(bpy)]*. The nature of the higher excited state involved in the thermal
deactivation is yet unclear. It may be another spin- or orbital-component of the
manifold of MLCT states that originates in excitations from the three nondegener-
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ate d, orbitals. The photochemical stability excludes the possibility of a thermal
population of a LF state. Moreover, the 4 values found for all the Re and Ru
carbonyl-diimine complexes studied are much smaller than those observed for the
thermally activated MLCT — LF transition in the case of [Ru(bpy);]** and related
Ru" polypyridyl complexes: 10'*~10'* s~ !. The (Re - 4-Etpy) MLCT state may be
involved in the thermally activated decay of [Re(4-Etpy)(CO),(bpy)] *.

Variations in the axial ligand E influence the MLCT excited state lifetime of
Re(E)(CO),(x-diimine)®” = complexes according to the EGL. Thus, increasing the
n-acceptor strength of the axial ligand E shifts both the MLCT absorption and
emission to higher energies (shorter wavelengths) due to stabilisation of the Re-d,
orbitals. Hence, the excited state lifetime increases because of a decrease in the rate
of the non-radiative deactivation, according to EGL. At the same time, the
emission quantum yields increase, because of an increase of k, with EJ, and a
decrease of k,,. This becomes especially apparent in the case of cationic complexes
with E = PPh,, CH,;CN, or isonitriles, for which ¢, reaches values of 0.4-0.8 and
room temperature lifetimes are in the microsecond range [6,16]. However, the rise
in the MLCT excited state energies for n-accepting axial ligands also diminishes the
energy difference between the MLCT state and higher lying IL states whose
energies are much less sensitive to the chemical nature of the axial ligand. Hence,
a change in the character of the lowest excited state from MLCT to IL may occur
on introducing strongly m-accepting axial ligands, see Section 4.2. This is the case
of, for example, the Re(CO),(bpy)* and Re(CO)(phen)* complexes [119-122].

Re(I) and Ru(Il) carbonyl-diimine complexes with the MLCT lowest excited
state do not undergo any ligand photodissociation under visible light irradiation,
except for the Ru(I}(Me)(CO),(bpy’) complex, which shows a CO photodissociation
[123]. Bimolecular energy and electron transfer reactions of long-lived MLCT
excited states are commonplace for both the Re [2,22] and Ru [77] species. Their
rates and energetics are affected by the nature of the axial or diimine ligand
through their effects on the excited state reduction and oxidation potentials and
lifetimes.

3.2. Intramolecular reduction of the axial ligand and (Re — E) MLCT excited
states

An interesting intramolecular photoreactivity occurs when the axial ligand is
itself reducible or if it bears a reducible substituent. An electron-accepting axial
ligand introduces a (Re »E) MLCT state which may be populated either by a
bpy'~ = E intramolecular electron transfer from the (Re—bpy) MLCT state:
[Re"(E)CO);(bpy" )] — [Re(E"~)(CO)4(bpy)), or by a direct, usually weak, (Re —
E) MLCT transition [36,41,47,124], see Fig. 4. The intramolecular electron transfer
actually amounts to a non-radiative transition between two different MLCT excited
states. For E = N-methyl-4,4"-bipyridinium, MQ *, it is fully completed in 7 ns [41],
ie k,»14x10® s~ '. Slower rates were measured for axial ligands in which the
acceptor group is separated from the coordinating pyridine fragment by a spacer
[42]. The (Re—+MQ™) MLCT excited state was characterised by a time-resolved
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Fig. 4. Top: structures of some of the reducible axial ligands known to give rise to Re »E MLCT
excited states of Re complexes. Bottom: mechanism of the population of (Re—E) MLCT states in
complexes with reducible axial ligands E. kv and v’ denote the (Re — bpy) and (Re - E) MLCT optical
excitations, respectively. k, corresponds to the bpy’~ —E intramolecular electron transfer from the
(Re - bpy) MLCT excited state. k, and &, are the non-radiative decay rate constants of the (Re —bpy)
and (Re - E) MLCT excited states, respectively. The (Re - E) MLCT states may also decay radiatively.
Values for [Re(MQ* )(CO),(bpy)]" *: kg>2x 108 s~ 1, ky=5x 10" s, k. =4.5 x 106 s = ! [41].

resonance Ramon spectrum that shows peaks of the reduced MQ" radical [41]. A
pyridine molecule with attached crown-ether ring that incorporates an oxidising
nitrobenzene group [17,18] represents another interesting type of axial redox-active
ligands. The intramolecular electron transfer from the (Re — bpy) MLCT state to
the nitrobenzene unit triggers folding of the crown-ether link [18]. Complexes in
which an oxidising axial ligand BIQD, AFA*~, or OQD (see Fig. 4) is directly
coordinated to the Re atom exhibit [47] a weak absorption band due to the
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(Re —» E) MLCT transition in the visible spectral region. The (Re — E) *MLCT state
is the lowest excited state and the origin of the emission. Experimentally measured
rates of the non-radiative decay of (Re—E) *MLCT excited states (i.e. of an
E ~ —Re" electron transfer) were well reproduced by EGL calculations using
parameters derived from the analysis of the corresponding emission bands [47].
Interestingly, the rate constants are rather small (4 x 107, 1.3 x 10° and 6.6 x 10*s !
for E = BIQD, AFA?~ and OQD, respectively) despite a direct bond between the
redox active ligand and the Re atom. This appears to be caused by a small electronic
coupling.

Many dinuclear or oligonuclear complexes [Re(CO),(x-diimine)(z-E)ML, )} are
known in which the axial ligand forms a bridge to another metal centre. Bridging
ligands such as 4,4'-bpy, a,w-bis-pyridine-alkanes, pyrazine, CN ~, etc., were used.
Depending on the nature of the bridging ligand, the lowest excited state of the Re
moiety is either (Re — diimine) or (Re = E) MLCT in character. Excitation into either
of these MLCT transitions gives rise to a wide variety of intramolecular processes
that originate in the MLCT-excited {Re(x-diimine(CO),;} fragment. For example,
energy transfer (e.g. for ML, = Ru"(bpy),(L)* "), reduction or oxidation of the ML,
group (e.g. Ru™(NH;){™ or Ru"(NH,): ", respectively) were observed [43,101-
108,125]. These processes are amply investigated as a part of the quest for broad-band
light absorbing (‘antenna’) supramolecular systems and sensitisers [125,126]. Their
detailed discussion is outside the scope of this review.

3.3. (E - diimine) LLCT excited states derived from reducing axial ligands

An intramolecular E — Re"' electron transfer occurs from (Re — bpy) MLCT states
of those complexes that contain an axial ligand E that bears a reducing group. For
example, this is the case of the py-PTZ complexes [35,37-39,45,46,127), see Fig. 5.
Optical excitation of [Re'(py-PTZ)(CO),(bpy)]~ first populates the
[Re'(py-PTZ)(CO)4(bpy’ ~ )]~ MLCT excited state. Then, an electron is transferred
from py-PTZ to Re'' with a rate constant of 4.8 x 10° s ! or faster [35]. The species
produced, [Re'(py-PTZ *(CO),(bpy ~)]* may be viewed as a py-PTZ — diimine
ligand to ligand charge transfer, LLCT, excited state. It was identified by
time-resolved resonance Raman and UV -vis absorption spectroscopies that showed
features characteristic of the reduced bpy” ~ and oxidised PTZ * moieties [35,39,127].
This LLCT state decays to the ground state by another intramolecular electron
transfer, bpy" ™ — py-PTZ’ . This is a highly exergonic step, AG°~ — 2 eV, which
occurs in the inverted region [37]. The rate constant of the non-radiative decay of
the LLCT state depends on AG” according to EGL [37]. Actual values measured for
the [Re'(py-PTZ)(CO);(«-diimine)]* (diimine = 4,4-X,-bpy or 2,2'-bipyrazine)
species vary in the range from 6.7 x 10°t0 9.1 x 107 s~ ' [37]. The (py-PTZ — diimine)
LLCT electronic transition was observed in the absorption spectra of
[Re'(py-PTZ)(CO);(x-diimine)] * complexes, diimine 4,4'-Me,-bpy, 4,4'-(MeO),-bpy

on the low-energy onset of the MLCT absorption band [40]. Analysis of the shape
of this weak shoulder provided the value for the electronic coupling term
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between the LLCT state and the ground state, e.g. 44 cm~! for bpy’. This value
agrees well with that derived from the EGL correlation between the rate constant
of the non-radiative decay of the LLCT state and the driving force AG® [37]. The
spectral weakness of the (py-PTZ — diimine) LLCT transition is fully understand-
able, given the weak electronic interaction between the diimine and the PTZ
moieties due to their long distance and unfavourable mutual orientation.

In a related study [44,45], the reducing 4-N,N-diaminobenzoyl group (DMAB)
was linked to the axial pyridine ligand in [Re(py-DMAB)(CO)4(bpy)]* through a
peptide spacer of variable length that consisted of several proline residua. The
kinetics of the DMAB - Re"! intramolecular electron transfer from the MLCT state
was measured and found to decrease from 9.8 x 107 to 5.3 x 10° and to 5.6 x 10°
s~ ' when the number of proline residua in the spacer increased from 0 to 1 and to
2, respectively. Conformational effects of the oligoproline spacer on the rate of the
long-range electron transfer were revealed by the temperature dependence of the
rate of the electron transfer.

N\ / CHy—— s

py-PTZ
MLCT
Re'(py-PTZ)(CO)5(bpy )
kq
LLCT
N - Re'(py-PTZ* )(CO)y(bpy —*)
hv'
kb

Re'(py-PTZ)(CO);(bpy)

Fig. 5. Structure of the oxidisable py-PTZ ligand and mechanism of the population of the (py-PTZ —
bpy) LLCT state for [Re(py-PTZ)(CO)5(bpy)] *: kq>2x 10° s~ !, k= 1.1 x 107 s~! [37]. The direct
optical transition to the LLCT state, Av', is extremely weak, see text.
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An irreversible intramolecular photochemistry occurs from (E — diimine) LLCT
excited states of those [Re(E)(CO),(«-diimine)] * complexes whose axial ligand E
breaks down on oxidation. A typical example is shown in Fig. 6. Initial irradiation
excites the (Re—bpy) MLCT state from which the (E - diimine) LLCT state is
populated by an intramolecular E — Re'! electron transfer, oxidising the axial ligand
that bears a 1,2-diamine-1,2-phenyl-ethyl group. However, the C-C bond of the
oxidised 1,2-diamino group breaks down on a timescale competitive with the
unproductive decay of the LLCT state to the ground state. Rate constants of
3 x 10®* and 1 x 10® s ! were determined for the C—C bond fragmentation kg, and
LLCT decay k,, respectively [49). A similar reactivity was observed for Re
complexes with pyridine ligands bearing other 1,2-diamine or «-aminoalcohol
groups [48,50,51]. Analogously, the Re(N;0,CO),(bpy) ~ complex, which contains
the rather unusual dinitramide ligand N;O;~ produces Re(NO,)(CO):(bpy),
Re(Cl){(CO);(bpy) and N,O on irradiation in a CH,Cl, solution [52). Apparently,
the (N;03 ~ — bpy) LLCT state is populated from the initially excited MLCT state,
resulting in a fragmentation of the dinitramide ligand. Generally, the observation of
irreversible, oxidatively induced, reactions of the axial ligand upon initial (Re —
bpy) MLCT excitation provides a clear evidence for the existence of a non-radia-
tively populated LLCT state. It also opens a possibility to investigate the
mechanisms and dynamics of very fast reactions of oxidised axial ligands [49,50].
Synthetic or photocatalytic applications might follow.
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3.4. Gradual change of the lowest excited state character from MLCT to LLCT
Sfor halide axial ligands

All the complexes containing a halide axial ligand exhibit a broad, structureless,
rigidochromic emission band whose presence suggests a charge transfer character of
the emissive excited state. Its decay is always dominated by the non-radiative
mechanism, k&, > k,, rendering emission quantum yields well below 0.1. No system-
atic structural trends in the &, values were found. An Arrhenius-type temperature
dependence (Eq. (2)) of the non-radiative decay rate was observed in 2-Me—THF
fluid solutions for the iodo species [77] Ru(I)(Me)(CO),(iPr-DAB); k,=1.8 x 10°
s, A=74x10" s, E, =610 cm~'; Ru(I)(Me)(CO),(iPr-PyCa); k, = 4.8 x 10°
7!, A=24x10* s7', E,=960 cm~'; and for [72] Ru(Cl)(SnPh;)(CO),(iPr-
DAB); ky=24x10°s"', A=1.1x10%s"', E,=1009 cm~'. The values of the
activation parameters, together with the photostability, indicate that the thermally
activated decay pathway proceeds through another close-lying CT state, similar to
the decay of the *MLCT excited states of Re(Cl)(CO);(bpy) or Re(4-Fi-
py)(CO)+(bpy)* discussed earlier.

Surprisingly, inspection of Figs. 2 and 3 shows that the excited state lifetimes of
Re(X)(CO),(«-diimine) or Ru(X)(R}CO),(a-diimine) complexes increase sharply
on changing the axial ligand X from Cl to Br and namely, to I while the emission
energy hardly changes. The same behaviour occurs regardless of the diimine ligands
used and, in the case of the Ru species, regardless of the trans alkyl ligand, R = Me
or Et. Obviously, the effect of the halide on the rate of the non-radiative decay does
not obey the EGL. This observation points to a change in the character of the
emitting excited state as a function of the halide. This is further supported by the
excited state absorption spectra (Fig. 7) of Re(X)(CO)i(bpy) or
Ru(X)(Me)(CO),(iPr-DAB) that show an intense, nearly halide-independent, fea-
ture attributed to the reduced diimine’~ chromophore (DAB: 420 nm [78], bpy":
375 and 470 nm [112]). In addition, another absorption feature, whose position and
relative intensity are strongly halide-dependent, is apparent in the excited state
spectra, see Fig. 7. For the chlorides, it occurs as a very weak red tail of the
diimine’~ band. In the case of the bromides, it becomes a distinct low-energy
shoulder while a separate, relatively intense, band develops at longer wavelengths
for the iodides [e.g. at 780 and 590 nm for Re(I)(CO);(bpy) and
Ru(I)(Me)(CO),(iPr-DAB), respectively]. The presence of the spectral features due
to the diimine radical-anions shows that, regardless the halide ligand used, the
lowest excited state involves a CT to the diimine. This conclusion is corroborated
by time-resolved Raman spectra of the lowest excited states of
Ru(X)(Me)(CO),(iPr-DAB), which show [78] a drop in the v(CN) stretching
frequency of the DAB ligand by 83, 71 and 65 cm ~ ' on the excitation for X = Cl,
Br or I, respectively. However, the halide-dependent, low-energy band found in the
excited state absorption spectra cannot be assigned to the diimine’~ chromophore.
Its position and intensity indicates that the characters and energy spacings of the
low lying excited states change as a function of the halide ligand.



D.J. Stufkens, A. Vicek, Jr. / Coordination Chemistry Reviews 177 (1998) 127179 145

Important information about the influence of the halide ligand on the excited
state character of Ru(X)(Me)(CO),(iPr-DAB) came from the time-resolved IR
spectra [78]. Both v(CO) IR bands were found to shift on excitation to higher
frequencies, the magnitude of this shift decreasing in the order CI(50, 51 cm ") >
Br(48, 45 cm ") » (27, 43 cm ~'). [The values in parentheses show the differences
in the v(CO) wavenumbers between the excited and ground state for the high- and
low-frequency v(CO) bands, respectively.] Differences between the excited and
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Fig. 7. (a) Visible absorption spectra of the excited (——) and ground (- - -) states of Re(X)}(CO)4(bpy);
X =Cl, Br, I, complexes measured in THF [112]. The excited state spectrum was obtained 10 ns after
laser excitation; (b) visible absorption spectra of the excited state of Ru(X)(Me)(CO),(:Pr-DAB); X = C],
Br, I; complexes measured in THF 20 ns after laser excitation [78].
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ground state values of the CO stretching force constants decrease in the same order:
CI(82 Nm Y)>Br (76 Nm~—Y)>»1 (55 N m~!). The value found for the chloro
complex is about the same as the average value measured [115] for the MLCT
excited state of Re(CI}CO);(4,4-bipyridyl),, 83 Nm~'. The (Ru—DAB) MLCT
character of the lowest excited state of Ru(Cl)(Me)(CO),(iPr-DAB) and of other
Ru(CDH(R)CO),(«-diimine) and Re(Cl)(CO);(x-diimine) complexes is, thus, well-es-
tablished. The TRIR spectra show, however, that the extent of the ‘oxidation’ of
the metal atom in the excited state decreases in the order Cl > Br > 1. This trend is
readily understood by considering that the metal d, orbitals and halide p, orbitals
overlap. Their interaction gives rise to M—X z-antibonding (d, — p,) and n-bond-
ing orbitals (d,+ p,), see Fig. 8. Because both the bonding and antibonding
orbitals are occupied, the M—X r-interaction is repulsive. The M—X r-antibonding
orbital becomes the HOMO of the complex molecule. Going down the halide
group, the energy of the p, orbital increases as the electron negativity of the
halogen atom decreases. Hence, the halide participation in the HOMO increases in
the order Cl < Br « 1. In the most simple way, the lowest electronic excitation may
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be viewed as a HOMO — n*-(diimine) transition. The mixed metal/halide character
of the HOMO implies that the positive hole in the excited state is actually
delocalised between the halide and the metal, i.e. that the lowest excited state has
a mixed (M - diimine) MLCT and (X —diimine) LLCT character. Increasing
halide participation in the HOMO causes the hole to be increasingly halide-lo-
calised. Hence, the character of the lowest excited state changes gradually from
(M — diimine) MLCT to (X — diimine) LLCT while the halide ligand changes from
Cl to Br and especially, to L.

The EGL map of the Ru(X)(E')(CO),(a-diimine) complexes (Fig. 3) shows that
the MLCT/LLCT character of the emitting excited state is also dependent on the
second axial co-ligand E’ that is not involved in the (E — diimine) LLCT excitation.
Thus, the decay of the excited state of Ru(Cl)(SnPh,)(CO),(iPr-DAB) is much
slower than that of all its Ru(X)}(Me)}(CO),(iPr-DAB) counterparts, despite essen-
tially the same emission energy. TRIR spectra showed [72] that the v(CO) frequen-
cies of Ru(Cl)(SnPh,)(CO),(iPr-DAB) decrease by only 17 and 30 cm ™!, which
amounts to a decrease of the CO stretching force constant by 38 Nm ™!, even less
than for Ru(I)(Me)(CO),(iPr-DAB). This indicates a (Cl—-DAB) LLCT excited
state. The same LLCT excited state probably occurs for E' = PbPh, [72]. Fig. 3 also
shows that the emission energy of the bromo and iodo alkyl complexes
Ru(X)}(RYCO),(iPr-DAB) (X = Br or I) decreases on replacing R = Me for Et. At
the same time, the decay rate slightly decreases, contrary to the EGL. This trend
indicates either increasing LLCT character of the emitting state for the ethyl
complexes or a mixing with excited states derived from the axial o-bonding orbitals,
see Section 3.3.

The above qualitative interpretation of the halide and co-ligand effects on the
mixed MLCT/LLCT nature of the lowest excited state were fully supported by the
DFT-MO calculations of Ru(Cl)(Me)(CO),(H-DAB) and Ru(I}(Me)(CO),(H-DAB)
model molecules, respectively [128]. Separate calculations were performed on the
ground and excited states, allowing thus for the electronic relaxation. Apart from
the state energies and oscillator strengths for individual transitions, changes in the
population of individual atomic or fragment orbitals were also calculated. The
lowest excited state was indeed found to involve charge transfer directed into the z*
diimine orbital whose population was calculated to increase by 0.42 and 0.53
electrons for the chloro and iodo complex, respectively. However, as expected, a
different origin of the excited electron was calculated for the two complexes. For
Ru(Cl)(Me)(CO),(H-DAB), the Ru-4d,_ and ClI-3p, orbitals are depopulated on the
lowest energy excitation by 0.32 and 0.21 electrons, respectively. The situation is
reversed for the iodo complex for which the same orbitals are depopulated by 0.24
and 0.48 electrons, respectively, in line with a change of the excited state character
from essentially MLCT to LLCT on going from ClI to 1. Moreover, the calculations
revealed an unexpected partial compensation of the decreased p, electron density
on the I ligand in the LLCT excited state by an increase in the population of the
I-5p. orbital, which is involved in the Ru-I o-bonding. For
Ru(CI)(SnPh;)(CO),(iPr-DAB), depopulation of the Ru-4d,. and Cl-3p, orbitals on
the excitation was calculated as 0.17 and 0.30 electron, respectively [72], supporting
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the proposed predominant (Cl > DAB) LLCT character of the lowest excited state.
The halide dependent d,/p, mixing in the HOMO also follows from calculations
performed on Mn(X)(CO)4(bpy) [129].

Having established that the character of the lowest excited state of the halide
complexes Ru(X)(R)(CO),(«-diimine) and Re(X)(CO);(x-diimine) changes from
(M — diimine) MLCT for X = Cl to mostly (X — diimine) LLCT in the case of X =1,
it remains to discuss why the rate of the non-radiative excited state decay decreases
with increasing LLCT character. The first clue is provided by the values of the
apparent Stokes shift AE,, ..., which drop by 1100—1800 cm ~' (depending on the
metal, diimine and/or R) on going from Cl to L. This trend indicates that the excited
state distortion and the decay rate decrease in parallel, Cl > Br> 1. (AE, ., is
defined as the difference between the absorption and emission maxima. Hence, it
includes the distortion-related term haw,, A2, plus the singlet—triplet splitting, which
is assumed to be largely ligand-independent.) The much smaller effect of the LLCT
than MLCT excitation on the CO ligands appears to contribute to the smaller
molecular distortion in the LLCT state. Consequently, the role of the v (CO)
vibration as an intramolecular acceptor mode and its coupling to the solvent
librations are diminished and values of both w,, and y, will decrease, affecting k,
accordingly (Eq. (4)). The intra-diimine bonds are also slightly less distorted in the
LLCT than MLCT states, as was shown by the time-resolved rR spectra of
Ru(X)(Me)(CO),(iPr-DAB), vide supra. Effects of the LLCT excitation on the M-I
bond appears to be rather small, as was documented by a low intensity of the v(M-1I)
peak found in the rR spectra of some of the iodo complexes [76,112,130]. Weakening
of the electronic coupling to the ground state (# in Eq. (4)) on changing the excited
state character from MLCT to LLCT is probably another important factor
responsible for slowing down the non-radiative decay.

The (X —diimine) LLCT excited states are mostly stable toward photochemical
ligand dissociation. The only exception seems to be Ru(I)(Me)(CO),(bpy’') which
undergoes a photochemical trans — cis isomerisation that involves a CO loss [123].
However, no bonds in other Ru(I)(R)(CO),(«-diimine), Re(I)(CO);(«-diimine) (R =
Me or Et) or Ru(C)(SnPh,)(CO),(x-diimine) (diimine = PyCa, DAB) complexes are
weakened significantly by LLCT excitation. The long LLCT excited state lifetimes
are favourable for bimolecular excited state reactions. Indeed, electron- and energy-
transfer quenching of the LLCT state was observed for Ru(I)(R)(CO),(x-diimine)
(R =Me or Et) [77].

In Section 3.2, it was shown that the (L — diimine) LLCT transitions in complexes
with oxidisable ligands are extremely weak due to very small electronic overlap of
the orbitals involved. However, the situation is profoundly different for the
complexes Ru(X)(R)(CO),(x-diimine) and Re(X)(CO);(x-diimine) (X = Cl, Br, or I;
R = Me or Et). The halide p, and the n*-(diimine) orbitals are directly coupled by
sharing an overlap with the metal d,_ orbital. Moreover, a through-space p,—7*
interaction is also possible. Hence, the (X — diimine) LLCT transitions are expected
to occur with an intensity comparable or slightly lower than that of MLCT
transitions. Indeed, all the Ru(X)(R)(CO),(«x-diimine) and Re(X)(CO),(a-diimine)
(X =Cl, Br, or I; R = Me or Et) complexes exhibit [76,112] an intense (¢ in the range
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2200-1500 M~ s~ ! for Ru and 4100-2100 M ~! s—! for Re), solvatochromic,
absorption band in the visible spectral region, see Fig. 9. The maximum of the
lowest absorption band shifts only slightly to longer wavelengths on going down
the halide series. The integrated intensity of the lowest band of Re(X)(CO)s(«-di-
imine) is comparable for X = Cl and Br, but it halves on going to I [112]. For the
Ru species, only a small gradual decrease in molar absorptivity on going from Cl
to Br and I was observed [76]. The broad, unresolved, band shape is almost identical
for the Cl and Br complexes whereas a poorly resolved vibrational structure of ca.
1200 cm ~ ! appears for some of the iodo complexes. This may be caused by a weaker
coupling with solvent librations (smaller y,) due to smaller charge change on the CO
ligands in the LLCT state. Raman spectra of several iodo Ru or Re complexes
measured in (pre)resonance with the lowest electronic transition show [77,112] a
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Fig. 9. (a) Electronic absorption spectra of Re(X}(CO);(iPr-DAB); X = Cl, Br, I; measured in THF at
r.t. [112]; (b) electronic absorption spectra of Ru(X)(Me)}CO),(iPr-DAB); X = Cl, Br, I; measured in
THEF at r.t. [76].
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pattern of enhanced peaks which is fully in line with the excited state distortions
discussed above. The most enhanced peak belongs to the v(CN) intra-diimine
vibration, in accordance with the LLCT transition being directed to the diimine
ligand. The v(CO) Raman peak is either very weak or missing completely since the
LLCT transition does not originate in the Re(CO), or Ru(CO), moiety. A weak
peak due to the v(Ru-Br) vibrations was identified [130] in the rR spectrum of
Re(Br)(CO),(pTol-DAB) at 190 cm ~'. Similar weak peaks that could be attributed
to Re—X or Ru-X vibrations occur in the rR spectra of other bromo and iodo
complexes [77,112].

3.5. Introduction of on* state by covalently bound axial ligands

One of the most fascinating aspects of the photochemistry of Re and Ru
carbonyl diimine complexes is to follow how small changes in their coordination
spheres completely alter their photochemical reactivity. For example, the
Ru(R)(I)}CO)(iPr-DAB) complexes are photochemically stable [77] for R =Me
and Et, whereas their isopropyl analogue [56] Ru(iPr)(I)(CO),(iPr-DAB) is highly
photoreactive. It undergoes an efficient homolysis of the Ru-C(iPr) bond on
irradiation into its lowest absorption band. In fact, efficient metal-ligand bond
homolysis producing radicals is a characteristic photochemical reaction of those Re
and Ru carbonyl diimine complexes which contain alkyl, benzyl, or metal-coordi-
nated axial ligands [3,46,53,54,56—61,63-67,69-75,84,109,131]. With a few note-
worthy exceptions, the metal—ligand homolysis occurs with a high quantum yield
(¢ > 0.1) which is independent of the temperature and excitation wavelength A.,..
This is the case of the reactions:

Re(E)(CO),(« — diimine) > E’ + Re(S)YCO)s(a — diimine)", (8)

where E = Et, iPr, benzyl (Bz), Re(CO)s, Mn(CO);, Co(CO),; diimine = phen, bpy,
R-Pyca, R-DAB; and

Ru(E)(E')(CO)( — diimine)">’E" + Ru(S)(E')(CO),( — diimine)", ©)

where E = iPr, SnPh;, GePh,, Mn(CO);, Re(CO),, CO(CO),; E’' = alkyl or another
metal fragment, but not a halide.

Re(Me)(CO);(a-diimine) [53,54,57,60,61] and Ru(SnPh,),(CO),(iPr-DAB) [72]
complexes undergo qualitatively similar photoreactions. However, their quantum
yields are lower and strongly dependent on the temperature and, in the former case,
on the excitation wavelength. Although the photochemistry of these species involves
the same type of excited state as their more reactive counterparts, the detailed
mechanisms are somewhat different and will be discussed separately.

Formation of radicals in Eqgs. (8) and (9) has been amply demonstrated by their
direct observation with EPR [66] or FT-EPR [59] or by the formation of character-
istic products of secondary radical reactions. EPR data show that the solvated
radicals Re(S)(CO);a-diimine)” and Ru(S)(E')(CO),(x-diimine)" are formally com-
plexes of Re' and Ru'!, respectively, with radical-anions of the diimines. Alkyl
radicals were detected [59,60] directly by FT-EPR already at 10 ns after excitation
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of Re(R)(CO),(bpy") (R = Me, Et, iPr or Bz) or Ru(R)(I}CO),(iPr-DAB) (R = iPr
or Bz). Detection of the radical products in inert solvents (hydrocarbons, THF) and
the kinetics of their formation (studied by time-resolved visible or IR absorption
spectra and by FT-EPR) indicate that the homolytic splitting of the axial metal-lig-
and bond is the primary photochemical step which occurs directly from a reactive
excited state that is populated via the optically excited 'MLCT state.

The photoproduced radicals often undergo interesting secondary reactions. Pho-
tolysis in the presence of radical scavengers like CCl,, CHCI, or CH,Cl, produces
chloro complexes Re(Cl)(CO);(a-diimine) or Ru(CI)(E)(CO),(«-diimine), together
with ECI adducts or E~E dimers, depending on E and the solvent. Formation of
radical adducts of E" was observed by EPR on irradiation of THF or hydrocarbon
solutions in the presence of spin traps nitrosodurene or rBuNO. Radicals
Re(S)(CO);(a-diimine) and Ru(S)(E')(CO),(z-diimine)" become highly reducing
when the solvent (8) is strongly bound. Thus, light-induced electron transfer chain
reactions were observed in coordinating solvents and/or in the presence of ligands
like PPh, [56,65,68,71]. Photochemical isomerisation of Re[Mn(CO);[(CO).(iPr-
DAB) [64] or Ru[Mn(CO),)(Me)(CO),(iPr-PyCa) [71} to dinuclear complexes with
bridging DAB or PyCa ligands, respectively, was observed in apolar inert solvents.
Dimerisation to the metal-metal bonded dimers Re,(CO)¢(x-diimine), or
RUL(E),(CO),(«-diimine), is another common reaction of photoproduced
organometallic radicals [71,75].

The appearance of a photochemical reaction on changing the axial ligands in Re
and Ru carbonyl-diimine complexes from halides or other Lewis bases (pyridines,
phosphines, etc.) to alkyls or metal fragments [e.g. SnPh,, Mn(CO)s or Re(CO)]
implies a profound change in the character of the lowest excited state. This is
well-demonstrated by the EGL maps shown in Figs. 2 and 3. It is evident that the
emission from the photoreactive metal-metal or metal-alkyl bonded complexes
comprises a distinct region in the EGL maps that is far apart from that of the
MLCT or LLCT emission from the halides. Both the emission energy and the
non-radiative decay rate decrease significantly on going from the halide complexes
to those containing a metal-metal or a metal-alkyl bond, in an obvious violation
of EGL. This observation can be accounted for by a completely different character
of the emissive excited state and mechanism of its non-radiative decay. On the other
hand, the rather good EGL correlation found within the families of the metal-con-
taining or alkyl complexes indicates a common nature of their lowest excited states.
Besides the unusually long lifetimes and low energies, the dinuclear or alkyl
complexes show some features suggesting a CT character of the emissive excited
state. The emission bands are broad and structureless. However, apparent Stokes
shift values, AE,, .., are smaller than those of the halide complexes by some 2000
cm ™' No clear correlation between t and AE,,, .. was found, although species
containing the SnPh, ligand have the longest lived excited states and the smallest
Stokes shifts. Compared with analogous complexes that emit from MLCT or LLCT
states, the radiative rate constants measured for the dinuclear or alkyl complexes
are 10-100 times smaller. All the dinuclear complexes studied are emissive in a
low-temperature (80 K) 2-Me—-THF glass while the only emissive alkyl complexes
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Fig. 10. Time-resolved visible absorption spectra of Re(Bz)CO);(iPr-DAB) measured at 30 ns after
excitation [57]. Top: spectrum obtained in 2-Me—THF. Only those features are observed that belong to
the photoproduced solvated Re(CO),(iPr-DAB)" radicals. Bottom: spectrum obtained in toluene. The
band due to the on* excited state at ca. 500 nm gradually decreases while the band at ca. 390 nm due
to solvated Re(CO),(iPr-DAB)" radicals increases with the same lifetime, 250 ns.

are Re(Me)(CO),;(bpy’) [53,60], unreactive Re(Ph)(CO).(bpy’) [53,60] and
Ru(E)(Me)(CO),(iPr-DAB) [72] in which E = metal fragment. Rigidochromism was
observed [62,72] for those few compounds that are emissive in fluid solutions, i.e.
Re(Me)(CO)s(bpy), Re(SnPh;)(CO);(x-diimine) (diimine = bpy, phen) and
Ru(SnPh,),(CO),(iPr-DAB).

Studies on Re(Bz)(CO),(iPr-DAB) were most revealing [57,58] with respect to the
characterisation of the reactive excited state. Irradiation into the lowest absorption
band of this complex produces benzyl and solvated Re(CO),(iPr-DAB) radicals
with a quantum yield of ca. 0.8 which is independent of temperature (273-253 K)
and 4. (varied within the lowest absorption band), as well as of the solvent
(toluene or THF). Nanosecond time-resolved IR and UV-vis spectra (Figs. 10 and
11) measured from THF solutions or other polar and/or coordinating solvents
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(2-Me-THF, CH;CN, 2-Cl-butane) show only features due to the Re(S)(CO),(iPr-
DAB) radical, with no hint of a signal due to the excited state. Picosecond spectra
reveal that the bond homolysis in the THF solution is fully completed within 30 ps.
However, the situation changes dramatically in non-polar non-coordinating sol-
vents: toluene, benzene or cyclohexane. Both the time-resolved IR and UV-vis
spectra show transient features due to an excited state that converts into the
radicals with a rate constant of 4 x 10°s ~! (z = 250 ns) with no appreciable parallel
decay to the ground state. The UV-vis spectrum (Fig. 10) of this excited state
shows an intense peak at 500 nm. In addition, the weak, broad, transient absorp-
tion at around 650 nm and the strong absorption in the UV indicate the presence
of an iPr-DAB’ ~ chromophore. The TR-IR spectrum (Fig. 11) shows features at
2015 and ca. 1910 cm ~! which are very close to the IR bands of the ground state
(2007, 1918, 1909 em ~ !). The shift of the excited state v(CO) frequencies from their
ground-state values is surprisingly small, much smaller than that observed for
LLCT or MLCT excited states, vide supra. This observation indicates that the
excitation causes only a very small, if any, decrease of the electron density at the
Re(CO), moiety. In other words, the excited electron does not originate in any
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Fig. 11. Time-resolved IR spectra of Re(Bz)(CO),(Pr-DAB) measured in n-heptane [57]. Negative bands
correspond to bleached ground state while the positive ones belong to the photoproduced transients.
Top: spectrum obtained at 100 ns after excitation corresponds to the on* state. Bottom: spectrum
obtained at 3.5 ps corresponds to the solvated Re(CO),(iPr-DAB)" radical.
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molecular orbital to which the Re d, orbitals contribute. This observation, the
UV-vis indication that the excited electron is localised on the DAB ligand, and the
labilisation of the Re—Bz bond on excitation point to a on* character of the lowest
excited state. Such an excited state involves excitation of an electron from the
Re-C(Bz) o-bonding orbital to the z* orbital of the DAB ligand. The excited state
may be viewed as a Bz'-Re'(CO),(iPr-DAB’ ~) species in which the benzyl ligand is
bound to the metal atom by a one-electron ¢ bond. The decrease of the electron
density at the metal centre on the on* excitation is very small because the
depopulated o-bonding orbital has mostly a benzyl character. In addition, the
CIDEP and spin-polarisation effects observed in the FT-EPR spectra obtained for
Re(R)(CO)s(bpy’) (R = Me, Et, iPr or Bz) and Ru(R)(I)(CO),(iPr-DAB) (R = iPr
or Bz) determined the spin state of the reactive on* state as a triplet [59,60]. A *on*
excited state has been proposed earlier, albeit without a spectroscopic evidence, to
account for the Re-Sn photochemical bond homolysis of Re(SnPh,)(CO),(phen)
[3,62,63].

The photochemical behaviour of Re(Bz)(CO),(iPr-DAB) is paradigmatic for the
whole class of Re and Ru dinuclear and alkyl complexes. Salient aspects of their
photochemistry are summarised in Table 1. In many cases, the *oz* state was
detected directly by the observation of an intense transient absorption feature that
occurs in the visible spectral region. Overlap with the bleach usually prevents the
accurate determination of the lifetime. Hence, only the upper-limits, listed in Table
1, were estimated. In most cases, the chemical reaction is the main decay pathway
of the *o7* state at r.t. since the non-radiative transition to the ground state is very
slow. The dramatic acceleration of the Re-E bond homolysis in coordinating
and/or polar solvents from the nanosecond to sub-picosecond time domain was
observed [57,58,73] for Re(E)(CO),(iPr-DAB) E = Bz, Et, Mn(CO)s or Re(CO);.
Even the ’on* lifetimes of the relatively unreactive Re(SnPh,)(CO)y(x-diimine)
complexes decrease about twice on going from toluene to THF [73]. The photo-
chemical quantum yield increases profoundly in chlorinated solvents. Coordinating
and/or polar solvents facilitate the bond homolysis either by an attack on the
weakened one-electron metal—-ligand bond present in the *o7* excited state and/or
by changing the energetics of the reaction, vide infra. On the other hand,
Re(R)(CO);(bpy’) (R = Et, iPr, or Bz) and most of the Ru complexes react so fast
that the *gn* state was not observed on a nanosecond time scale even in hydrocar-
bon solvents. FT-EPR spectra revealed [59] that the M—C(R) bond homolysis in
Re(R)(CO),(bpy’) (R = Et, iPr, or Bz) and Ru(R)(I)(CO),(iPr-DAB) (R = iPr, Bz)
is fully completed within 10 ns (> 10* s —!). A femtosecond rate of the Re~R bond
homolysis was found for Re(R)(CO);(bpy’) complexes (R = Me, Et) [132). Homoly-
sis of Ru-Mn(CO);, Ru-Re(CO)s and Ru-Me [in Ru(Me)(SnPh,)(CO),(iPr-
DAB)] is also a sub-nanosecond (perhaps even a sub-picosecond) process [75].

The photophysical and photochemical studies discussed previously have firmly
established the ‘on* character of the lowest excited state of those Re(E)(CO),(a-di-
imine) and Ru(E)(E")}(CO),(x-diimine) complexes in which E is an alkyl (Et, iPr or
Bz) or a metal fragment Mn(CO)s, Re(CO);, SnPh,, etc. and the second axial ligand
E' is not a halide (with the exception of the iPr/X and Bz/X axial ligand
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Table 1

Summary of the photochemical M—E homolytic dissociation reactivity in Re(E)(CO),(2-diimine) and

Ru(E)(E")(CO),(x-diimine) complexes

Complexes that undergo relatively slow, solvent-dependent photochemical bond homolysis on ns—us

timescale. >on* state detected spectroscopically in inert solvents

Re(SnPh;)(CO);(phen)

Re(GePh,)(CO);(phen)

Re(SnPh,)(CO);(bpy’)
Re(SnPh,)(CO),(iPr-PyCa)

Re(SnPh,)(CO),(iPr-DAB)

Re(Bz)(CO),(iPr-DAB)

Re(Bz)(CO),(tBu-DAB)
Re(Et)(CO)4(iPr-DAB)
Re(Et)(CO),(tBu-DAB)
Re(Et)(CO),(iPr-PyCa)
Re(Mn(CO),)(CO),(iPr-DAB)

Re(Mn(CO),)(CO)s(bpy")
Re(Re(CO)5)(CO);(bpy")

Re(Re(CO),)(CO),(iPr-bAB)
Ru(SnPh,),(CO).(iPr-DAB)

Ru(SnPh;)(GePh;)(CO)z-
(iPr-DAB)

Ru(Mn(CO)s}Me)CO),-
(iPr-DAB)

Ru(Mn(CO),)}(Me)(CO),-
(iPr-PyCa)

Complexes which undergo very fast photochemical homolysis regardless of the solvent. on* state not

observed spectroscopically
Re(EtNCO)s(bpy)
Re(/Pr}(CO),(bpy")
Re(Bz)(CO)4(bpy’)

EPA
CCl

EPA
CCl

Tol
THF
Tol
THF
Tol

THF

CcCl
Tol

Benz
Chex
THF
Tol
Tol
Tol
Tol
Tol
THF
Tol
Tol
CHCl1
Tol
THF
THF
Hex
THF

Hex
Hex

THF
Hex

1.8 ps [63]

1.8 us; ¢ = 0.23; knomor = 1.0x 10° 57!
[63]

2.6 us [63]

2.5 us; ¢ =0.27; kyomor = 1.3 x10° 57!
[63]

1.1 ps [73]

500 ns; ¢ =~ 0.03 in THF {73]

465 ns [73]

345 ns [73)

140 ns; 60% decay to GS, 40%
homolysis [73]

<100 ns*; 30% decay to GS, 70%
homolysis [73]

¢ =0.55173]

250 ns; ¢ =0.75; kyomer =4 x 108 57!
(57,58]

90 ns [58]

155 ns [58)

<30 ps’ [58]

275 ns [58])

60 ns 58]

60 ns [58]

20 ns [58)

<100 ns* [73]

<10 ns® [73)

<400 ns* [73]

<2.5 ns* [73]

<30 ps® [73]

<275 ns* [73]

<10 ns® [73]

I ups; ¢, v are T-dependant [72,75]

500 ns; homolysis: 60% Ru-Ge+40%
Ru-Sn [75)

<5 ps* (7); no GS recovery [71]
<10 ns® [71]

Ru-Mn homolysis leads to
isomerization [71]

<10 ns® in toluene, 2-propanol [59]
<10 ns® in toluene, 2-propanol [59]
<10 ns® in toluene, 2-propanol [59]
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Table 1 (Continued)

Ru(iPr)(I)}(CO),(iPr-DAB) <10 ns® in toluene, 2-propanol [59]
Very weak *on* absorption (r <10 ns*) indicated in hexane, absent in

THF [56]
Ru(Bz)(I)(CO),(iPr-DAB) <10 ns® in toluene, THF [59]
Ru(Bz)(1)(CO),(bpy") <10 ns® in toluene, THF
Ru(SnPh;)(Me)(CO),- <10 ns® in hexane, THF; Ru-Me split [75]
(iPr-DAB)
Ru(SnPh }(Mn(CO),;)(CO),- <10 ns” in hexane. THF; Ru-Mn split [75]
(iPr-DAB)

Ru(Mn(CO).),(CO),(iPr-DAB) <10 ns® in hexane, THF [75]
Ru(Re(CO);),(CO),(iPr-DAB) <10 ns® in hexane, THF [75]
Ru(Re(CO)s}(Me)(CO),- Ru-Re split [75]

(iPr-DAB)

Complexes in which the an* state lies above MLCT. It was not detected spectroscopically.
Photochemical quantum yield depends on i, and T

Re(Me)(CO),(bpy”) [60]

Re(Me)}(CO),(iPr-PyCA) [54,57]

Re(Me)(CO).)(iPr-DAB) [54,57}

“ Upper limit of the on* lifetime. Transient on* absorption observed, but accurate 7 value was not
determined because of strong overlap with the bleached ground state absorption.

® Bond homolysis fully completed within specified time delay after excitation. Values given are limited by
the instrumental time-resolution. Actual homolysis lifetimes may be much shorter. Solvent abbrevia-
tions: EPA, ethanol/isopentane/ether (2/5/5); Tol, toluene; CCl, 0.5 M CCl, in CHC! = CH,Cl, or THF;
Benz, benzene; Chex, cyclohexane; Hex, hexane.

combinations). The ozn* state is introduced into the energetic region below that of
the MLCT or LLCT states by the alkyl or metal-coordinated axial ligands whose
high-lying o-orbital energetically nearly matches the d., or p. o-orbitals of the Ru
or Re central metal atoms. Such Re—E or Ru-E bonds are covalent rather than
coordinative and, according to the UV-photoelectron spectra [133], the correspond-
ing o-bonding orbitals occur above the d, ones. Hence, the on* excited state lies
below the MLCT or LLCT states. This situation is schematically depicted in Fig.
12.

The properties and reactivity of the on* state itself are strongly dependent not
only on the o-bonding properties of the ligand E, but also on the overall
distribution of the electron density and bonding situation along the axial E—-Re~
CO and E-Ru-FE’ bonds, respectively, (z-axis, see Fig. 1}. In the Re complexes, the
CO o-orbitals lie well below the g-orbitals of the E-ligands. The axial E-Re—CO
bond may essentially be viewed as composed of two localised o-bonds, Re-C and
Re-E, respectively. The on* excited state involves only the Re—E o-bonding
orbital. Interestingly, for many of the Re complexes studied, the depopulation of
the o orbital in the excited state does not lead to a spontaneous bond splitting on
a dissociative potential energy surface, unless assisted by an interaction with a
polar solvent [57,58,73]. Instead, the *on* state is a bound state with a well-defined
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Fig. 12. Simplified MO diagram showing how on* becomes the lowest excited state in complexes with
covalently bound axial ligands. Left: Re(E)(CO);(x-diimine) complexes. The occupied Re~E o-bonding
orbital lies above the d, orbitals for axial ligands like Et, iPr, Bz, metal fragments. Hence, the on*
excited state lies below the MLCT one. On the other hand, axial ligands like Me or Ph are bound more
strongly to the metal by lower-lying o-orbitals. The resulting on* excited state, thus, lies above the
MLCT one, although the energy difference is rather small, especially for Me. The o-bonding orbital
corresponding to the Re—CO axial bond lies always much lower in energy and, hence, the two axial
bonds, Re—E and Re—CO, respectively, are essentially localised. A similar MO scheme would apply to
Ru(E)}(E'(CO),(«-diimine) complexes with chemically very dissimilar axial ligands; E # E’ = halide.
Right: Ru(SnPh,);(CO),(iPr-DAB) and Ru(E)E')CO),(«-diimine) complexes with chemically very
similar axial ligands. The HOMO is predominantly composed of an antisymmetric combination of the
o orbitals of the two axial ligands with an admixture of the Ru 5p. orbital. Note the strong interaction
with the z*(DAB) orbital which is responsible for the o—n* delocalisation (see text) and makes the
o - n* electronic transition strongly allowed.

energetic minimum. The one-electron E'—~Re bond is still strong enough to dissoci-
ate only on a timescale of tens to hundreds of nanoseconds or, for Ph,Sn, even
longer. In general, the reactivity of the *oz* state in the Re complexes seems to be
determined mostly by the strength of the Re—E bond, which influences the shape of
the *on* potential energy surface, namely the depth of its energetic minimum
relative to the Re—E dissociation limit and/or to the activation barrier. Accord-
ingly, the reactivity increases in the order Ph;Sn « Bz < Et < M(CO),. Keeping the
axial ligand constant, a decrease in reactivity with decreasing energy of the ‘on*
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excited state is expected. Indeed, except for the Ph;Sn complexes, the reactivity of
the on* state decreases as a function of the diimine ligand in the order bpy >
PyCa > DAB. The *on* state is stabilised in this order by decreasing the energy of
the n*(diimine) orbital. These considerations also help to understand the solvent
effect on the *on* reactivity: an increase in the energy of the 3on* state relative to
the energy of the radical products or to the activation barrier may also contribute
to higher reaction rates in polar/coordinating solvents that would destabilise the
on* state by solvatochromism and stabilise the radical products by solvation.

The situation becomes somewhat more complicated for the Ru(E)(E")(CO),(a-di-
imine) complexes because of the synergism between the two axial ligands E and E'.
Irradiation of complexes with highly dissimilar axial ligands leads to a rather fast
( < 10 ns) homolysis of the weaker of the Ru—E and Ru-E’ bonds [75]. However,
complexes in which the two E ligands are identical, like in Ru(SnPh,}),(CO),(iPr-
DAB) [72], show a rather different behaviour. The equivalence of the two axial
bonds gives rise to a delocalised three centre, four electron, Sn—Ru-Sn bond [82].
The highest occupied axial ¢ molecular orbital, which is also the HOMO of the
complex molecule, is composed of the antisymmetric combination of the two Sn
lone electron pairs (49%) and the Ru-5p. orbital (12%). Importantly, the z*(DAB)
orbital mixes with this axial ¢ orbital, contributing to the HOMO by 24%. This
strong o—n* interaction has profound consequences even on the ground state
structural, electrochemical and spectroscopic properties [82]. It occurs even in the
LUMO, which is composed of 66% =n* orbital, 9% d,. orbital and 25% Sn
g-orbitals. [All orbital compositions were calculated [72,82] by DFT-MO for
Ru(SnH,),(CO),(H-DAB).] The HOMO - LUMO excitation, which gives rise to
the on* excited state, has only very little structural effects. The Sn—~Ru-Sn bond is
virtually not labilised because of only weakly bonding character of the depopulated
o orbital. The net o-depopulation is rather small anyway since the Sn c-orbitals
contribute to both the HOMO and LUMO. DFT-MO calculations estimated [72]
that the Sn ¢ and Ru-5p. orbitals are depopulated on the on* excitation by only
0.09 and 0.13 electrons, respectively, while the population of the n*(DAB) orbital
increases by 0.2 electrons. This strikingly small extent of electron redistribution on
o —n* excitation is caused by an exceptionally strong mixing between the axial
Sn—Ru-Sn ¢ orbital and the n*(DAB) orbital both in the ground and excited state,
as was discussed earlier. The concomitant mixing between the Ru-5d,. and
n*(DAB) orbitals in the LUMO further diminishes the charge separation in the on*
excited state through compensating changes of the Ru-DAB =z bonding. The
Ru-5d,. population was actually calculated to increase on oz* excitation by 0.07
electrons.

The photophysical and photochemical behaviour of Ru(SnPh,),(CO),(iPr-DAB)
indeed reflect the small structural effects of the ozn* excitation predicted by the
theoretical considerations [72]. Characteristically, the emission from the *srz*
excited state measured in a low-temperature glass is very long lived (264 ps), despite
its low energy. The apparent Stokes shift is rather small. Long-lived (ca. 1 ps)
emission was even observed at r.t. in a fluid solution. The temperature dependence
of the emission lifetime measured [72] in a fluid THF solution follows an Arrhenius-
type behaviour (Eq. (2)). The intrinsic non-radiative decay by weak coupling to the
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ground state is very slow, k,= 3.1 x 10* s~!. This value is about 10—100 times
smaller than that of MLCT or LLCT excited states of Re or Ru complexes. The
thermally activated decay pathway occurs with 4 =3.9 x 108 s~ !, over an energy
barrier of E, = 1470 cm ~!. Irradiation of Ru(SnPh,),(CO),(iPr-DAB) with visible
light produces Ph,Sn’ and Ru(SnPh;}(CO),(:Pr-DAB)" radicals with a quantum
yield of 0.23 at 290 K [75]. The temperature dependence of the photochemical
quantum yield, ¢ = ¢, exp(— E,/RT), holds the key to the understanding of the
Ru(SnPh,),(CO),(iPr-DAB) photochemistry [75]. The value of the photochemical
activation energy £ is identical to the activation energy of the non-radiative
excited state decay. It follows that the emitting *on* state of Ru(SnPh,),(CO),(iPr-
DAB) is intrinsically stable and the Ru~Sn bond homolysis occurs via a higher
lying excited state, presumably of a go* origin. This situation is shown schemati-
cally m Fig. 13.

Time-resolved spectra of Ru(SnPh,),(CO),(iPr-DAB) exhibit [72] features charac-
teristic of the ‘oz* excited state absorption, see Fig. 14. Neither the spectral
pattern, nor the excited state lifetime, which is identical with the emission lifetime,
depends on the solvent, THF or hexane. The profoundly different patterns of the
excited state absorption spectra of the oz* and LLCT states become apparent upon
comparison of the time-resolved spectra of Ru(SnPh,),(CO),(iPr-DAB) and
Ru(SnPh,)(C1)(CO),(iPr-DAB), respectively, Fig. 14. More detailed structural in-
formation on the lowest excited state of Ru(SnPh,),(CO),(iPr-DAB) came from the
TR-IR spectra [72] measured in PrCN glasses at 77 K, see Fig. 15. Again, a
comparison with the spectra of the LLCT-excited Ru(SnPh,)(Cl)(CO),(iPr-DAB) is
especially revealing. While the LLCT excitation still shifts the v(CO) bands to

GS

— r(Ru-Sn)

Fig. 13. Dynamics of the *on* excited state of Ru(SnPh,),(CO),(iPr-DAB). The decay mechanism
involves emission, k,, non-radiative deactivation by weak coupling to the ground state, k., and a
thermally activated conversion to a dissociative state (dashed curve) which ultimately leads to Ru-Sn
bond homolysis [75].
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Fig. 14. Excited state visible absorption spectra of Ru(Cl)(SnPh,)(CO),(iPr-DAB), top, and
Ru(SnPh;),(CO),(iPr-DAB), bottom, measured in THF at r.t. [72). |a points to the decaying transient
absorption. Delay between measurements of individual spectra: 200 ns, top; 300 ns, bottom. Ground
state spectra are shown as dashed curves.

higher wavenumbers, albeit by a small amount, no such shift was found for the
‘on* state of Ru(SnPh,),(CO),(iPr-DAB). The frequency of its v(CO) band at 2006
cm ~' does not change on excitation at all while the v(CO) band at 1955 cm~!
shifts by 11 cm ~' to lower wavenumbers. This corresponds to a relatively insignifi-
cant decrease of the CO stretching force constant by some 8 N m !, Obviously, the
Ru—CO 7 back donation, and hence, the electron density on the Ru atom is
virtually unchanged by *o7* excitation, in accord with the results of the DFT-MO
calculations, vide supra.
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Fig. 15. Excited state IR absorption spectra of Ru(Cl){(SnPh,)}(CO)(iPr-DAB) (A) and
Ru(SnPh,),(CO),(iPr-DAB) (B, C), obtained from 77 K in nPrCN glass at 120 ns after 355 or 532 nm
laser excitation [72]. Ground state FTIR spectra are shown below.

The photochemical [75] and photophysical [72] behaviour of other Ru complexes
with chemically identical or similar axial ligands, Ru(PbPh;),(CO),(iPr-DAB),
Ru(SnPh);(GePh,)(CO),(iPr-DAB), or Ru(SnPh;)(SnMe;)(CO),(iPr-DAB) resem-
bles that of Ru(SnPh,),(CO),(iPr-DAB), although the respective 3orn* lifetimes are
shorter [72,75].

The photochemistry of Re(Me)(CO);(a-diimine) complexes is exceptional
[54,57,60,61]. Although the Re—~Me bond homolysis occurs on a femtosecond
timescale [57,132], the quantum yields are rather low and temperature dependent. A
strong dependence on the excitation wavelength was found for iPr-Pyca and
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Fig. 16. Ground state absorption spectra and excitation wavelength dependence of the photochemical
quantum yield (at 273 K in THF), ¢; activation energy E,, {; and preexponential factor ¢, O;
measured in THF for: (a) Re(Me)(CO);(iPr-PyCa); and (b) Re(Me)(CO),(iPr-DAB) [54,57].
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iPr-DAB, see Fig. 16. The optical excitation is followed by two parallel deactiva-
tion pathways: a prompt Re—Me bond homolysis via a *cz* excited state and a
relaxation through a long-lived *MLCT state. The dissociative *a* state lies above
the initially excited '"MLCT state from which it is populated by a temperature-de-
pendent strong-coupling mechanism. The unreacted fraction of the initially excited
molecules decays through the *MLCT state, which was indeed detected by a
time-resolved absorption spectroscopy and, for Re(Me)(CO),(bpy’), also by emis-
sion. It has been conclusively demonstrated that the *MLCT state is not involved
in the Re—Me homolysis [60].

The remarkable sensitivity of the photochemical reactivity of Re(R)(CO);(a-di-
imine) and Ru(R)E")N(CO),(x-diimine) complexes toward the nature of the alkyl
ligand R emphasises the delicate balance between excited states of a different
orbital origin and distinct properties, which is controlled by small variations in the
axial ligand. The difference between the Re-Me and Re—Et o-bonding or even
between the Ru~-C and Ru~iPr bonds is enough to switch the relative order of
MLCT and on* states. The M—~Me o-bonding orbital is stabilised relative to the
M-Et or M~iPr ¢ orbital by a better overlap between the methyl carbon sp*® and
the metal d_, orbitals [134,135]. Hence, the M—Me o orbital lies [116] below the d,
orbital and the on* state is placed above the MLCT state, see Fig. 12. The alkyl
effects on the relative ordering of the on* and MLCT states was well reproduced
by CASSCF/CCI calculations [134] on Mn(R)(CO),(H-DAB) (R = H, Me, Et) and
by DFT-MO calculation on Ru(R)Cl)(CO),(H-DAB) (R = Me, iPr) model com-
plexes [128].

Whereas it is well-established that the axial metal-ligand bond homolysis of the
dinuclear and alkyl complexes and the long-lived, low-energy, emission of the
former species originate in a ‘on* excited state, the nature of the electronic
transition responsible for their visible absorption band is less clear. Most of the
dinuclear and alkyl complexes exhibit a single visible absorption band that shows
all the features characteristic of CT excitations: high intensity, broad and structure-
less shape, solvatochromism, rigidochromism. Originally, the visible absorption
band of the metal-metal bonded complexes Re(E)(CO),(x-diimine) [E = SnPh,,
Mn(CO)s, Re(CO)s; diimine = phen, bpy] was attributed [3,62] to the spin- and
symmetry-allowed o —n* transition. This assignment was based on the consider-
ations of d, and ¢ orbital energies estimated from photoelectron spectra. Later, it
was pointed out [46,109,136,137] that the Raman spectra measured in resonance
with the lowest absorption band of Re(SnPh;)(CO),(¢Bu-DAB), Re(Mn-
(CO)s)CO)4(iPr-DAB) or Re(Re(CO)s)(CO)4(iPr-DAB), show a strong enhance-
ment of the band due to the v,(CN) and, except for the last species, of the v(CO)
band. Analogous rR spectrum was obtained for Re(Me)(CO);(x-diimine) species
[61,116]. These rR features indicate a predominant (Re - DAB) MLCT character of
the resonant electronic transition. Raman peaks due to the v(Re-E) vibration,
which were expected to be strongly enhanced by resonance with the o — 7*
transition, are very weak, if present at all. Hence, the lowest absorption band of the
dinuclear and alkyl complexes was attributed to one or more MLCT transitions.
However, the CASSCF/CCI calculations [138,139] on the Re(H)(CO),(H-DAB)
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Fig. 17. Visible absorption spectra of Ru(E)}E')}(CO),(iPr-DAB) complexes measured at 293 K in THF
(left) or at 77 K in a 2-Me-THF glass (right) [79].

model molecule suggest a strongly mixed MLCT/on* character of the lowest
allowed electronic transition. In conclusion, it appears that the optical excitation of
the Re(E)(CO),(diimine) complexes containing covalent Re—C or Re—metal bond
leads to a mixed 'MLCT/on* Franck—Condon excited state which undergoes a
very fast non-radiative conversion into the *on* state. The extent of the MLCT-
on* mixing probably depends on the diimine and axial ligands and, perhaps, also
on the solvent. It does not occur in analogous Mn complexes whose Franck—Con-
don state appears to be of a pure MLCT character.

Unlike their Re counterparts, the Ru complexes show a profound change in the
ground-state absorption and rR spectra on going from the Ru(E}X)(CO),(«-di-
imine) (X = Cl, Br, I) complexes with a MLCT or LLCT lowest excited state to
Ru(E)(E'Y(CO),(iPr-DAB) (E,E’ # halide) species with a lowest on* state [72].
Notably, the lowest absorption band shifts by some 80 nm to the red, its molar
absorptivity rises about twice, solvatochromism decreases, v(CO) and v(CN) fre-
quencies drop by some 20 and 70 cm ™', respectively. At the same time, the rR
spectral pattern changes completely. The rR spectra of the Ru(E)}(X)(CO),(o-di-
imine) (X =Cl, Br, I) species are dominated by the peak due to the v(CN)
vibration, indicating a highly localised character of the MLCT/LLCT resonant
transition. On the other hand, rR spectra of Ru(E)(E'}(CO),(«-diimine) (E,E' #
halide) complexes show many weak peaks that belong to v(CN), v(CC) and
deformation vibrations of the DAB ligand and to the low-wavenumber vibrations
of the Ru(DAB) chelate ring [72,74,79,83]. These changes in spectroscopic proper-
ties are demonstrated in Figs. 17 and 18 by comparing the spectra of the
Ru(SnPh,)(CI)(CO),(iPr-DAB) and Ru(SnPh,),(CO),(iPr-DAB) complexes. The
spectral features of the complexes with both axial ligands bound covalently
(E,E’ # halide) may be accounted for by the mixing between the axial ¢ and
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n*(diimine) orbitals. This ¢—n* delocalisation, which was extensively discussed
above, removes any overlap restrictions on the ¢ — 7* electronic transition which then
manifests itself by a strong visible absorption band. The relative sharpness of this
band is in line with the small molecular distortion on ¢ — n* excitation. The rR spectra
also show that the excited state distortion is weak, distributed over many normal
coordinates. The ¢ - n* character of the lowest allowed electronic transition was well
reproduced [72,74,82] by DFT-MO calculations on several model molecules:
Ru(E)(SnH;)(CO),(H-DAB) (E =SnH;, Me); Ru(E)[Mn(CO)](CO),(H-DAB)
(E = Me, Mn(CO)s); or Ru(iPr)(I}(CO),(H-DAB). These calculations have even
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Fig. 18. IR and resonance Raman spectra of Ru(SnPh;)(C1)}(CO),(iPr-DAB), top, and
Ru(SnPh;),(CO),(iPr-DAB), bottom. IR and rR spectra were obtained from KBr or KNO, pellets,
respectively [72].
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indicated that the oscillator strength of the ¢ — n* transition is larger than that of
the higher lying MLCT one. The calculated trends in transition energies and
relative intensities agree well with the experimental spectra.

4. Effects of the «-diimine ligand
4.1. Relations between the diimine structure and properties of charge-transfer states

The particular character of the lowest excited state—MLCT, LLCT, or on*—is
largely determined by the structure of the Re(E)(CO); or Ru(E)XE')(CO), fragments
in which the excited electron originates. However, all the different types of
charge-transfer states are introduced into organometallic molecules by an electron
accepting ligand, most often an «-diimine, which possesses a low-lying, unoccupied
n* orbital. This is the terminal orbital for all the charge-transfer excitations,
regardless of their particular character. Hence, variations in the structure of the
diimine ligand affects profoundly the properties of the CT states, namely their
energy, emission quantum yield, lifetime, mechanism of non-radiative deactivation,
and reactivity.

The energy of the n*(diimine) orbital is the crucial factor since it determines the
energy of the CT excited states and the extent of the metal —diimine n back
bonding. In general, reduction potentials [25-27,80,93] of Re(E)(CO)4(x-diimine)
complexes and of the free ligands indicate that the =* orbital energy decreases in
the approximate order:

phen, bpy > R-PyCa > dpp > R-DAB, bpym > dpq > Ar-DAB, (10)
while the Re — diimine 7 back bonding in the same order strengthens:
phen, bpy < R-PyCa < dpp < bpym < dpq < R-DAB < Ar-DAB. (1)

The R-DAB ligands are somewhat stronger m-acceptors than aromatic diimines of
comparable n* orbital energy like dpp, bpym or dpq. This is caused by a larger
contribution from the N-2p. orbitals to the n* orbital of the DAB ligands, which,
in turn, results in a larger d,-n* overlap. The absorption and emission energies of
Re(E)(CO);(a-diimine) and Ru(E)XE')}CO),(x-diimine) complexes decrease as a
function of the diimine ligand in the order of decreasing n* orbital energies (Eq.
(10)). Eqgs. (10) and (11) are also supported by the results of quantum chemical
studies [128,140).

Essentially, the dependence of the non-radiative decay rate on the structure of the
diimine ligand follows the energy gap law, EGL, as formulated in Eq. (4). However,
a simple linear increase of the decay rate with decreasing emission energy could
only be observed in series of complexes whose diimine ligands are structurally very
similar. The best examples are the Re(CI)CO),;(4,4-X,-bpy) or Re(4Et-
pyNCO);(4,4-X,-bpy) * series for which excellent EGL correlations were found
[8,37). A similar EGL correlation has also been determined [94] for the Re(4Et-
Py} CO):(4,4-X,-5,5'-Y-bpy) series, for which both the emission energy and &,
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Fig. 19. EGL map for Re(E}(CO);(«-diimine) complexes with different diimine ligands. Data from Refs.
[6,8,93,127].

were also correlated with the Hammet constants of the substituents X and Y. Decay
of the [Re(py-PTZ * )(CO);(4,4-X,-bpy  ~)]" LLCT state also follows the EGL
[37].

Based on EGL, one would expect that the non-radiative decay rate will increase
as a function of the diimine ligand (other structural factors and the medium being
constant) with decreasing n* orbital energy in the order of 10. However, structural
differences between various diimine ligands are too large to allow for such a simple
correlation. For example, EGL maps in Figs. 2 and 3 show that, although the
increase in In &, in the order bpy < iPr-PyCa < iPr-DAB parallels the decrease in
E.., the decay rate observed for the DAB complexes is much larger than expected,
at least for the MLCT and LLCT states. Also, despite comparable emission
energies, phen complexes show consistently slower decay rates of both MLCT [89]
and on* [62] states than their bpy counterparts. Fig. 19 compares EGL plots
obtained for series of Re(E)(CO),(«-diimine) complexes («-diimine = bpy, dpp, dpq,
or bpm) in which the emission energy is varied by changing the axial ligand X. It
is obvious that, at comparable emission energies, the non-radiative decay rate would
decrease in the order bpm > bpy > dpp > dpq. Moreover, the EGL plots have very
different slopes and intercepts. The dependence of the decay rate on the diimine
structure that is not paralleled by corresponding changes in the emission energy
generally results from the following factors which are all strongly diimine-depen-
dent: (i) excited state distortion S,,; (ii) mean frequency of the acceptor vibrations
w,,; (iii) electronic coupling between the ground and excited state; (iv) coupling to
solvent; (v) energy difference from higher, rapidly decaying states; and (vi) excited
state reactivity. These factors will now be discussed individually.
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Decreasing excited state distortion diminishes the vibrational overlap with the
energy-accepting vibrational levels of the electronic ground state, slowing down the
non-radiative decay. Excited state distortion often increases with increasing excited
state energy. This effect was found already in the ‘well behaved’ Re(Cl)(CO),(4,4'-
X,-bpy) series [8]. It was explained by a larger charge separation in more energetic
MLCT states which, thus, decay somewhat faster than expected from EGL.

On the other hand, delocalisation of the z* orbital over a large, rigid, diimine
ligand backbone severely limits distortion of CT excited states [89,91]. This is
clearly manifested by a decrease of the decay rate on going from bpy to the more
rigid and delocalised phen and, especially, by the effect of increasing the delocalisa-
tion by annealing benzene rings to the dpp ligand. The decay rate decreases in the
order dpp > dpq > dpb, as was observed for many Re carbonyl complexes [93] as
well as for Ru" and Os" polypyridyl complexes [89,91]. The effect of the delocalisa-
tion of the z* orbital on the MLCT excited state distortion is reflected [93] by the
drop of the S, value from 1.12 to 0.11 on going from Re(E)}CO)y(dpp)” * to
Re(E)(CO),(dpq)” *. Increasing the delocalisation of the electron-accepting 7*
orbital over the diimine ligand effectively means that the structural effects of the
CT excitation are distributed over a larger number of bonds, each being affected
only a little. Such a delocalised excitation may activate not only the usual v(CN)
and v(CC) diimine acceptor vibrations, but also deformation vibrations of the
diimine ligand which occur at lower frequencies. This is nicely demonstrated by the
Re(E)}(CO);(dpp)” * and Re(E)(CO)s(dpq)”* complexes [93]: resonance Raman
spectra of the dpp species show that the vibrations in the frequency range of
1250-1650 cm~' are the most effective acceptors. However, the deformation
vibrations at 740 and 815 cm ' were found to be strongly activated for the more
delocalised dpq complexes. Accordingly, the average acceptor frequency hw,,
decreases from 1379 to 1157 cm ~' on going from the dpp to the dpq species. This
decrease in the frequency of the acceptor vibrations further slows down the
non-radiative decay since the low-frequency vibrations are less effective energy
acceptors. Inspection of Eq. (4) shows that lower values of hw,, mean more negative
slopes of EGL correlations. This is in accord with the very high sensitivity of the
decay rate of MLCT-excited Re(E)(CO) (dpq)” * complexes toward the excited
state energy, see Fig. 19.

Changing the diimine ligand from bpy’ to R-PyCa and R-DAB is accompanied
by an increase in excited state distortion, manifested by increasing apparent Stokes
shift. This is caused by increasing flexibility and, namely, diminishing the ligand
framework over which the excited electron may be delocalised. Accordingly, the
decay rates of many Re and Ru carbonyl-DAB complexes are larger than expected
from EGL (Figs. 2 and 3).

An electronic coupling between the excited and ground states is expected to
increase with increasing metal — diimine 7 back bonding following the order 11.
Metal-ligand 7 interaction mixes the d, and n*(diimine) orbitals, resulting in
(d, + 7*) and (d, — =*) orbitals which are z-bonding and antibonding, respectively,
toward the M-N(diimine) bonds [109]. As the metal-ligand interaction in a series
of complexes with different diimine ligands strengthens, the charge separation in the
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excited state diminishes and the excitation becomes partially delocalised over the
whole M(diimine) chelate ring. Such a situation manifests itself by increasing
oscillator strength of the CT absorption band and decreasing solvatochromism on
going from bpy’ to iPr-PyCa, R-DAB and to Ar-DAB [109,141]. These trends were
found for Re(E)(CO),(x-diimine) complexes regardless of the nature of the axial
ligand, E = halide, metal fragment or alkyl. The n back bonding is always the
largest for the DAB ligands, both because of a relatively low n* orbital energy and
a large n*—d, overlap. Vibronic coupling between the ground and excited state is
more efficient in complexes with strong M—N(diimine) 7 interaction [141] since the
low-frequency v(M-N) promoting vibrations (a,, Egs. (6) and (7)) readily change
the overlap between the d, and =*(diimine) orbitals, thus removing the orthogonal-
ity of the two electronic states. Increasing strength of the Re— diimine 7z back
bonding is another important factor that contributes to an increase of the CT
excited state decay rate in the order bpy’ < RPyCa < R-DAB < Ar-DAB. Electronic
coupling also seems to increase on going from Re(E)(CO);(dpp)*™* to
Re(E)(CO),(dpq)” + complexes. This is indicated by the intercept of their respective
EGL correlations [93], which is much larger (58.7) for the dpq series than for the
dpp one (35.1). So far, no systematic studies of the electronic coupling between the
CT states and the ground state and of its structural dependence have been carried
out.

Other diimine-dependent factors that influence the behaviour of the CT states
appear to be less important than the effects of excited state distortion and electronic
coupling. No strong diimine-dependent solvent effects were noticed, with the
possible exception [127] of monomolecular Re(E)(CO).(bpm) "; E = py, CH;CN;
complexes which show much shorter MLCT lifetimes in CH,CN than in CH,Cl,.
Variations in the energy difference from higher, rapidly decaying states, is of a little
importance for the complexes discussed herein. However, the proximity of IL
excited states may affect photophysical behaviour for some diimine ligands, espe-
cially phen derivatives or dppz, vide infra.

To summarise, the structure of the diimine ligand affects the properties of the CT
states (MLCT, LLCT, o7*) of Re and Ru carbonyl-diimine complexes through the
energy of the accepting n*(diimine) orbital, its delocalisation over the diimine
ligand framework and by the extent of its interaction with the metal d, orbital. An
increase of the n* orbital energy slows down the non-radiative decay. Increasing
delocalisation of the excited electron over a large, preferentially rigid, diimine
ligand framework restricts the excited state distortion. This may be accompanied by
a decrease in the mean frequency of the acceptor vibrations. Both these effects
strongly diminish the non-radiative decay rate of the CT states. On the other hand,
an increase of the M — ditmine 7 back bonding strengthens the electronic coupling
between the excited and ground state, facilitating the non-radiative decay. For the
complexes discussed herein, the rate of the non-radiative decay generally increases
(excited state lifetime decreases) according to the order 11, particularly bpy < R-
PyCa < R-DAB < Ar-DAB. On the other hand, the rate of radiative decay gener-
ally decreases in the order 10: bpy > R-PyCa > RDAB > Ar-DAB. The combina-
tion of these two effects leads to a decrease of emission quantum yields on going
from bpy to the PyCa and to DAB ligands.
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4.2. Intraligand (x-diimine) excited states

Charge transfer states are not the only low-lying excited states produced by
exciting an electron into the n*(diimine) orbital. In fact, some diimine ligands
possess low lying intraligand, IL, excited states of a = — n* character in which the
electron is excited from a predominantly diimine-localised occupied n-bonding
orbital. The nature of the lowest excited state of complexes of such ligands is then
determined by the relative energy of the CT and IL excited states which depends
not only on the diimine ligand, but also on the metal, the axial ligand(s) and even
on the temperature and/or the medium.

Experimentally, the IL character of the emissive excited state is manifested by a
sharp, structured, emission band which resembles that of the free ligand. The °IL
states are usually rather long-lived, although their lifetimes are shorter compared
with the free ligands. Lifetimes of the ’IL emission often exhibit complicated
temperature dependencies because their decay may involve close-lying states of
other orbital origin. It should be noted that the observation of a typical broad
MLCT emission from a complex with close-lying MLCT and IL states does not
necessarily prove that MLCT is the lowest state. This is the case of
Re(CH)(CO)4(dppz) at r.t. in a fluid solution [142]. The character of its lowest
excited state was determined by time-resolved resonance Raman spectroscopy to be
n— n* IL. However, both its radiative and non-radiative decay to the ground state
are rather slow. Instead of decaying directly to the ground state, the *IL state of
Re(CI)(CO),(dppz) is deactivated through a higher lying, emissive, MLCT state that
is close in energy. Hence, only the MLCT emission is observed. On the other hand,
both the emission and time-resolved Raman spectra of an analogous
Re(PPh),(CO),(dppz) * complex point to an IL character of its lowest excited state
[142]. Apparently, the MLCT state is, in this case, too high above the IL one to
provide an efficient deactivation pathway. Emission spectra of several cationic
complexes Re(E)(CO),(R-phen) * ; R-phen = substituted phenanthroline derivatives;
exhibit overlapping emission bands due to MLCT and IL emissions [143]. Their
close lying MLCT and IL states are in thermal equilibria at ambient temperatures,
whereas dual emission with a biexponential (or multiexponential) decay from
non-equilibrated populations of IL and MLCT states was often observed for these
complexes in low-temperature glasses [16,92,96,143,144].

A lowest intraligand excited state is common in cationic Re complexes of diimine
ligands which possess an extensively delocalised n system, for example derivatives
of phen, large aromatic ligands like dppz, dppn, or for DAB or PyCA ligands with
aromatic substituents on their N-donor atoms. While the energy of the IL state is
largely determined by the diimine ligand, the variable energy of the CT state makes
the relative ordering of the IL and CT states strongly structure- and medium-sensi-
tive. In general, the occurrence of an IL lowest state in Re(E)}(CO);(«-diimine)® +
complexes is favoured by the presence of weakly o-donating and strongly n-accept-
ing axial ligands, for example phosphines, phosphites, nitriles, or isonitriles, which
push the CT states up in energy. The energy of the CT state also increases on going
from fluid solutions to rigid media like polymer matrices, crystals or low-tempera-
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ture glasses while the IL states are virtually unaffected since they do not involve a
charge separation. If the rigidochromic effect is larger than the separation between
the lower lying CT state and the IL state, their relative ordering may be altered by
changing the medium. Thus, many Re(py-X)(CO);(R-phen)™*; py-X = pyridine
derivatives; or Re(CH;CN)(CO);(R-phen) ™ complexes show broad, structureless
MLCT emission from fluid solutions while a highly structured long lived IL
emission is observed from low-temperature glasses [46,92,96,143,144]. Strongly
n-accepting isonitrile ligands in the axial position push the MLCT states to still
higher energy. Hence, Re(CN-Bu)(CO);(R-phen)* complexes exhibit either pure
IL emission or mixed IL/MLCT emission even from room temperature CH,Cl,
solutions [16].

The Re(CO),(bpy)* complex with two axial CO ligands presents an extreme
case. The MLCT states are so high in energy that the emission occurs from an
*IL(bpy) state in rigid media as well as in fluid solutions [119-122]. Notably, this
is the only known Re carbonyl-bipyridine complex whose lowest excited state has
an IL character. Detailed analysis of the emission and absorption spectra obtained
from single crystals and PMMA glasses at cryogenic temperatures has revealed
[121] that 3% of a 'MLCT character is admixed into the emissive *IL state by
spin—orbit coupling. Importantly, this, relatively small, 'MLCT admixture has
profound photophysical effects. It increases the oscillator strength of the transition
to the ’IL state, changes its polarisation, increases the S, factor, and shortens the
emission lifetime by five orders of magnitude relative to free bpy. It is interesting to
note that the '"MLCT admixture is only 1% for the closely related Re(CO),(phen) *
complex due to a much smaller spin—orbit matrix element, 65 cm ', as compared
with 261 cm ~* for Re(CO),(bpy) *.

4.3. Complexes with non-diimine acceptor ligands

The remarkable ability of a-diimines to introduce long-lived, emissive, and/or
reactive charge transfer excited states into organometallic molecules of low-valent
metals seems to originate in a unique balance of the energy and (de)localisation of
their lowest unoccupied n* orbital, and the extent of its electronic interaction with
the metal d, orbitals together with a relatively small structural distortion of the
diimine ligand on accepting the excited electron. Although «-diimines are the most
common ligands which give rise to charge transfer excited states, other electron-ac-
ceptors with low-lying unoccupied n* orbitals may also form organometallic
complexes exhibiting intriguing CT excited state properties.

Re(C1)(CO),(L), complexes in which L is a monodentate pyridine derivative have
long-lived MLCT excited states whose behaviour is very similar to that of
Re(CI)(CO),(bpy) and its analogues. The MLCT excited state of Re(Cl)(CO).(4.4'-
bpy). was the first one to be characterised by TRIR spectroscopy [145]. Typical
high-frequency shifts of v(CO) bands were observed and used in a vibrational
analysis of the MLCT state within the CO energy-factored force field approxima-
tion [115]. Re(CI)(CO);(L), complexes, in which L = 4-Ph-pyridine, 4-NC-pyridine,
quinoline or isoquinoline, have a lowest MLCT or IL excited state [146-149],
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depending on L and the medium. Their photophysical behaviour resembles that of
the phen complexes. Obviously, the occurrence of long-lived emissive excited states
is not restricted to complexes with chelated acceptor ligands. Some of these species
undergo an interesting photoreactivity under UV irradiation that was attributed to
a higher Re(Cl)(CO),(L" )L *) LLCT state [146,147,149].

An interesting excited state behaviour is also exhibited by Re complexes with
chelated dithiooxamide ligands, DTO [150,151]. The Re(Br)(CO);(DTO) complex
shows absorption bands in the visible spectral region which belong to transitions of
a mixed (Re—DTO) MLCT/(Br—-DTO) LLCT character. By contrast to its
photostable diimine analogues, visible light irradiation of Re(Br)(CO);(DTO) leads
to a photochemical substitution of the axial Br ligand by P(nBu); following an
associative mechanism, while UV irradiation results in a CO loss [151].

Oxygen-coordinated ligands also form complexes with low lying MLCT states.
Complexes of the type Re(CO),_,(L),(DBSQ) (DBSQ = 3,5-di-tbutyl-1,2-ben-
zosemiquinone radical anion, L = various Lewis bases, n =0, 1, 2) show typical
MLCT absorption bands in the visible spectral region. Delocalisation of the
corresponding MLCT transition over the Re(DBSQ) chelate ring increases with
increasing Lewis basicity and the number of the co-ligands L [152,153]. Ligand-lo-
calised oxidation produces complexes Re(CO),_ (L), (DBQ)* (DBQ = 3,5-di-
tbutyl-1,2-benzoquinone) that contain the very strongly -electron-accepting
o-quinone ligand. Their low lying electronic transitions are completely delocalised
over the Re(DBQ) chelate ring, as was revealed by rR spectroscopy [154]. Neither
of the diimine ligands discussed in the preceding sections is as strong a m-acceptor
as DBQ. The PhC(=O0)C(=NR)Ph Iligand, abbreviated (N,0), forms
Re(X)(CO);(N,0); X =Cl, I; complexes which are characterised by a low-energy
absorption band attributed to a mixed MLCT/LLCT transition. This excitation
appears to be largely delocalised over the Re(N,O) chelate ring [123]. Neither the
photophysics nor the photochemistry of the Re complexes with oxygen-coordinated
acceptor ligands have been studied.

N,C ~-coordinated organometallic ligands are very promising electron acceptors
which are known to form photoactive complexes with Pt" and Ru" [155]. The only
known example of a Re complex is Re(CO),(ppy), which contains the anion of
2-Ph-pyridine, ppy, coordinated through the N and C~ atom of the pyridine and
phenyl ring, respectively. Its lowest excited state was determined to be *IL with a small
'MLCT admixture [156]. The same lowest excited state was found for the N,S ~ -co-
ordinated Re(CO),(2-(2-thienyl)pyridine) complex [157]. An interesting photophysi-
cal and photochemical behaviour is expected for Re—tricarbonyl complexes of these
ligands with Lewis bases, halides or covalently bound ligands in the axial position.
However, the synthesis of such complexes has still to be developed.

5. Ligand tuning of the excited state character: summary, perspectives and
potential applications

As in most organometallic compounds of low-valent metals with electron-accepting
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ligands, the MLCT excited state is very common in Re' and Ru' carbonyl-di-
imine complexes. It is the lowest excited state in those complexes in which the
axial ligand is rather innocent, a conventional o-donating Lewis base with nei-
ther strongly = donating nor z accepting properties. Intense MLCT emission and
long lifetimes make such complexes promising luminophores or luminescence
probes or sensors, especially in rigid media or confined supramolecular environ-
ments. The rate of their non-radiative decay follows the EGL behaviour when
the axial ligand or substituents on the diimine ligand are varied. MLCT states in
the Re(E)CO)i(z-diimine)”+ and Ru(E}E')(CO),(z-diimine) complexes are
mostly stable toward ligand dissociation and their decay usually does not involve
reactive LF states. The resulting photochemical stability makes these species
promising sensitisers of electron transfer reactions. A much deeper understanding
of the chemistry of their redox products, especially the oxidised forms, is neces-
sary in order to utilise their excited state redox reactivity. Photoactive complexes
that are chemically stable on oxidation and/or reduction are much needed.

Changing the axial ligand E to a n-donor (e.g. iodide) makes it possible to
tune the character of the lowest excited state from MLCT to (E — diimine)
LLCT through mixing between the occupied metal d, orbitals and the p, or-
bitals of the axial ligand. This orbital mixing and, hence, the relative contribu-
tions from the MLCT and LLCT characters to the lowest excited state are
variable and strongly dependent on the axial ligand. Fine tuning of the excited
state character may thus be achieved. The MLCT/LLCT change in the excited
state character manifests itself by strong deviations from the EGL behaviour.
The non-radiative decay rate drops on going from chlorides to iodides without a
corresponding decrease in E,,. This appears to be caused by diminishing the
excited state distortion and electronic coupling on going from MLCT to LLCT
states. LLCT states may be populated by direct irradiation into absorption
bands belonging to LLCT electronic transitions. Complexes with lowest LLCT
states of this type are, again, photochemically rather stable, and, therefore, are
suitable as redox sensitisers or luminophores. Despite somewhat smaller radiative
decay rates, longer LLCT lifetimes may lead to larger emission quantum yields,
as compared with pure MLCT emission.

Structural modifications of the axial ligands in complexes with a stable MLCT
or LLCT lowest excited state can produce photoactive species with interesting
applications. For example, attachment of a crown ether ring to axial pyridine
ligands [17,18] could lead to sensors. Histidine [100], imidazole [23], or nucle-
obase [14] axial ligands give rise to Re complexes that can be specifically at-
tached to proteins or other biomolecules and act as intramolecular
photooxidants [23,44,45]. Bridging axial ligands give rise to polynuclear com-
plexes capable of harvesting light energy [107,125]. Linking two Re(CO),(bpy)
moieties by acetylene groups aims at the development of molecular wires [98,99].

A different type of LLCT excited states, Re(E' " (CO),(«-diimine ~), occurs in
complexes whose axial ligand E may be oxidised by a net electron transfer. Such
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LLCT states may be populated indirectly through higher-lying Re — diimine MLCT
states. They are usually not emissive but the oxidised ligand E'* may undergo
chemical reactions. The possible synthetic or catalytic utility of these LLCT states
remains to be explored.

Another type of CT excited state is introduced into the Ru or Re carbonyl-di-
imine complexes by axial ligands E with a high-lying o-orbital, e.g. alkyls, benzyl,
or metal-fragments like SnPh,, Mn(CO);, Re(CO);, CO(CO),, etc. Such ligands
form covalent M—-E ¢-bonds. The corresponding occupied a-bonding orbital often
lies above the d, metal orbitals. This bonding situation gives rise to a lowest on*
state whose properties depend strongly on the metal, axial ligand(s) E and E’, and
on the solvent. In general, these states are highly reactive. Their population, either
by a direct o — n* excitation or indirectly via higher '"MLCT states, results in the
homolysis of the M—E bond, producing radicals. The rate of this reaction ranges
from femtosecond in the case of alkyl or benzyl complexes in polar solvents to 250
ns for Re(Benzyl)(CO),;(iPr-DAB) in toluene or hexane and even to microseconds
for Re or Ru complexes containing the strongly bound Ph,Sn ligand. Bond
homolysis is the main deactivation pathway of the on* states. If the photochemical
reaction is suppressed in low temperature glasses or in a non-polar solvent, the on*
states are rather long-lived since their non-radiative decay to the ground state is
exceptionally slow. This is caused by the combination of a relatively small excited
state distortion with a weak electronic coupling to the ground state. In particular,
a very long lifetime was found for the ’on*-excited Ru(SnPh,)(CO),(iPr-DAB)
whose axial ¢ orbital is nearly non-bonding and, moreover, largely delocalised over
the complex molecule through its mixing with the 7*(diimine) orbital. In general,
the large strength of the axial bonds and extended delocalisation of the axial &
electronic density onto the diimine ligand, which may occur both in the ground and
excited state, appear to be the most important structural factors which stabilise the
on* state towards both the non-radiative decay and the bond homolysis. The
radiative decay is also slow and, hence, the emission from oz * states is rather weak.

Efficient photochemical radical production from Re and Ru carbonyl-diimine
complexes with lowest o* states may find applications in photoinitiation of radical
reactions and polymerisations by irradiation with low-energy visible light. Various
Mn(E}(CO),(«-diimine) complexes, whose photoreactivity is similar {55] to that of
the Re species, are now being explored as potential photoinitiators [158]. Long
intrinsic excited state lifetimes and emissive properties of the ox* states could be
exploited in the development of luminophores emissive in red or near-IR spectral
regions, should the photoreactivity be suppressed completely. To this effect, os-
mium complexes with supposedly unreactive on* excited states are now being
developed.

The MLCT, LLCT, or on* states all involve excitation into the n*(diimine)
orbital. Hence, the properties of a particular excited state are dependent on the
structure of the diimine ligand. Structural variations in the diimine ligand present
a very promising way to purpose-designed photoactive molecular materials. For
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example, a judicious building of delocalisation and rigidity into diimine ligands
enables to control excited state lifetimes (almost) independently of the excited state
energy [89,91]. The possibility to design complexes with long-lived, relatively
low-energy, excited states is especially attractive. Such species would absorb light
over most of the visible spectral region and convert the optical energy to the excited
state energy that may be further utilised chemically. Diimine complexes may also be
linked together [159] through substituents (e.g. —C=C-) on the rings of the bpy
ligand [160] or by linking together the N donor atoms of the DAB or PyCa ligands
by organic spacers [159]. These approaches may lead to photoactive metal-contain-
ing polymers. Significant stabilisation of the z*(diimine) orbital and, hence, a shift
of the absorption and emission to the red (or even NIR) spectral region may be
accomplished by attaching another metal centre to the potentially bridging ligands
like dpp, dpq, bpym. For example, this is the case of trinuclear complexes
Re(Mn(CO);5)(CO)+(#-L)Re(Br)(CO),(bpy); L = dpp, bpym; whose irradiation with
red light (645 nm) still leads to the Re—~Mn bond homolysis from a low-lying on*
state [70,161]. These observations could open a route to photonic materials active
under low-energy irradiation. Another important research direction leads to the
realm of supramolecular photochemistry and sensors. For example, crown ether
units may be attached to the 4,4’ positions of the bpy ligand [17] or to the imine N
donor atom of PyCa [15]. DAB and PyCa ligands with long aliphatic substituents
on their N atoms form liquid crystalline Re complexes [162,163] whose photophys-
ical properties has not yet been studied. An interesting supramolecular device was
formed by linking a bis-anthracene unit to the 3-position of the bpy ligand in
Re(Cl)(CO),(bpy). Photochemical switching of the former from the monomeric to
the dimeric state and vice versa switches the emission of the latter on and off,
respectively [164]. A Re(Cl)(CO); moiety was also incorporated to large macrocyclic
rings containing phen units [165]. Large polycyclic diimine ligands like dppz or
dppn, which may form adducts with biomolecules like DNA.

Tuning the properties of the CT states by the structural variations of the diimine
ligand is, however, somewhat restricted by the occurrence of low-lying intraligand
nn* excited states in highly delocalised aromatic diimine ligands. Such an IL state
may then become the lowest excited state of the Re(E)(CO)3(a-diimine) molecule,
especially if the axial ligand E is a strong z-acceptor and/or if the complex is
embedded in a rigid matrix.

6. Conclusions

The character and properties of the lowest excited state of Re(E)(CO)s(«-diimine)
and Ru(E)(E')(CO),(a-diimine) complexes can be fine-tuned by variations in the
structure of the axial ligand(s), the diimine, or the medium. In general, the lowest
excited state can be either of MLCT, LLCT, on*, or IL character. Each of these
states has its distinct spectroscopic, photophysical and photochemical properties.
The rate of radiative as well as non-radiative decay generally decreases in the order
MLCT > LLCT » on*. However, the actual lifetime of on* states may be strongly
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diminished by their chemical reactivity. For each type of excited state, a decrease in
both radiative and non-radiative decay rate follows the general trend bpy < R-
PyCa <R-DAB < Ar-DAB. The Re and Ru carbonyl-diimine complexes are,
depending on their structure and environment, promising sensitisers, luminophores,
photocatalysts, radical photoinitiators or luminescent probes or sensors. Their
potential function depends on the character and properties of their lowest excited
state, and, hence, it may be controlled by a judicious choice of the axial and diimine
ligands. The understanding of the relations between the structure and excited state
properties, together with the great synthetic flexibility of these complexes, opens a
way to a rational design of various photonic materials.
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