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a b s t r a c t

This review focuses on the photophysical properties of rhenium(I) tricarbonyl moieties of the type
[Re(CO)3(NN)L] (where NN = polypyridyl ligand and L = chloride or nitrogen donor atom) and their
importance to the area of inorganic chemistry. Processes such as electron transfer, energy transfer and
photodissociation are also highlighted. The second aspect of this review highlights the photophysical
eywords:
henium(I) complexes
lectron transfer
nergy transfer
hotodissociation

properties of dinuclear ruthenium(II)–rhenium(I) complexes, with particular emphasis on the impor-
tance of the electronic properties of the bridging ligand between the metal centres. Applications of such
complexes include CO2 reduction, DNA cleavage, and biological labels for various therapeutic, diagnostic,
and mechanistic applications.

© 2008 Elsevier B.V. All rights reserved.
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inuclear ruthenium(II)–rhenium(I)
omplexes

. Introduction

The spectroscopic, photochemical and photophysical
roperties of rhenium(I) tricarbonyl complexes of the type

ac-[Re(CO)3(NN)L], continue to attract much attention ever since
heir interesting excited state properties, which are similar to those
f the Ru(II) polypyridyl analogues, were first recognized in the

970s [1]. Later work by Meyer and co-workers helped elucidate the
elationship in these systems between the nature of the chloride
nd/or polypyridyl ligand and the character of the photophysical
roperties observed [2]. The low energy excited state of these

∗ Corresponding author. Tel.: +353 17008005; fax: +353 17005503.
E-mail address: mary.pryce@dcu.ie (M.T. Pryce).
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henium(I) polypyridyl systems is mixed in character involving low
ying metal-to-ligand charge transfer (MLCT) states and intrali-
and (IL) 3�–�* excited states [3]. As a result of strong spin-orbit
oupling, resulting in enhanced singlet–triplet mixing this class of
helated metal carbonyl complex are strong phosphorescent emit-
ers possessing long-lived excited states [4]. Such systems easily
end themselves to the design of luminescent sensors and materials
or supramolecular devices. It is therefore very important to under-
tand their electronic structure and correctly assign their low-lying
lectronic transitions. Their excited states have also demonstrated
he potential to act as active catalytic species in the photo- and

lectrocatalytic reduction of CO2 to CO [5], and as labelling reagents
or biomolecules [6,7,23]. The photophysical and photochemical
roperties of these systems can be tuned by varying the ligand
oordinated to the rhenium(I) tricarbonyl moiety. Furthermore, it
as been shown that rhenium(I) complexes of this type can display

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:mary.pryce@dcu.ie
dx.doi.org/10.1016/j.ccr.2008.07.001
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wo-photon excitation (at 705 nm or at longer wavelengths), as
he emission intensity depended on the square of the laser power.
8] Complexes that undergo multi-photon process have potential
pplications as probes in multi-photon microscopy or in tissues.

. Mononuclear rhenium(I) tricarbonyl complexes

.1. Preparation of complexes of the type fac-[Re(CO)3(NN)L]

Rhenium(I) tricarbonyl complexes of the type [Re(CO)3(NN)Cl],
an be readily synthesized by reacting the appropriate N-donor lig-
nd (NN), such as 2,2′-bipyridine, under an inert argon atmosphere
ith an equimolar amount of [Re(CO)5Cl] in a non-polar solvent

uch as hexane or toluene, although the latter is more commonly
sed [9]. The desired [Re(CO)3(NN)Cl] product often precipitates
rom solution on cooling, allowing easy isolation and further purifi-
ation.

The chloride ligand may also be substituted with a nitrogen
onor ligand such as pyridine to form complexes of the type
Re(CO)3(bpy)(py)]+, where bpy = 2,2′-bipyridine and py = pyridine.
wo methods have been developed for the substitution of the
hloride ligand with an N-donor ligand [10–12]. These involve
ither reacting [Re(CO)3(bpy)Cl] with triflic acid (CF3SO3H) in room
emperature dichloromethane or refluxing the former with silver
riflate (AgCF3SO3) in THF, the method used being dependent on the
lectron donating abilities of the coordinating N-donor ligand. In
oth cases the triflate salt [Re(CO)3(bpy)(O3SCF3)] is formed, which

s subsequently reacted with the N-donor ligand to yield the desired
roducts, such as [Re(CO)3(bpy)(py)](CF3SO3).

.1.1. Photophysical properties of fac-[Re(CO)3(NN)L]
Rhenium tricarbonyl complexes of the type [Re(CO)3(NN)L],

here NN = polypyridine ligand and X = Cl or PPh3, typically
ossess Cs geometry with three IR active vibrational modes
A′(1) + A′(2) + A′′], corresponding to three carbonyl ligands in a
acial arrangement [1,13,14]. When the ancillary Cl or PPh3 ligand is
n N-donor ligand the local coordination around the Re metal cen-
re possesses pseudo-C3v symmetry, resulting in the observance
f only two IR active bands; the higher energy band assigned to
n A1 vibrational mode while the broad lower energy (E) band is
convolution of the previously mentioned A′(2) + A′′ bands. For

he complex fac-[Re(CO)3(bpy)Cl], the �CO bands are observed at
024, 1917 and 1900 cm−1 in CH3CN solution [15]. The position of
hese carbonyl bands is greatly affected by the d� electron den-
ity of the rhenium centre as a result of �-back donation and the
-acceptor capabilities of the coordinated polypyridyl ligand. By
arying the coordinating polypyridyl ligand, the electronic proper-
ies of the system studied may also be fine-tuned. The electronic
bsorption spectrum of fac-[Re(CO)3(bpy)Cl] typically exhibits a
umber of high energy absorption bands. A high energy feature
t ∼295 nm is associated with a bipyridyl based �–�* transition
1]. A lower energy band observed at ∼390 nm is associated with a
e → �* (bpy) MLCT transition and Cl → bpy LLCT (LLCT = ligand-
o-ligand charge transfer) transition [16]. This assignment was
ater confirmed with density functional theory (DFT) calculations
17]. The MLCT transition exhibits solvatochromism [18] and is
lso sensitive to the electron-donating/-withdrawing nature of
ny substituents on the bipy ligand. Recently, the meridonal iso-
er, mer-[Re(CO)3(bpy)Cl], was synthesized, and isolated for the
rst time [19]. The mer isomer was obtained following irradia-
ion of the corresponding fac isomer at 313 nm in THF solution.
arge differences are observed in the spectral data, for instance,
n the 1H NMR spectra, only four proton signals are observed for
ac-[Re(CO)3(bpy)Cl], whereas eight proton signals are observed
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or mer-[Re(CO)3(bpy)Cl]. In the UV–vis spectra the MLCT absorp-
ion bands are red-shifted by 50–100 nm when compared to
ac-[Re(CO)3(bpy)Cl], and furthermore the mer isomer does not
mit at room temperature, in contrast to the fac isomer.

.1.2. Charge transfer excited states
Rhenium(I) tricarbonyl complexes are one of the few classes of

etal carbonyl complexes to emit in fluid solution. They are thus
mportant candidates for electron and energy transfer systems.

any examples [20] exist of rhenium(I) tricarbonyl complexes,
hich exhibit 3MLCT emission at both room temperature and

7 K. The presence of the halide in the axial position of complexes
f the type [Re(CO)3(NN)L] allows great synthetic freedom and
ith this, manipulation of the excited state behaviour is possible.

ac-[Re(CO)3(bpy)Cl] exhibits a broad structureless emission band
ith a �max at 610 nm in solution at 298 K [1]. In a 77 K 4:1

tOH:MeOH glass this emission band is blue shifted to 535 nm.
his rigidochromic effect is characteristic of the 3MLCT origin of
he emissive state of this complex. Furthermore, on cooling to
7 K the excited state lifetime increases from 51 ns to 2.68 �s. This
s a consequence of the immobility of the solvent dipoles on the
imescales involved, resulting in an inability to respond to the
hange in electronic configuration. The excited state lifetime is
urther extended in a frozen glass as non-radiative decay pathways
uch as vibronic coupling, solvent interactions and possible oxygen
iffusion are all significantly reduced [21]. A further example of
he significant importance of the nature of the axial ligand L, where
= halide is evident in the studies by Stufkens and co-workers

16] on fac-[Re(L)(CO)3(�-diimine)] complexes, where L = Cl, Br, I
nd �-diimine = bpy, pyridine-2-carbaldehyde-N-isopropylimine
iPr-PyCa) and N,N′-di-isopropyl-1,4-diaza-1,3-butadiene (iPr-
AB). Time resolved absorption and infrared studies suggest

hat the character of the lowest lying excited state transition of
ac-[Re(L)(CO)3(�-diimine)] is determined by the halide present
nd that the excited state character changes from predominantly
MLCT (Re → �-diimine) when L = Cl to predominately LLCT
halide L → (�-diimine) when L = Br. This is attributed to the
ncreased level of mixing between the Re(d�) and L(p�) orbitals
s the L(p�) orbital energy increases in going from Cl → Br → I.
urthermore, with increased halide character the excited state
ifetime is increased due to a decreased rate of non-radiative
ecay. The emission maxima of such systems at room temperature
r at 77 K are also sensitive to the nature of the polypyridine
igand (NN), and to any substituent on the polypyridyl ligand.
or instance, for complexes of the type [Re(CO)3(4,4′-X2-bpy)Cl],
here X is an electron-withdrawing/or -donating group there

s a considerable shift in the emission �max. When X = NEt2, the
max is observed at 575 nm at 295 K (501 nm at 77 K), whereas
n changing X to the electron-withdrawing group –NO2, the
mission �max is observed at 780 nm at 295 K (670 nm at 77 K)
22]. Computational studies employing DFT have shown that this
mission arises from a mixed 3MLCT and 3LLCT (Re to bpy and Cl
o bpy) excited state and that the nature of the axial ligand L has

profound effect on both the absorption and emission spectra
ue to changes in the HOMO–LUMO energy gap depending on the
lectron-withdrawing/donating abilities of the ligand [23]. Hence,
he energy band gap (|�A(HOMO–LUMO)|) increases in the order
Re(CO)3(4,4′-(CH3)2–bpy)Cl] > [Re(CO)3(bpy)Cl] > [Re(CO)3(5,5′-
r2–bpy)Cl] > [Re(CO)3(4,4′-2COOCH3–bpy)Cl]. Similarly, for a
eries of rhenium(I) polypyridine isothiocyanate and maleimide

omplexes, electron-donating substituents on the polypyridine
igand result in emission at higher energies than those containing
lectron-withdrawing moieties [6,24]. [Re(phen)(CO)3(py-3-
CS)](CF3SO3) was found to emit at 530 nm in CH2Cl2 solution,
hile substitution with a more electron withdrawing moiety
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Table 1
Photophysical data of selected rhenium(I) tricarbonyl complexes

Complex Medium �em (nm) �0 (�s) (Фem)

Re(CO)3(bpy)Cla CH2Cl2 387 –
CH3CN 370 –

Re(CO)3(bpm)(Cl)a CH3CN 365 –
[Re(CO)3(dppt)Cl]b CH2Cl2 449 –
[Re(CO)3(bpm)(py)]+c CH3CN 364 –
Re(dppz)(CO)3(py–CH2–NH–biotin)(PF6)d CH2Cl2 558, 601(sh.) 4.90 [0.0049]

CH3CN 556, 559 (sh.) 7.12 [0.0016]
Re(dppn)(CO)3(py–CH2–NH–biotin)(PF6)d CH2Cl2 587 17.88 [0.20]

CH3CN 595 31.47 [0.13]

a Ref. [15].
b Ref. [26].
c Ref. [27].
d Ref. [6a].
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tetraphenylporphyrins (Zn-TPP and Mg-TPP) linked covalently to a
[Re(CO)3(bpy)(pic)] (pic = picoline) unit via an amide bond (Fig. 2).
The electron-donating picoline moiety was introduced as previous
efforts [29,30] with [Re(CO)3(bpy)Br-MTPP] (M = Zn or Mg), indi-
cated that with the Br axial ligand no photoinduced reactions with
Fig. 1. Structures of biotin ligands (L) a

Re(biq)(CO)3(py-3-NCS)](CF3SO3) (biq = 2,2′-biquinolinyl) blue
hifts the emission maximum to 642 nm, which suggests a 3MLCT
e(d) → �* (polypyridine ligand) state [6].

A series of rhenium(I) tricarbonyl systems incorporating an
vidin–Biotin protein system (Table 1) have also been investi-
ated for use in bioanalytical applications [6,25]. As indicated
n Table 1 these rhenium(I) tricarbonyl–biotin complexes exhibit
ntense long-lived 3MLCT-based emission. Interestingly, titrations
f the rhenium(I) tricarbonyl–biotin complex in the presence of
vidin was found to result in an enhancement of up to 300% of
he emission intensity, with a concomitant increase in the triplet
ifetime. This increase in emission intensity has been credited to
he binding of the complex to the biotin binding sites of avidin.
lthough emission quenching is often observed following forma-

ion of fluorophore–biotin conjugates, in this case there is negligible
verlap between the absorption and emission spectra of the rhe-
ium(I) tricarbonyl–biotin complex.

Furthermore, it is speculated that this emission enhance-
ent may also be partially due to the hydrophobicity of the

vidin moiety as well as the observed increase in the rigidity

f the molecule following avidin binding, which is believed to
esult in a decrease in the efficacy of non-radiative decay pro-
esses. Subsequent coordination of planar extended polypyridyl
igands (N–N) such as dipyrido-[3,2-a:2′,3′-c]-phenazine (dppz)
nd benzo[i]dipyrido[3,2-a:2′,3′-c]phenazine (dppn) (see Table 1
lected polypyridyl ligands (N–N) [25].

nd Fig. 1) were shown to further extend both the triplet emission
ntensity and the excited state lifetime.

Recently, Perutz and co-workers [28] have studied Zn and Mg-
Fig. 2. Structure of [Re(CO)3(pic)(bpy)-MTPP][OTf] [28].
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Table 2
Measured decay times of the emissive states of Re(CO)3(s-phen)Cl complexes at 77 K

Ligand � (�s)

3�–�* 3MLCT
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ntermolecular electron donors occur and that the solubility was
ery low in common organic solvents.

IR spectroelectrochemical studies of [Re(CO)3(pic)bpy-ZnTPP]+

ere undertaken in room temperature PrCN, and new bands
t 2012 and 1902 cm−1 were assigned to the radical species
Re+(CO)3(pic)bpy•− ZnTPP]. Cyclic voltammetry studies confirmed
hat no significant exchange of picoline with PrCN occurs. Both the
Re(CO)3(pic)bpy-ZnTPP]+ and [Re(CO)3(pic)bpy-MgTPP]+ com-
lexes were studied using steady-state emission spectroscopy,
hich revealed solvent dependent quenching of the porphyrin

mission, on irradiation of the porphyrin (560 nm). The emis-
ion spectrum of [Re(CO)3(pic)bpy-ZnTPP][OTf] was similar to
hat of the bpy-ZnTPP, however the emission spectrum of the
e–porphyrin complex is substantially reduced in intensity (by
5%). Further reductions in emission intensity were observed in
HF. A similar trend was observed for the bpy-MgTPP analogue,
ith a reduction in emission intensity to only 2.5% of bpy-MgTPP.
o evidence was obtained for the Re MLCT emission. At 77 K
owever, both rhenium–porphyrin complexes emit with a simi-

ar intensity to that of the Re(I) free system, indicating a possible
lectron-transfer process. Overall, these systems demonstrate a
olvent-dependent quenching of the porphyrin-based emission on
rradiation into the porphyrin Q bands. Furthermore, irradiation of
hese systems at low energies (560 nm) in TR-VIS studies results
n spectral features indicative of a typical porphyrin S1 state, with
n absorption at 460 nm and stimulated emission at 610 nm. This
1 state decays over 17 ps for [Re(CO)3(pic)bpy-MgTPP][OTf] and
4 ps for [Re(CO)3(pic)bpy-ZnTPP][OTf] in PrCN, with the transient
pecies being strongly solvent dependent. TRIR studies led to the
eneration of bands at 2028, 2008, 1900 cm−1, following excitation
f [Re(CO)3(pic)bpy-MgTPP][OTf] (�CO 2033, 1931 cm−1) at 600 nm.
hese bands are consistent with those obtained in the IR spectro-
lectrochemical studies, and are assigned to a charge separated
CS) excited state in which the Re(bpy)moiety is converted from
cation to a radical, and the metalloporphyrin is converted to a

adical cation, [Re+(CO)3(pic)bpy•− MgTPP]. The CS state decays
o a vibrationally hot ground state species. Vibrational and elec-
ronic relaxation then occurs over 25–55 ps. It is suggested that this
rocess occurs via a rapid charge separation mechanism and back
lectron transfer process resulting in solvent dependent quenching
f the porphyrin emission.

.1.3. Mixed charge transfer and ligand localized excited states
Rhenium(I) carbonyl systems may also exhibit ligand localized

�–�*/3IL and 3MLCT excited state character. Systems, which emit
rom both 3MLCT and 3IL states were first reported by Wrighton and
o-workers [31] for the series of complexes [Re(CO)3(3-bopy)2L]
nd [Re(CO)3(4-bopy)2L], where bopy = 3-benzoylpyridine or 4-
enzoylpyridine and L = Cl. Excitation of [Re(CO)3(3-bopy)2Cl] and
Re(CO)3(4-bopy)2Cl] at room temperature, resulted in broad struc-
ureless emission bands at 546 and 600 nm respectively which
re assigned to a 3MLCT state. For the 4-bopy derivative, lower-
ng the temperature to 77 K results in a blue shift of the emission

axima, an increase in emission intensity and an increase in
he excited state lifetime. Furthermore, the emission band was
esolved into two components, with lifetimes of 18 and 1400 �s.
he short-lived component was assigned to a 3MLCT state, while
he longer lived component was attributed to a 3IL state of the
-bopy ligand. The analogous systems [Re(CO)3(4-bopy)2Cl] and
e(CO)3(bpy)(4-bopy)]+ have also been recently studied [32]. The
owest lying excited state of [Re(CO)3(4-bopy)2Cl] was assigned as
MLCT (Re(d) → �*(4-bopy) in character based on time-resolved
isible absorption (TA) and time-resolved resonance Raman (TR3)
tudies. While, the lowest lying excited state of [Re(CO)3(bpy)(4-
opy)]+ was also found to be 3MLCT in character, time-resolved

p
t
[
m
M

,7-Me2phen 135 12.8
e4phen 175 13.2

,6-Me2phen 279 9.1

nfrared (TRIR) studies suggest that the excited electron density
emains localized on the bpy ligand with no involvement of the
-bopy ligand, thus giving an excited state with Re(d) → �*(bpy)
haracter. More recently, the analogous 2-benzoylpyridine com-
lex fac-[Re(CO)3(2-bopy)Cl]+ has also been studied by UV–vis
pectroscopy and density functional theory calculations [33]. Time-
ependent density functional theory calculations show that the

ow energy absorption band at 466 nm, originates largely from
he HOMO-1 → LUMO transition, with the HOMO-1 delocalized
n the Re(CO)3Cl moiety, and the LUMO centred on the bopy lig-
nd. Hence the HOMO-1 → LUMO transition has mixed Re → bopy
MLCT) and Cl → bopy (LLCT) character. Many systems of the type
Re(CO)3(s-phen)Cl], where s-phen represents a methyl substituted
,10-phenanthroline ligand, have been extensively studied [34]. In
oom temperature solution complexes of this type emit from a
MLCT state. However, in 77 K glasses some display a single emis-
ion band while others display dual emission. Where the latter
s the case the two emitting states are often energetically simi-
ar and show extensive vibrational structure on the high-energy
ide of each band. The extent of the vibrational structure is depen-
ent on the nature of the phenanthroline ligand. At 77 K the excited
tate lifetimes of all of the methyl substituted phenanthroline com-
lexes studied displayed biexponential decays as shown in Table 2.
he long-lived component is very similar to the 3�–�* emission
haracteristic of the uncoordinated phenanthroline ligand and a
�–�* band observed for the similar [Rh(s-phen)3]3+ species [35].
he long-lived component is temperature and solvent independent
hile the shorter lived component is dependent on temperature,

olvent polarity and the nature of the polypyridyl ligand. The 3�–�*
ecay times are ca. four orders of magnitude shorter than those of
he protonated ligands. This decrease is attributed to mixing with
1MLCT state through spin-orbit coupling.

The photophysical properties of acetylide and gold(I) acetylide
erivatives of a [Re(CO)3(phen)Cl] complex possessing mixed
MLCT and 3IL excited state character have also been investi-
ated [36]. The complexes [Re(phen–C≡C–AuPPh3)(CO)3Cl] and
Re(phen–C≡C–AuH(CO)3Cl] have been studied using transient
bsorption, room temperature and 77 K time-resolved photolu-
inescence, and time-resolved infrared (TRIR) spectroscopy. The

oom temperature excited state decay of [Re(phen–C≡C–H(CO)3Cl]
as found to be MLCT in character, while on cooling to 77 K
lower lying excited state with 3IL character, localized on the

olypyridyl ligand, was observed. In contrast, the Au coordinated
nalogue exhibited more complex excited state behaviour with
mixed MLCT (Re-phen) and 3IL excited state decay character

bserved at room temperature. However, as previously observed
or [Re(phen–C≡C–H(CO)3Cl] at 77 K the excited state is predomi-
antly 3IL in character. Furthermore, time resolved infrared studies
arried out on [Re(phen–C≡C–AuPPh3(CO)3Cl] in CHCl3, indicate
ormation of a transient species at higher energy than the parent
omplex, which typically suggests a Re-based MLCT excited state

rocess. The authors suggest that further weaker transient absorp-
ion, also observed, may be due to a 3IL excited state. Similarly, for
Re(phen–C≡C–H(CO)3Cl], irradiation at 355 nm resulted in the for-

ation of a red-shifted transient species indicative of a Re-based
LCT state. These results confirm that the excited state behaviour
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charge transfer from the *Re(CO)3(bpy) moiety to the papy ligand.
For both complexes, the populated 3n�* state results in narrowing
and a red-shift of the higher energy CO band over time. This change
in CO band position is rationalized in terms of rotation about the
A. Coleman et al. / Coordination Ch

f these complexes consists of both MLCT and 3IL excited states in
hermal equilibrium.

Recently, the photoinduced structural changes in fac-
Re(CO)3(phen)(stpy)]+, where stpy is 4-styrylpyridine, have
een investigated both in solution and solid films [37]. Irradiation
t 365 nm of fac-[Re(CO)3(phen)(stpy)]+ in CH3CN solution and
n a PMMA (poly(methyl methacrylate)) polymer film resulted
n both cases in approximately 50% trans–cis isomerization of
he coordinated styrylpyridine moiety with concomitant intense
mission. This emission observed on formation of the cis-isomer
s due to a change in the lowest lying excited state character to

3MLCT state. Conversely for the trans-isomer [Re(CO)3(phen)(t-
tpy)]+, the 3IL state responsible for isomerization is lower in
nergy than the 3MLCT state, thus deactivation to the ground state
akes place via the 3IL isomerization pathway. The low dihedral
ngle in the trans-styrylpyridine ligand, allows for significant �
nteractions between the pyridyl and benzyl rings. However, in the
is-isomer this is severely reduced. As a result of the destabilization
f the 3ILc-stpy state the 3ILt-stpy state is higher in energy than the
missive 3MLCT state. The assignment of this 3MLCT state as a
e(d) → �* (phen) state is based on comparison with the results
btained in analogous studies on fac-[Re(CO)3(phen)(TFMS)]
TFMS = trifluoromethanesulfonic acid) under similar conditions.
s a consequence of the rigidochromic effect the energy of the
MLCT state increased as the rigidity of the system increased. In
articular, the emission spectrum of fac-[Re(CO)3(phen)(c-stpy)]+

ecorded in EPA (diethyl ether–isopentane–ethanol, 5:5:2) at 77 K
esembles the phenanthroline ligand in a rigid medium. This
uggests that under these conditions of temperature and rigidity
he 3ILphen and 3MLCT state may become energetically similar or
hat complete population inversion may have occurred resulting in
he previously higher energy 3IL state becoming the lowest lying
xcited state. This effect, which has been previously observed [38],
ay have potential uses in the development of photochemical

ptical devices [39]. The ultrafast excited state dynamics of the
,2′-bipyridyl analogues, fac-[Re(CO)3(t-stpy)(bpy)]+ and fac-
Re(CO)3(t-stpy)2], have also been recently studied and found to
ossess both 3MLCT and 3IL character [40]. Optical excitation of the
MLCT absorption band of fac-[Re(CO)3(t-stpy)(bpy)]+ results in
opulation via intersystem crossing over ca. 0.2 ps to a vibrationally
ot Re(d) → bpy(�*) 3MLCT excited state. This vibrationally hot
riplet state, which is characterized by broad carbonyl bands,
ools and decays over 3.5 ps via an intramolecular energy transfer
rocess to form a 3IL with a trans-stpy geometry. The fast decay rate
uggests complete conversion from the 3MLCT state to the 3IL state.
he IL state undergoes a ∼90◦ rotation about the C C bond (11 ps),
o form an excited state species with perpendicular orientation
f the pyridine and phenyl rings. This state decays to the ground
tate, and isomerizes on the ns timescale as previously observed
or [Re(CO)3(bpe)(bpy)]+[41], (bpe = 2-bis(4-pyridyl)ethylene)[41].
hus coordination of the trans-4-styrylpyridine moiety allows for
opulation of the reactive 3IL state via ISC from the initially formed
MLCT state. The excited state dynamics of a similar system,
ac-[Re(CO)3(papy)(bpy)]+, where the trans-4-styrylpyridine unit
as been replaced by a trans-4-phenylazopyridine (papy) unit has
lso been reported [42]. The structure of fac-[Re(CO)3(papy)(bpy)]+

nd the trans-4-strylpyridine analogue fac-[Re(CO)3(stpy)(bpy)]+

re shown in Fig. 3.
Irradiation of the analogous system fac-[Re(papy)(CO)3(bpy)]+

t 350 nm results in trans → cis isomerization of the papy ligand

42,43]. As is observed in many stilbene systems, isomerization to
orm the cis-isomer also switches on the emission, presumably via
3MLCT state. TRIR spectroscopic studies of fac-[Re(CO)3(papy)2Cl]
nd fac-[Re(papy)(CO)3(bpy)]+ indicate that both complexes share
common lowest lying excited state, which are populated by two

S
d

ig. 3. Structures of fac-[Re(CO)3(papy)(bpy)]+ and fac-[Re(CO)3(stpy)(bpy)]+

40,42].

ery different mechanisms. As indicated in Scheme 1 visible irradi-
tion of fac-[(Re(CO)3(papy)2(Cl)] populates both the 1��* (papy)
nd 1MLCT (papy) states, which rapidly undergo ISC to the 3n�*
tate. This is in contrast to previous studies on similar complexes
here the 3MLCT state was populated following ISC from the 1��*

nd 1MLCT states [44,45]. It may be the case that, either the 1MLCT
papy) state is in fact populated, but decays too quickly to be mea-
ured, or that population of this state is circumvented by faster
SC to populate the 3n�* state via the 1��* and 1MLCT states. In
he case of fac-[Re(CO)3(papy)(bpy)]+, irradiation results in pop-
lation of the 1��* (papy), 1MLCT (papy) and 1MLCT (bpy) states,
hich then undergo ISC to populate both the 3n�* and 3MLCT state

Scheme 2). This is similar to the mechanism observed for fac-
(Re(CO)3(papy)2)(Cl)]. However, the 3MLCT state, also populated
y ISC, is formed vibrationally “hot”.

This state cools and undergoes solvent relaxation as suggested
y a shift in the IR spectrum. This 3MLCT (bpy) state then undergoes
nterconversion (IC) to the 3n�* state. Overall, this may be viewed as
cheme 1. Proposed excited state behaviour of fac-[(Re(CO)3(papy)2(Cl)]. Repro-
uced from [42] with permission.
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phorescence suggests a rigidochromic effect [1]. The excitation
spectra for both [Re(CO)3(N–N)(btpz)] systems are also superim-
posable with the recorded absorption spectra, suggesting that the
major emitting state (3MLCT) originates from the corresponding

Table 3
Photophysical data of [Re(CO)3(N–N)(btpz)] [4]

Complex Medium �em (nm) ˚em (air) ˚em (deaerated)

N–N bpy CH2Cl2 571 1.9 × 10−3 3.3 × 10−3

CH3CN 573 2.8 × 10−3 3.8 × 10−3
cheme 2. Proposed excited state dynamics of fac-[Re(CO)3(papy)(bpy)]+. Repro-
uced from [42] with permission.

entral N N bond, which removes the planarity of the complex and
ecouples the excited N N–Ph unit. This is then expected to lead to
twisted ground state geometry, which will then return to either

he trans and/or the cis isomer. This process occurs in 120 ps for
ac-[(Re(CO)3(papy)2Cl] and 100 ps for fac-[Re(CO)3(papy)(bpy)]+,
nd is similar to that observed for similar styrylpyridine systems
37] where sub-ps ISC from the singlet excited state to the triplet
tate occurs, and is followed by the formation of an intermediate via
artial rotation about the N N bond and then slower ISC to either
he cis- or trans-ground state geometry. However, in the case of the
apy systems this process occurs approximately 200 times faster.

A recent review by Murakami-Iha and co-workers [44]
as focused on further examples of photo-induced trans → cis

somerization reactions of rhenium complexes of the type, fac-
Re(CO)3(NN)(trans-L)]+. Irradiation of complexes of the type
ac-[Re(CO)3(NN)(trans-L)]+, where NN = 1,10-phenanthroline,
-chloro-1,10-phenanthroline (Cl-Phen), 4,7-diphenyl-1,10-
henanthroline (ph2phen) or dipyrido[3,2-a:2′,3′-c]phenazine
nd L = 2-bis(4-pyridyl)ethylene (bpe) or 4-styrylpyridine, in
cetonitrile solution results in spectral changes in the UV–vis
pectrum, which are assigned to photoinduced trans → cis isomer-
zation. The nature of either the bidentate or L ligand used has a
rofound effect on the quantum yield for isomerization. Following

rradiation at 313 nm of a trans-bpe complex where NN = phen,
he quantum yield, Ф313 nm = 0.41 while it is reduced to 0.19 where
N = dppz. This shows a less efficient sensitization of the trans-bpe

riplet IL excited state in the dppz complex compared to the phen
omplex. This fact has been used to modulate the energy of the
LCT or intraligand excited states. Further monitoring of the

hotoinduced isomerization of fac-[Re(CO)3(phen)(trans-bpe)]+

as been undertaken using TRIR spectroscopy [45]. This study
hows that in fac-[Re(CO)3(phen)(trans-bpe)]+ the lowest lying
xcited state is characterized by a 3IL (3� → �*) transition, with

lectron density localized on the trans-bpe ligand. It is this excited
tate which is responsible for trans–cis isomerization. This 3IL
tate decays to the parallel triplet excited state (3p*) [46] of the
rans-bpe ligand with a lifetime (�) of 28 ± 1 ns, at a rate (k) of

N

Fig. 4. Molecular structure of Re[(DDPA)(CO)3Br] [47].

.6 × 107 s−1. This suggests that the 3p* excited state is formed by
ntramolecular sensitization 1MLCT, 1IL → 3MLCT → 3IL → 3p* and
hat it is the 3IL state which is the immediate precursor leading to
rans–cis isomerization [40].

Recently Li et al. demonstrated that Re(CO)3–phenanthroline
omplexes show great promise as potential materials for high-
fficiency organic light emitting diodes (OLED’s) [47]. The
e(I) bipyridyl complex [Re(CO)3(DDPA)Br], where DDPA = 2,9-
imethyl-4,7-diphenyl-1,10-phenathroline) was employed in a
,4′-N,N′-dicarbazole-biphenyl host matrix as an emissive dopant
or the fabrication of OLED devices. This system demonstrated
igh electroluminescence efficiency (21–8 cd/A and luminescence
315 cd/cm2). The authors attribute this high performance to the
tructure (Fig. 4) of the [Re(CO)3(DDPA)Br], complex and the high
lectron mobility of the complex.

The luminescence properties of the systems [Re(CO)3(N–N)
btpz)] (N–N = bpy or phen, and btpz = 1,2-bis(tetrazol-1-
l)propane) were studied in both CH2Cl2 and CH3CN solution
s well as in thin films [4]. As shown in Table 3 excitation of
ither system, in CH2Cl2 or CH3CN solution, of the �–�* or
LCT absorption bands produced emission bands at 571 and

68 nm, while in the solid state these emission maxima are blue
hifted to 525 and 544 nm, respectively. These bands are assigned
s arising from 3MLCT phosphorescence based on favourable
omparison with the parent halide complexes [Re(CO)3(phen)Br]
nd [Re(CO)3(bpy)Br], where 3MLCT bands were observed in the
ange 620–640 nm [48]. The observed blue shift of the emission
aximum compared to the halide parent systems is due to the

resence of the btpz ligand, which reduces the Re(d�) orbital
nergy, thereby producing a higher energy MLCT transition. The
lue shift of the emission maxima observed for solid-state phos-
Solid 525 – –

–N phen CH2Cl2 568 4.1 × 10−3 2.2 × 10−2

CH3CN 571 1.1 × 10−2 4.1 × 10−2

Solid 544 – –
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tion is similar to that discussed previously for the mononuclear
rhenium(I) carbonyl compounds.

In each of the complexes in Fig. 6, the bridging ligand is a
conjugated system with a relatively small intermetallic distance
between the metal centres. The photophysical and electrochemical
A. Coleman et al. / Coordination Ch

lectronic excited state. Furthermore, the heavy atom effect of the
e atom allows efficient relaxation, via ISC, of the upper excited
tate to efficiently relax to the emitting spin-forbidden 3MLCT
tate.

The excited state lifetimes of both systems also suggests an emis-
ive excited state possessing 3MLCT character. [Re(CO)3(bpy)(btpz)]
xhibits dual emission with two exponential decays of lifetimes of
.56 �s (92%) and 0.51 �s (8%). Similarly [Re(CO)3(phen)(btpz)] also
xhibits a biexponential decay with lifetimes of 1.39 �s (87%) and
.44 �s (13%). Such multi-exponential decay kinetics indicates the
xistence of two emissive excited states with comparable energies
49].

It is known that complexes of the type [Re(CO)3(NN)L] typi-
ally possess an excited state with 3MLCT or mixed 3MLCT/3ILCT
haracter. Recently, Vlček and co-workers [50] have synthesized
number of phosphido- and amido-based rhenium complexes

Re(CO)3(ER2)(bpy)], where ER2 = NHPh, NTol2 or PPh2 (Tol = 4-
ethylphenyl). The electronic absorption spectra of these systems

n THF display a weak broad absorption band in the range
90–720 nm. DFT studies suggest this electronic absorption band

s solely due to a HOMO–LUMO transition, ER2 → bpy LLCT. These
ystems are substantially different from typical Re(I) systems con-
aining halide or N-donor ligands as charge transfer occurs from a
argely ligand-based molecular orbital rather than the Re-L–� anti-
onding which is typically observed. TRIR studies of these systems

n THF solution further suggest a largely ligand-based LLCT excited
tate, as only a very minor shift in the position of the �CO frequencies
s observed. A large shift typically indicating a significant involve-

ent of a MLCT excited state. Furthermore, these studies indicate
opulation of this 3LLCT state on the femtosecond timescale by ISC
rom the initially populated (within 2 ps of excitation) 1LLCT and
LLCT/MLCT states. The 3LLCT state is formed initially “vibrationally
ot”, with the excess energy dissipated via internal and solvent
elaxation pathways. The “relaxation” is evident in the shift of the
CO frequencies following relaxation and the dependence of the
xcited state lifetime on the probe wavenumber. This “vibrational
ooling” is however notably slower than that typically observed for
ther Re(I) complexes, and the authors infer that an intramolecular
onformational change is involved. It is suggested that this 3LLCT
tate consists of a coordinated aminyl or phosphonyl radical cation
[Re(ER2

•+)(CO)3(bpy•−)].
The chelating ligand N–N refers to polypyridine ligands in

his review, however, novel chelating ligands based on the 4-
2-pyridyl)-1,2,3-triazole motif have been recently developed
y Obata et al. [51]. A number of 4-(2-pyridyl)-1,2,3-triazole
erivatives (Fig. 5) were synthesized via the well known “click
hemistry” involving Cu(I)-catalysed 1,3-dipolar cycloaddition
eactions between an azide and a terminal alkyne devel-
ped by Sharpless and co-workers [52]. This method has
lso been previously used to introduce a binding site into
iomolecules for rhenium or technetium coordination [53]. The
orresponding [Re(CO)3Cl] complexes were synthesized and their
hotophysical properties studied. The complex [Re(CO)3Cl(Bn-
yta)] (Bn-pyta = 1-benzyl-4-(2-pyridyl)-1,2,3-triazole) was found
o be highly emissive, possessing an emission band at 633 nm
n CH3CN solution, blue shifted by almost 100 nm compared to
Re(CO)3Cl(bpy)]. At 77 K in MeTHF the excited state lifetime of
Re(CO)3Cl(Bn-pyta)] (� = 8.90 �s) is also considerably longer than
hat observed for [Re(CO)3Cl(bpy)] (� = 3.17 �s) under the same
onditions.
Overall, the blue shifted absorption and luminescence spectra,
igh fluorescence quantum yield and excited state lifetime demon-
trates that Bn-pyta acts as an electron-rich bipyridine mimic. Such
uminescence properties may allow for the employment of Re-pyta
omplexes in time-gated imaging.
ig. 5. Structures of selected 4-(2-pyridyl)-1,2,3-triazole derivatives synthesized [5].

. Dinuclear ruthenium(II)–rhenium(I) complexes

.1. Photophysical properties and applications

Control of the photophysical, photochemical, and electro-
hemical properties, of transition metal complexes has attracted
uch interest because of the applications of these complexes in
olecular devices, photonics, artificial photosynthesis, or in pho-

ocatalysis. There has been considerable interest in the study of
hotoinduced electron and energy transfer between components

n supramolecular systems due to the potential development of
evices capable of performing light-induced functions. [54] This
ection focuses on the photophysical properties of heteronuclear
ystems based on Ru(II)/Re(I), and their applications, such as CO2
eduction. The synthesis of the compounds discussed in this sec-
Fig. 6. Examples of Ru(II)/Re(I) heteronuclear complexes [55–57].
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ig. 7. Heterodinuclear Ru(II)/Re(I) complexes of the asymmetric quaterpyridine
igand, AB [58].

roperties of the heteronuclear complexes shown have been stud-
ed [55–57]. For each of these complexes, the lifetime obtained,
ndicates that the emission originates from a ruthenium charge
ransfer excited state.

Ward and co-workers have synthesized a number of Ru(II)/Re(I)
omplexes containing the asymmetric ligand 2,2′:3′,2′′:6′′,2′′′-
uaterpyridine (AB) [58]. This quaterpyridine ligand is a binu-
leating ligand with two bpy-type binding sites, A and B. The
nteresting feature of this ligand is that these sites, A and B, are
oth sterically and electronically inequivalent. Chelating site B is

ore sterically hindered when compared to site A. The structures

f two of the complexes synthesized are shown in Fig. 7. In both
ases the first metal fragment is preferentially coordinated to the
terically less hindered site (labelled A). When one equivalent of

a
l
e
o

ig. 9. The heteronuclear Ru(II)/Re(I) complex [Ru(bpy)2(dstyb)Re(CO)3Cl]2+, where dsty
60].

Fig. 10. The heteronuclear Ru(II)/Re(I) complexes with bridging ligands
ig. 8. The mixed-metal complex [Ru(bpy)2(bpyen)Re(CO)3(py)]3+, where
pyen = 1,2-bis(4′-methyl-2,2′-bipyridyl-4-yl)ethane [59].

he metal is reacted with the ligand, the metal only binds to site
, only and under more extreme conditions, does a second metal
o-ordinate at site B. In both Ru–AB–Re and Re–AB–Ru, the metal
ragments are photochemically and redox active. Both complexes
xhibit site-dependent absorption, luminescence and electrochem-
cal properties. The luminescence state of the Ru–AB–Re complex at
oom temperature is Ru-based (i.e. Re → Ru energy transfer), as the
mission and photochemical properties are similar to the Ru–AB
nd Ru–AB–Ru systems studied. However, in the Re–AB–Ru com-
lex, luminescence is centred on the Re moiety (i.e. Ru → Re energy
ransfer), based on the similarity of the lifetimes to those of the
e–AB and Re–AB–Re complexes.

When the mixed-metal complex [Ru(bpy)2(bpyen)Re(CO)3
py)]3+ (Fig. 8) was excited at 355 nm in dichloromethane, the
omplex was found to emit at both 610 nm (Ru) and 540 nm
Re) [59]. The emissions observed at these wavelengths were

ssigned as 3MLCT in origin. Communication via the bridging
igand, bpyen was poor, but was sufficient to allow Ru → Re
nergy transfer between the metal centres. The dual emission
bserved in [Ru(bpy)2(bpyen)Re(CO)3(py)]3+ differs from the pre-

b is the bridging ligand 1,4-bis[2-(4′-methyl-2,2′-bipyridyl-4-yl)ethenyl]benzene

18-crown-6 bridge (A) and diaza-18 crown-6 (B) macrocyles [61].
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linked by diaza-18 crown-6 macrocyles [62]. At 77 K only Re → Ru
ig. 11. Structure of the photocatalysts for CO2 reduction based on Ru(II)–Re(I) bin-
clear complexes (L = P(OEt)3 or Cl−) [64].

ious examples of heteronuclear Ru(II)/Re(I) complexes as all these
omplexes exhibited emission originating from a single metal
entre.

Encinas et al. have also reported dual emission, in this case for
Ru(bpy)2(dstyb)Re(CO)3Cl]2+ (Fig. 9) [60]. The luminescence spec-
rum of this compound at room temperature shows two distinct
mission features at 621 and 695 nm. The band maximum at 621 nm
s attributed to emission from the 3Ru → dstyb MLCT excited state,

hile the band at 695 nm is assigned to an intraligand transi-

ion (3IL) from the bridging ligand, dstyb. Fast deactivation of the
MLCT is attributed to lack of rhenium(I)-based emission. By com-
aring the excitation spectrum of [Ru(bpy)2(dstyb)Re(CO)3Cl]2+

ith the absorption spectra of [Ru(bpy)2(dstyb)Re(CO)3Cl]2+ and

e
w
I
w

Fig. 12. Structure of the photocatalysts for CO2 reduction bas
y Reviews 252 (2008) 2585–2595 2593

he mononuclear ruthenium complex [Ru(bpy)2(dstyb)]2+, at
7 K the authors established the relaxation pathways in the
eteronuclear complex. Emission from the 3IL(dstyb) state is
ensitized by the rhenium-based absorption, and the 3Ru → LCT
mission is not directly sensitized by the rhenium-based absorp-
ion. They concluded that some of the light absorbed by the
henium-based chromophore of [Ru(bpy)2(dstyb)Re(CO)3Cl]2+ is
rstly transferred to the bridging ligand and then redistributed
etween the 3IL(dstyb) and 3Ru → dstyb CT levels. The overall
xcitation process of [Ru(bpy)2(dstyb)Re(CO)3Cl]2+ involves an
ndirect Re → Ru energy transfer process mediated by the bridging
igand.

Photoinduced energy transfer has been reported by Ward
nd co-workers [61] for a complex which incorporates
Re(bipy)(CO)3Cl] and [Ru(bipy)3]2+ separated by an 18-crown-6
ridge (Fig. 10). Based on photophysical studies, and associated
ononuclear complexes, photoinduced energy transfer from

e → Ru occurs with a rate constant of 1.9 × 108 s−1. This results in
lmost complete quenching of the Re(I)-based luminescence. At
7 K no luminescence from the Re(I)-based centre was detected.
oth K+ and Ba2+ salts were added to solutions of the Re–Ru
inuclear complex, with no effect on the photophysical properties,
hich is attributed to low association constants. The energy

ransfer rate in this study is of the same order of magnitude to
hat previously reported, for other dinuclear Re–Ru chromophores
nergy transfer occurs with, ken = 2 × 108 s−1 in the absence of Ba2+,
hereas this value decreases to 7 × 106 s−1 in the presence of Ba2+.

n contrast at room temperature, no photoinduced energy transfer
as observed, however electron transfer with kel = 1.2 × 1010 s−1

ed on Ru(II)–Re(I) bi- and tetranuclear complexes [65].
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ccurs in the absence of Ba2+. Addition of Ba2+ to the solution
nhibits electron transfer.

Sun and co-workers have prepared and investigated the
hotophysics of a freebase and zinc porphyrin-based triad
ith ruthenium bipyridyl and [Re(CO)3(bpy)Cl] units covalently

ttached [63]. A combination of electrochemical and photochemi-
al studies indicated very weak electronic interactions in both the
reebase and Zn-metallated multi-component system. The tran-
ient absorption spectra obtained following 532 nm excitation were
ypical of the porphyrin 3(�–�*) excited states with an intense
bsorption at 480 nm. A feature at 780 nm for the Zn-metallated
orphyrin triad is attributed to mixing of the porphyrin 3(�–�*)
xcited states and the charge separated excited state from the
orphyrin (�) to bpy (�*). Emission from both the freebase and
inc–porphyrin triads, were reduced significantly when compared
o tetraphenyl porphyrin (14-fold and 62-fold, respectively). This
uenching is mainly attributed to electron transfer to the ruthe-
ium unit as energy transfer is not thermodynamically feasible.

Ishitani and Furue recently reported an efficient photocatalyst
or CO2 reduction based on a Ru(II)–Re(I) binuclear complex, where

etal centres are bridged using 1,3-bis(4-methyl-[2,2]bipyridinyl-
-yl)-propan-2-ol (see Fig. 11). The reaction is driven using visible

ight, with quantum yields (�CO) for CO formation of 0.21, and a
urnover number (TNCO) for CO production of 232, when one of
he ligands coordinated to the rhenium site is P(OEt)3 [64,65]. On
eplacing P(OEt)3, with Cl− the values decrease with values for
CO = 0.21 and TNCO = 160. A comparison of the absorption spec-

ra of the dinuclear complexes with their mononuclear analogues,
ndicates that there is no strong interaction between the Ru(II) and
e(I) metal centres. The first reduction observed were those for the
ridge in the range 1.59–1.78 V vs. Ag/AgNO3, followed by reduction
t the Ru site with E1/2 = ∼1.77 V.

Previously the photocatalysts for CO2 reduction based on
u(II)–Re(I) bi- and tetra-nuclear complexes were reported [65].
ood photocatalytic activity was obtained for the tetra- and
i-Ru–Re complexes, with quantum yields of 0.120 and 0.093,
espectively for CO formation, and turnover numbers of 170
nd 240 for CO formation (Fig. 12). The photocatalytic proper-
ies of the supramolecules were influenced by both the bridging
nd peripheral ligands. In the absorption spectra for the mfibpy
omplexes (where the bridging ligand mfibpy = 4-methyl-4′-
1,10]phenanthroline-[5,6-d]imidazol-2-yl)bipyridine) weak bands

ere assigned to the bridging ligand, which indicates communica-

ion between the metal centres. These complexes demonstrated
ower photocatalytic activity however, as did the peripheral
ipy ligands with CF3 attached. In contrast there is little

ig. 13. Structure of the heterobimetallic Ru–Re dipyridophenazine complex [66]. [
y Reviews 252 (2008) 2585–2595

ommunication across the 1,3-bis(4′-methyl-[2,2′]bipyridinyl-4-
l)propan-2-ol bridge for the bi- and tetra-complexes studied, but
elatively high quantum yields and large turnover numbers for CO
roduction were observed. The good photocatalytic activity for the
uRe3 is attributed to intramolecular electron transfer from the one
lectron reduced species to the rhenium moiety.

Polypyridyl-based transition metal cations have proven to be
xcellent probes for the physical properties of DNA. Recently
he DNA binding and cleavage properties of a hetero-dinuclear
66] complex [{Ru(tpm)(dppz)}(�-dpp[5]){fac-(CO)3Re(dppz)}]3+

where dppz = dipyrido[3,2-a:2′,3′-c]phenazine, tpm = tris(1-
yrazolyl)methane, dpp[5] = 4,4′-dipyridylpentane) have been
eported (Fig. 13). The excited states of both metal centres were
onitored independently, with the ns-TRIR and emission studies

learly demonstrating energy transfer from the Re(I) to Ru(II)
entre. The complex binds to the DNA duplex, and displays DNA
ight switch and cleavage properties. The {Ru(dppz)} unit supplies
he light-switch function and enhances the binding affinity of the
Re(dppz)} unit.

. Conclusions

Rhenium(I) tricarbonyl complexes have been widely studied due
o their luminescence properties and excited state reactivities. The
henium(I) complexes discussed here have been studied for their
nergy and electron transfer properties, and it is the manipula-
ion of the energy and electron transfer rate constants, between
arious states, that determines the suitability of the rhenium com-
lexes for functions such as luminescent sensing, materials for
upramolecular or optical devices, or in photoisomerization. Rhe-
ium(I) tricarbonyl complexes with stilbene type ligands attached,
ndergo lower energy photoisomerization of the coordinated sub-
trate due to efficient energy transfer sensitization. In recent years,
inuclear systems based on Re–Ru have grown in interest because
f their photocatalytic properties and applications in the design
f materials capable of carrying out light induced functions. It is
lear that the choice of bridging ligand between the metal centres
s critical to the application of the chosen system.
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