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a b s t r a c t

Transition metal complexes are vital components in a wide range of photooptical applications; these
range from targeted drug delivery to devices for the conversion of solar energy to electrical and/or stored
chemical energy. Metal centered (MC) ligand field excited states play important roles in the photophysics
of those complexes having partially filled d-orbitals. This review offers a broad perspective on key inves-
tigations that have characterized the chemistry and physics of MC excited states in d3 and d6 transition
metal complexes. It will also illustrate the impact of these excited states on various photooptical appli-
cations and highlight efforts to understand, control, and tune these MC excited states in the context of
such applications.

© 2010 Elsevier B.V. All rights reserved.

. Introduction

Transition metal (TM) complexes have played a leading role in
he development of photochemical molecular devices (PMDs). Such
evices include dye sensitized solar cells (DSSCs) [1–3], organic

ight emitting diodes (OLEDs) [4–6], drug delivery systems [7–10],
nd molecular machines [11]. All of these systems require a specific
nd controlled response to an external input of energy, and early
nvestigations on the photochemistry of coordination compounds
uggested that transition metal complexes were ideal candidates
or the fulfillment of many of these functions.

A recent review article by Balzani [12] listed several functions
hat need to be managed in order to design PMDs: (i) generation and

igration of electronic energy, (ii) photoinduced vectorial trans-
ort of electric charge, (iii) photoinduced conformational changes,
nd (iv) control and tuning of photochemical and photophysical
roperties. This fourth point is central to the previous three and
as played a key role in developing transition metal systems for
he aforementioned applications.

Charge transfer, especially metal-to-ligand charge transfer
MLCT) excited states (ES) generally garner the most attention.
owever, it is also necessary to consider the roles that metal
entered (MC) ligand field excited states play, especially in unde-
ired deactivation pathways that reduce device efficiency and lead
o decomposition and diminished utility. In other instances, the

C excited states are integral to the desired device chemistry.
he purpose of this review is to highlight the roles of these MC
xcited states and the efforts to “control and tune” these states
n recent applications of TM based PMDs. We will first intro-
uce key photochemical and photophysical concepts (Section 2),
hen further develop and apply these concepts first within the
ontext of the MC states of Cr(III) complexes (Section 3) and of
ow-spin d6 complexes (Section 4). Special attention is given to
he interplay of the MC excited states with excited states of other
rbital parentages. Finally, Sections 5 and 6 discuss photoopti-
al applications where the MC states are central to the efficiency
nd/or utility of the device. Throughout, we will highlight exam-
les demonstrating the manipulation of the relative excited state
nergies.

For more comprehensive discussions of the photochemistry

Adamson and Fleischauer [22] remain excellent introductions to
the subject nearly 40 years after their publication.

2. Photophysical processes for transition metal complexes

2.1. Types of electronic transitions and excited states

Fig. 1 shows a simplified molecular orbital (MO) diagram for
a transition metal complex in Oh symmetry. In this diagram,
possible �-donor, �-donor, and �-acceptor orbitals are included.
The subscripts indicate whether the MO is predominantly metal
(M) or ligand (L) in character. The �M and �M* orbitals in the
center of the MO diagram are predominantly metal d-orbitals
with t2g and eg symmetry, respectively. In the case of a ligand
that is exclusively a sigma donor (such as NH3), the �M MOs
are non-bonding. For ligands that are both �- and �-donating
(e.g. the halides), the �M MOs are antibonding with respect to
the M–L bond; and for ligands with dominant �-acceptor char-
acter, the �M MOs are bonding. Notably, the predominantly
nd photophysics of transition metal complexes, mostly orga-
ized according to the identity of the specific metals, the reader is
irected to several excellent reviews [13–20]. In addition, Balzani
nd Carassiti’s monograph on the photochemistry of coordination
ompounds [21], as well as the multi-authored volume edited by
Fig. 1. Molecular orbital diagram for a transition metal complex in Oh symmetry.
The arrows labeled 1–4 represent, respectively, a metal centered (MC) ligand field
transition, a ligand to metal charge transfer (LMCT), a metal to ligand charge transfer
(MLCT), and an intraligand or ligand centered (LC) band.
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Fig. 3. Generic Jablonski diagram showing initial excitation to a vibrationally excited
state of S2, vibrational relaxation (VR), internal conversion (IC), intersystem crossing
ig. 2. UV–visible spectra of trans-Cr(N4)(CN)2
+ complexes. Note that the

agnitude of the extinction coefficient (ε) increases in the order cyclam < 1,11-C3-
yclam < 1,4-C2-cyclam.

etal eg MOs are always antibonding with respect to the M–L
ond.

Fig. 1 illustrates some electronic transitions characteristic of
etal complexes.1 Transition 1 involves electronic promotion

etween orbitals that are predominantly metal d-orbital in charac-
er leading to metal centered ligand field (LF) excited states (ES) that
re the focus of the present article. Others indicated involve promo-
ion from an orbital largely ligand to one largely metal in character,
r from one largely metal to one largely ligand in character. Both
nvolve vectorial redistribution of charge and are charge transfer
ransitions, i.e., LMCT or MLCT, respectively. Another involves elec-
ronic promotion between ligand centered orbitals (e.g. � to �*)
nd these are termed ligand centered (LC) transitions. However,
t is important to emphasize that many orbitals described as lig-
nd or metal localized are indeed MOs of mixed character, so these
onvenient designations are occasionally misleading.

Intensities of electronic transitions are determined by spin
nd symmetry selection rules. For example, if the species is cen-
rosymmetric, transitions between states of the same parity are
orbidden (the Laporte selection rule). Thus, for metal complexes
f Oh or other centrosymmetric symmetry, d–d transitions (ger-
de to gerade) are forbidden. However, such bands still appear with
odest intensity (ε∼5–100 M−1 cm−1) due to the coupling of the

lectronic wave functions with appropriate antisymmetric vibra-
ional modes. CT and LC transitions, on the other hand, generally
ccur between states of different parity, thus involve larger dipole
oment changes and display much higher intensities (ε�103).
Distortions of the equilibrium ground state geometry from cen-

rosymmetry partially relax the Laporte selection rule [23,24].
his is exemplified for metal centered ligand field bands by the
igand field spectra of the trans-Cr(N4)(CN)2

+ complexes shown
n Fig. 2 [25]. The cyclam complex is centrosymmetric, whereas
rystallographic evidence shows increasing asymmetry in the 1,11-
3-cyclam and 1,4-C2-cyclam complexes. The magnitudes of the
xtinction coefficient parallel the increased asymmetry.

Transitions between electronic states of different spin multiplic-
ties are forbidden (spin selection rule). Thus, for molecules of light
lements, spin forbidden transitions generally have very low inten-
ity (ε < 0.1). However, compounds with heavy atoms, such as the
econd and third row transition elements, experience much larger

pin–orbit coupling and nominally spin-forbidden transitions often
ave much larger extinction coefficients.

The orbital parentages discussed here for the electronic
ransitions may offer some predictive insight regarding the pho-

1 This list is not exhaustive. For example, there also have been proposed charge
ransfer transitions from one ligand to another (LLCT) or from a M–L bond to a ligand.
(ISC), back intersystem crossing (BISC), fluorescence (F), phosphorescence (P), and
nonradiative decay (NR). By convention, processes involving absorption or emission
of a photon are designated by a straight arrow, while nonradiative processes are
designated with a wavy arrow.

tochemistry. For example, because metal eg MOs are antibonding
in hexacoordinate complexes, electronic transitions such as 1 or 2
in Fig. 1 involve population of these �* orbitals and should result in
M–L bond weakening. This may lead to chemistry not necessarily
accessible to the GS complex. In contrast, the t2g-orbitals may be
either �b or �* character with respect to the metal–ligand bonds
for �-acceptor or �-donor ligands, respectively. As a consequence,
changes in the electronic population of such orbitals may result in
weaker or stronger M–L bonds, depending on the nature of these
orbitals.

Excitation at a specific wavelength will often generate an elec-
tronic state that is vibrationally excited as well. Since the electronic
transition occurs much more rapidly than nuclear motion, the ES
is first formed with the GS nuclear configuration (Franck–Condon
principle). This initial excitation is commonly followed by vibra-
tional relaxation (generally on the ps timescale in condensed phase)
as well as interconversions to other thermally accessible elec-
tronic states. Thus, understanding the dynamics of state-to-state
transitions is crucial to understanding the photochemical and pho-
tophysical properties.

2.2. Excited state kinetics

Fig. 3 is a Jablonski diagram for a species with a singlet ground
state (S0), and two excited state singlets (S1 and S2) and one lower
energy excited state triplet (T1).

As shown, there are several photophysical pathways for excited
state deactivation in addition to ES chemical reactions. Internal
conversion and fluorescence are nonradiative and radiative, respec-
tively, transitions between states of the same spin multiplicities
while intersystem crossing and phosphorescence are nonradiative

and radiative transitions between states of different spin multi-
plicities. Nonradiative decay leads from the electronic ES to the GS
without concomitant emission of light.

The kinetics of ES processes can be quite complex owing to the
numerous states potentially involved. The overall picture is sim-
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rate of nonradiative decay [28–30]. Consequently, in cases where
emission and nonradiative decay from this ES are competitive,
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lified by the assumption that the internal conversion within any
ne spin manifold is significantly faster than direct deactivation
o the ground state or intersystem crossing.2 In this context, early
uminescence studies in condensed media have led to the general
mpirical rule that “The emitting level of a given multiplicity is
he lowest excited level of that multiplicity”,3 sometimes referred
o as “Kasha’s rule” [26]. This guideline implies that IC between
xcited states is more rapid than IC to the GS. Kasha’s rule can be
nderstood in the context of the energy gap law [28], which pre-
icts that the rates for nonradiative transitions slow as �E between
tates increases. Typically, the energy gap between excited states
s smaller than that between the lowest energy ES and the ground
tate.

It is useful to consider the quantum yields for the various pho-
oprocesses depicted in Fig. 3. In general, the quantum yield for
rocess a is defined as

a = number of molecules undergoing process a

number of photons absorbed

= rate of process a

rate of light absorption
(1)

f the ES leading to process a is directly excited (or is populated
ith unit efficiency from the initial ES) and gives rise to n photo-
rocesses, the quantum yield can also be described by the ratio of
ate constants (Eq. (2)) where ka is the first order rate constant for
rocess a

a = ka∑

i=1→n

ki

(2)

rom that state and
∑

i=1→n

ki is the sum of all the rate constants, ki, for

he unimolecular decay processes of that ES. If Kasha’s rule holds
rue, then, in the absence of BISC, one would describe the lifetime �
f the S1 state in Fig. 3 in terms of the total rate constant for singlet
eactivation,

(S1) = kd(S1)−1 (3)

here kd(S1) = �ki(S1) = knr(S1) + kF + kISC. The quantum yield ˚F for
uorescence would then be

F =
kF

kd(S1)
= kF · �(S1) (4)

imilarly, assuming kISC� knr(T1) + kP, then the lifetime of the
riplet �(T1) would be

(T1) = kd(T1)−1 (5)

nd the phosphorescence quantum yield would be

P = kP · �(T1) (6)

here kd(T1) = �ki(T1) = knr(T1) + kP. If either the S1 or the T1 state
as a reactive deactivation channel leading to products, one would
eed to add the rate constants krxn(S1) and krxn(T1) to the terms

ki(S1) and �ki(T1), respectively. The quantum yields for reactions

rom these states would thus be defined as

rxn(S1) = krxn(S1) · �(S1) and ˚rxn(T1) = krxn(T1) · �(T1) (7)

2 However, as we will see in Section 3.2, there is growing evidence that the
ranck–Condon state formed upon initial excitation sometimes do not follow this
imple guideline.

3 Electronic states in thermal equilibrium with the lowest excited state should
lso be included [27].
Fig. 4. Potential well diagrams for two limiting cases. (a) The potential wells are
nested or weak-coupled. (b) The potential wells are displaced and strong-coupled.

The situation is more complex if back-intersystem crossing is
significant. For example, if kISC� kBISC, then fluorescence might be
expected to display two components, one with a short � defined
in terms of the intrinsic lifetime of S1 as described by Eq. (3) and a
“delayed” fluorescence having the same lifetime as T1. Of course, in
that case, the kBISC would also contribute to kd(T1), thereby short-
ening the triplet lifetime.

We can also picture electronic states as potential wells plot-
ted with energy on the vertical axis and nuclear configuration on
the horizontal axis (Fig. 4).4 The bottom of each well indicates
the energy of that state at its equilibrium geometry. If the ground
and excited states have very similar equilibrium geometries, their
respective minima will occur at similar positions along the nuclear
coordinate (Fig. 4a). States with different geometries will be dis-
placed along the nuclear coordinate relative to each other (Fig. 4b).

The kinetic parameters for ES deactivation are dependent on
whether or not there is a thermally accessible surface crossing to
another state (e.g. the GS). In the case of nested electronic states
(Fig. 4a) there is no surface crossing and the two states are “weak-
coupled”. Nonradiative decay from the upper to the lower state
would then involve isoenergetic tunneling from the lowest vibra-
tional state of the electronic excited state to a vibrationally excited
state(s) of the ground electronic state (dashed line, Fig. 4a). The
extent of coupling depends on the overlap between the wave func-
tions of the two electronic/vibrational states.

Let us assume these states are the lowest energy ES and the
GS, separated by about 14,000 cm−1 (not uncommon for transition
metal complexes). In such a case, the best candidates for vibrational
acceptor modes in the ground state are the highest energy electron-
ically coupled modes (typically N–H and C–H stretching vibrations).
Even so, four to five such vibrational quanta will be required to
bridge the electronic energy gap. If the high frequency N–H and/or
C–H oscillators are modified by deuteration, the decreased stretch-
ing frequencies correspondingly increase the number of vibrational
quanta needed to bridge the gap. Thus, deuteration reduces the
overlap between the relevant wave functions, thereby slowing the
deuteration will increase the measured lifetime � and the inte-
grated intensity of emission by decreasing the rate of nonradiative

4 It should be emphasized that such two-dimensional diagrams are strictly valid
only for diatomic molecules. For any non-linear molecules or ion, the nuclear
coordinates have 3N−6 degrees of freedom (N being the number of atoms), thus
the nuclear coordinate surface may be extremely complicated. Although these
potential wells are multi-dimensional surfaces, they are generally depicted as two-
dimensional surfaces where the nuclear coordinate is simplified to indicate the
distortion most closely associated with the electronic transition of interest.
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tion into the undisplaced 2Eg state should give a narrow band. This
same relationship between spectral width and distortion applies
to the emission spectra (Fig. 8) [47]. Cr(III) complexes of Oh sym-
metry typically show two broad spin allowed “quartet” absorption
Fig. 5. Potential surfaces for (a) a bound state and (b) a dissociative state.

eactivation. Observation of such a deuterium isotope effect is often
ited as evidence for NR decay occurring through a weak coupling
echanism.
When the relevant electronic excited state is significantly

istorted from the ground state surface, the two states are “strong-
oupled”. In this case, the energy required for surface crossing
rom the ES to the GS (�E, Fig. 4b) is often thermally accessi-
le and Arrhenius type behavior for the temperature dependence
f the nonradiative decay rate may be found. Notably, it is com-
on for both mechanisms to be functioning and for nonradiative

ecay rates to display both temperature-dependent and (relatively)
emperature-independent components [31] (see also Section 4.2).

It should be noted that Fig. 4 depicts potential surfaces with
learly defined minima. Such states are referred to as “bound”
tates, for which there is an energy barrier (larger than kBT) to dis-
ociation along the relevant reactive coordinate. It is also possible
o have a “dissociative” state, where any such barrier is less than kBT
see Fig. 5). In such a case the excited state lifetime is exceedingly
hort.

.3. How does photophysics affect the photochemistry of metal
omplexes?

Developing systems to harness the energy stored in excited
tates requires a detailed understanding of both the physics and
hemistry of these distinct chemical species. The previous discus-
ion suggests several questions that should be considered in this
ursuit:

1) What are the relative rates of the photophysical processes of
the types shown in Fig. 3? Are the excited state reactions com-
petitive with these? Does one pathway to the GS dominate or
are there multiple competitive paths?

2) How does the electronic configuration affect the excited state
geometry, and how does molecular structure affect the various
photophysical and photochemical processes?

3) What are the energy differences between various electronic
states and how do these differences impact the various pho-
tophysical and photochemical processes?

4) Which excited states are most likely to lead to photoreaction
and/or to luminescence?

5) What are the mechanisms of the excited state reactions?
6) By what strategies can one tune the photophysical and photo-

chemical properties?

Although the answers to these questions may vary from one sys-

em to another, we will primarily consider these questions within
he context of the ligand field excited states of transition metal
omplexes, first those of Cr(III) and then those of low spin d6 metal
enters, certain features of which are paradigmatic of transition
etal photochemistry in general.
emistry Reviews 255 (2011) 591–616 595

For additional theoretical and spectroscopic treatment regard-
ing some of these questions, the reader is directed to several
reviews: ligand field theory (LFT) description of the relationship
between electronic structure and M–L bond length [32,33]; the
correlation of computational methods such as density functional
theory (DFT) with experimental results [34,35]; the elucidation of
details of electronic structure through the technique of spectral
hole-burning [36]; spectroscopic methods to study coupled elec-
tronic states [32,37]; the effect of pressure on luminescence spectra
[38,39]; low temperature luminescence spectra with resolved
vibronic structure [40].

3. Photochemistry and photophysics of chromium(III)
complexes

The purpose of this section is to illustrate some key concepts
regarding metal centered ligand field excited states, drawing from
the rich literature involving Cr(III) photophysics and phtochem-
istry. For more exhaustive reviews the reader is directed to several
authoritative sources [17,18,41–43].

3.1. Ligand field excited states

The ground state and lowest energy quartet and doublet elec-
tronic configurations for Cr(III) in an Oh ligand field are illustrated
in Fig. 6 along with a potential well diagram and Jablonski
type diagram.5 Since hexacoordinate Cr(III) complexes have quar-
tet ground states, one can draw the following analogy between
Figs. 3 and 6. Spin allowed excitation leads to quartet ES, while
direct excitation into the doublet state(s) is forbidden. Note that
the quartet excited states are distorted from the ground state, since
a metal–ligand antibonding orbital has been populated, thus these
ES should have elongated metal–ligand bonds relative to the GS.
Indeed, for Cr(NH3)6

3+ this distortion was estimated from spectro-
scopic data to involve a 12 pm equatorial expansion along with a
2 pm axial contraction [44]. The 4T2g potential minimum, therefore,
is displaced relative to the ground state along a tetragonal distor-
tion coordinate (Fig. 6b). The doublet states, on the other hand,
have the same (t2g)3 orbital population as the GS, and should be
essentially undistorted. Thus, the potential well of the 2Eg state is
“nested” with the 4A2g ground state.

Hexacoordinate complexes of lower symmetry (e.g. C4v and D4h)
will demonstrate further splitting of the electronic states. The 2T1g
(Oh) splitting depends only on the differences between axial and
equatorial �-bonding parameters, which causes splitting in the t2g
orbitals. Splitting of the 4T2g and 4T1g states, on the other hand,
depends on differences in both the �- and �-bonding parame-
ters [45] (see also Section 4.3). As depicted in Fig. 7, the state(s)
derived from that of 2Eg (Oh) parentage is/are typically the lowest
energy doublet(s). However, the doublet state derived from 2T1g
(Oh) parentage becomes the lowest in a few complexes with strong
axial �-donors [46].

For Cr(III) complexes of Oh symmetry, the lowest energy spin-
allowed excitation is into excited vibrational (Franck–Condon)
states of the 4T2g electronic state. The displaced nature of this ES
surface results in a manifold of vibronic transitions and a broad
absorption band (Fig. 8). In contrast, direct (spin-forbidden) excita-
5 For the sake of simplicity, only the lowest energy quartet and doublet ES are
shown in Fig. 6b and the 2T1g state, which is often energetically close to the 2Eg, is
omitted from Fig. 6c.
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ig. 6. (a) Electronic configurations for Cr(III) complexes in Oh symmetry. (b) Potent
tates along with absorption to and fluorescence from the 4T2g. (c) Jablonski diagra

ands for 4A2g→ 4T1g and 4A2g→ 4T2g (e.g., see Fig. 2). Direct
xcitation into the spin forbidden doublet states is typically not
bserved, but occasionally shows up as weak, sharp features on the
ong wavelength side of the lowest energy quartet band. Classical
xamples of this absorption feature appear in the room tempera-

ure spectrum of Cr(urea)6

3+ [48] and the 77 K spectrum of ruby
49]. Additionally, the 4A2g→ 2Eg absorbance band is often split
ue to spin orbit coupling and a lowered crystal field symmetry
49–53].

ig. 7. Energy level diagram showing the splitting of d3 Oh electronic states in a
uadrate field.

dapted from Ref. [45].
ll diagram showing the ground state and lowest energy quartet and doublet excited
icting photophysical processes.

After initial population of the 4T1g Franck–Condon states, rapid
VR to an equilibrium geometry and IC to the 4T2g state occurs.
Recent ultrafast spectroscopic studies [54] also suggest some
prompt ISC to doublet ES manifolds from high energy excitation.
From the lowest quartet ES there are possibilities of fluorescence,
ISC to the doublet state(s) and direct nonradiative decay to the GS.

Note that the energy of the F band will be shifted (Stokes shift) to
lower energy relative to the absorption into the same lowest quar-
tet state (Fig. 8). From the thermally equilibrated doublets, there is
the possibility of (i) BISC, (ii) phosphorescence, or (iii) NR (another

Fig. 8. Schematic potential surface diagram for an octahedral Cr(III) complex,
depicting its relationship to the absorption and emission spectra.

Adapted from Ref. [47].



tion Chemistry Reviews 255 (2011) 591–616 597

I
q
S

3

s
t
p
y
A
c
5
t
˚
p
a
h
a
q
i
C
s
M
t
w
t
o
a

C
i
t
4

w
t
s
t
h
r
d
i
[

e
c
p
a
l
l
d
E
i
B
fi
b
d
t

fi
s
u
a
e
o

increased ε) as one proceeds from cyclam, to 1,11-C3-cyclam, to
1,4-C2-cyclam. This result is attributed to decreased orbital over-
lap through this series due to ligand imposed deviations from Oh
microsymmetry [25]. Thus, it is possible to tune the relative LF

Fig. 10. Pressure-dependent luminescence spectra of (NH4)3[CrF6] measured at
P.S. Wagenknecht, P.C. Ford / Coordina

SC process) to the ground state. Reactions from the lowest energy
uartet and doublet ES are also possible and will be discussed in
ection 3.3.

.2. Photophysics

Based on experience with organic systems, the rate constants for
ome of the photophysical processes described might be expected
o follow the order kVR > kIC > kISC [29]. For certain Cr(III) com-
lexes, however, it was found that 2Eg phosphorescence quantum
ields are dependent on excitation wavelength (�ex) [55–58].
n example is the Cr(NH3)6

3+ cation where the phosphores-
ence quantum yields (298 K) were determined for excitation at
14 nm and 436 nm, both wavelengths corresponding to exci-
ation into the first ligand field band. Under these conditions,

P(514 nm)/˚P(436 nm) = 0.60 [56]. Likewise, the fraction of the
hotoreaction attenuated by selective doublet state quenchers was
lso dependent on �ex [55–58]. These observations suggest that the
igher energy irradiation populates quartet Franck–Condon states
t energies above the quartet/doublet crossing point such that
uartet to doublet ISC effectively competes with vibrational cool-

ng. This interpretation was supported by ps laser studies on several
r(III) complexes that demonstrated a rise time for 2Eg formation
horter than the time response of the instrument (1–2 ps) [59,60].
ore recent studies on Cr(acac)3 indicate that kISC > 1×1013 s−1,

hus ISC from such Franck–Condon states is at least competitive
ith VR to the lowest quartet [54]. These observations highlight

he growing recognition that concepts regarding the relative rates
f VR, IC, and ISC applicable to organic systems do not consistently
pply to metal systems [61].

A recent time-resolved transient absorption investigation on
r(acac)3 has revealed an oscillatory component (164 cm−1) super-

mposed on the 4T2 excited-state absorption [62]. The fact that
his vibrational coherence is maintained on the timescale of
T2→ 2E ISC suggests that this frequency may be associated
ith the coordinate for the ISC. DFT calculations indicate that

his frequency could correspond to a combination of excited
tate vibrations involving Cr–O bond stretching and large ampli-
ude motions of the acac ligand backbone. In support of this
ypothesis, when the methyl groups on the acac ligand were
eplaced with sterically bulky t-butyl groups, the rate of ISC
ecreased by an order of magnitude. This result suggests that

t may be possible to rationally control excited state dynamics
62].

According to Kasha’s rule, the lowest energy quartet and doublet
xcited states (Fig. 6b) are the most worthy of attention when dis-
ussing the photophysics of the Cr(III) complexes. This suggests the
ossibility of observing fluorescence from the 4T2g (Oh) ES as well
s phosphorescence from the 2Eg (Oh) ES. Because the 2Eg energy is
argely insensitive to ligand field strength (although dependent on
igand nephelauxetic parameters) [43,63,64], while the 4T2g energy
epends directly on LF strength (Fig. 9), the relative energies of the
S potential minima can be varied by choice of ligands. This results
n “fluorescence only” from complexes of weak field ligands (e.g.,
r−, Cl−, F−), and “phosphorescence only” from those with strong
eld ligands (e.g. NH3, CN−). Dual emission (i.e., P accompanied
y F) is sometimes observed for the intermediate case of oxygen
onors [47]. A classic example is the dual emission observed for
he complex Cr(urea)6

3+ in a 78 K glass [48].
The ability to tune emission properties by adjusting the ligand

eld strength was cleverly exploited by applying extreme pres-

ures to solid (NH4)3[CrF6], a sample that shows only fluorescence
nder ambient pressures at 22 K. As the pressure was increased in
diamond anvil cell, the compression of the solid increased the

ffective ligand field strength. The result was a blue-shift of the flu-
rescence between 0 and 7.8 GPa applied pressure, and the onset
Fig. 9. Simplified Tanabe–Sugano type diagram for the d3 electronic configuration
in Oh symmetry. As the ligand field strength increases, the lowest energy excited
state crosses from the 4T2g state to the 2Eg state.

of 2Eg phosphorescence (14896 cm−1) at 8.8 GPa (Fig. 10) [65,66].
An earlier study of such pressure-induced tuning of fluorescence to
phosphorescence involved [Cr(urea)6](ClO4)3 [67]. For a quantita-
tive treatment of the increase of ligand field strength with pressure,
the reader is directed to a review highlighting the effects of pressure
on the luminescence of TM systems [38].

Polydentate ligands that invoke geometric constraints reduc-
ing orbital overlap can also significantly affect the quartet energy
levels. For example, the trans-[Cr(N4)(CN)2]+ cations shown in
Fig. 2 display red-shifts of the LF absorption bands (in addition to
22 K in a diamond anvil cell with 632.8 nm He/Ne laser excitation. Shaded peaks are
due to either the 1332 cm−1 diamond Raman line or to the ruby phosphorescence
used to measure pressure. Increasing the pressure leads to a gradual blue-shift of
the 4T2g→ 4A2g fluorescence and the onset of the 2Eg→ 4A2g phosphorescence at
applied pressures >7.8 GPa.

Adapted from Ref. [66].
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limit, where k(T) is negligible and the phosphorescence lifetime
is effectively independent of T. For some complexes, e.g., trans-
Cr(cyclam)(CN)2

+ in fluid solution, this is the case nearly up to room
temperature [77] (Fig. 12), whereas for others � is dramatically
shorter at room temperature than it is at 77 K [18,74].
98 P.S. Wagenknecht, P.C. Ford / Coordina

xcited state energies by varying the ligands, modifying geometric
onstraints, or applying extreme conditions such as high pressure.

Detailed analysis of the kinetics and thermodynamics of ISC and
ISC between the 4T2g and 2Eg (Oh) ES requires knowledge of the
elative energies of the potential well minima and their crossing
oints. Assigning the energy of a specific ES relative to that of the
round state can in principle be accomplished spectroscopically
y determining the energy of the electronic transition between
he lowest vibrational level of each (that is, where v = 0). Indeed,
n a few cases, there is enough structure in the low temperature
A2g→ 4T2g absorption spectrum to locate the 0–0 band [44,68–70].
or example, the spin–orbit split 0–0 lines for the 4T2g to 4A2g
ransition of single-crystal [Cr(NH3)6](ClO4)2Cl·KCl at 6 K place the
ibrationally cooled quartet ES at 19,960 cm−1 above the ground
tate [44]. For complexes of D4h symmetry, there is the additional
uestion of whether the 4B2g or 4Eg state of 4T2g parentage (Fig. 7)

ies lower in energy. For trans-Cs2[CrCl2(H2O)4]Cl3, single crystal
olarized absorption and luminescence spectra at 5K identified the

owest energy electronic origin (13,630 cm−1) as the 4B1g→ 4Eg

ransition (see Fig. 7) [70]. In contrast with these cryogenic single
rystal experiments, absorbance bands in room temperature solu-
ion tend to be broad and fluorescence under these conditions is
are [71], so it is necessary to estimate the energy differences.

An empirical rule for estimating the energy of the thermalized
uartet from the absorption band is the 5% rule given by Eq. (8)
20],

(4T◦2g) = 1.11(v̄0.05)− 880 cm−1 (8)

here v̄0.05 is the frequency (in cm−1) at which the absorption on
he red side of the Gaussian shaped 4A2g→ 4T2g band is 5% of its

aximum intensity. However, some researchers argue that Eq. (8)
verestimates the 4T2g/4A2g energy gap [42], while others argue
hat it underestimates this value [72].

Much more is known about the 2Eg state energies, since the
Eg→ 4A2g emission spectra in low temperature glasses often
how considerable vibrational fine structure with a prominent
–0 band [43]. Such emission often persists at room tempera-
ure with relatively long (0.1–1000 �s) lifetimes. However, given
he ambiguity concerning the energy of the 4T2g state, it is clear
hat the 4T2g/2Eg energy gap cannot be accurately determined for

ost systems in room temperature solution, so it is necessary to
ake approximations such as the 5% rule to estimate this energy

ap.
In most cases when the doublet is the lowest energy excited

tate, intersystem crossing is efficient, with ISC quantum yields
˚ISC) typically in the range 0.7–1.0 [42]. Thus, it is essential to
nderstand the modes of doublet deactivation. We will first focus
n systems for which photochemistry is negligible. For these sys-
ems, P, NR, and BISC to the lowest quartet state must be considered.
n addition, we will also consider a nonradiative crossing to a
round state intermediate (GSI) with a quartet electronic config-
ration as has been proposed for certain Cr(III) systems (Fig. 11)
72–75].

These processes for Cr(III) complexes are reflected in the
esponse of the measured 2Eg→ 4A2g emission lifetimes to tem-
erature changes. In order to interpret such data, it has proved
elpful to adopt an operationally useful formalism whereby the
xcited-state decay rate constant is separated into temperature-
ndependent and temperature-dependent components (Eq. (9))
72,73,76].
−1 = kd = k(T)+ k◦ (9)

ere, � is the observed lifetime, kd is the overall rate constant
or deactivation, k◦ is the nearly temperature independent rate
onstant for excited state deactivation, and k(T) represents the
Fig. 11. Qualitative potential well diagram showing possible deactivation modes for
the 2Eg excited state. These include phosphorescence (P), nonradiative decay (NR),
(a) back intersystem crossing, (b) crossing to a ground state intermediate (GSI), or
(c) direct doublet reactivity.

temperature-dependent component. The term k◦ can be further
separated into a radiative component due to phosphorescence, kr,
and a nonradiative component due to ISC to the ground state, knr.
Likewise, the k(T) term may be separated into several components
owing to different thermally activated deactivation mechanisms
(Fig. 11). At very low T, k◦ is the limiting value for kd.

It is instructive to consider complexes in the low temperature
Fig. 12. Temperature dependence of the rate constant for 2Eg (Oh) excited state
relaxation for trans-Cr(cyclam)(CN)2

+, trans-Cr(1,11-C3-cyclam)(CN)2
+, and trans-

Cr(1,4-C2-cyclam)(CN)2
+ in 1:1 DMSO/H2O (0.01 M HCl). Note that near 293 K

(vertical dashed line), the rate constant for the cyclam complex is relatively temper-
ature independent, whereas the decay rate constants for the other two complexes
exhibit Arrhenius behavior [78].
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commonly studied. Quantum yields of several representative com-
plexes are listed in Table 1.

Cr(NH3)3+
6 +H2O

hv−→Cr(NH3)5(H2O)3+ +NH3 (10)

Table 1
Photoaquation quantum yields (˚L) for a representative set of homoleptic and het-
eroleptic Cr(III) complexes.
P.S. Wagenknecht, P.C. Ford / Coordina

At the low temperature limit, phosphorescence and nonra-
iative deactivation are responsible for excited state relaxation.
ince phosphorescence quantum yields, �P, are small for most
r(III) complexes [79], the 2Eg lifetime must be dominated by NR
knr� kr). Because the 2Eg and 4A2g electronic states are nested, i.e.
eak-coupled, this nonradiative relaxation involves tunneling from

he ES potential surface into the GS potential surface and should
e facilitated by high frequency vibrations [28,30]. Typically, the
ore N–H oscillators directly bound to the metal, the shorter the

hosphorescence lifetime [73,80]. For example, the 77 K lifetime of
r(NH3)6

3+ (with 18 N–H oscillators on atoms directly coordinated
o the Cr(III)) is 70 �s, whereas that for trans-Cr(cyclam)(NH3)2

3+

with only 10 N–H oscillators) is 180 �s [81]. These lifetimes also
espond substantially to deuteration of the am(m)ines [18,82], e.g.,
–H deuteration of trans-Cr(cyclam)(NH3)2

3+ increases its 77 K
ifetime to 3720 �s [81].

The thermally activated pathway for 2Eg excited state deacti-
ation often exhibits an Arrhenius dependence (Fig. 12), though
here are exceptions [43,83]. In accordance with expectations for a
urface crossing pathway, there is typically little to no deuterium
sotope effect on this component of the nonradiative deactivation.
owever, because the Cr(III) doublet states are largely nested with

he ground state, it is unlikely that this crossing would involve a
trong coupling mechanism directly between these two states. A
ore likely possibility would be back intersystem crossing to the

owest energy quartet ES. Because this state is strongly distorted
rom the GS geometry, a surface crossing with the GS would then
rovide the deactivation pathway. In this latter case, the activation
arrier for this pathway would have two components: one corre-
ponding to BISC, the other to the additional energy necessary to
urther promote the system to the surface crossing between the
xcited and ground quartet states.

In this context, it has been demonstrated for a series of aci-
oam(m)ine Cr(III) complexes (e.g. cis- and trans-Cr(N2)2XYn+,
here N2 = 1,2-ethanediamine or 1,3-propanediamine, and X and Y

re among F−, Cl−, Br−, NCS−, and H2O) that the phosphorescence
ifetime becomes considerably longer as the energy gap between
he lowest energy quartet and doublet excited states increases. This
ould be consistent with a mechanism involving BISC followed by

apid 4T2g→ 4A2g (Oh) relaxation [84]. A key question, however,
s whether this latter relaxation demonstrated deuterium isotope
ffects, since both weak and strong coupling deactivation mecha-
isms of the quartet ES might be expected.

With stronger field ligands that give large 2Eg/4T2g (Oh) energy
aps (e.g. trans-Cr(N4)(CN)2

+, where N4 = a macrocyclic tetraamine
igand such as cyclam), the apparent activation energy for 2Eg phos-
horescence decay is much smaller than the estimated 2Eg/4T2g
nergy gap. This observation led some authors to rule out BISC
s a principal mechanism for 2Eg (Oh) deactivation [18,25,72,85].
nstead another thermally activated process involving surface
rossing from the doublet to a hypothetical intermediate, such as
he GSI in Fig. 11, was proposed [72–75]. Once formed, the GSI
ould continue along a trajectory to products or along a separate
rajectory to the original GS.

One suggested distortion coordinate for such a GSI is a molecular
wisting motion toward a trigonal prismatic structure (Oh→D3h).
uch a distortion would relax the Laporte selection rule6 and allow
/d orbital mixing. Furthermore, none of the ligand field excited

tates would be nested with the ground state, providing more
pportunity for potential well surface crossing [73].

This proposal was tested by comparing several pairs of Cr(N6)3+

omplexes having different thermodynamic barriers toward a trig-

6 It should be noted that the Laporte selection rule applies only to radiative tran-
itions.
Fig. 13. The quasi-cage ligand, sen can be thought of as three ethylenediamine
ligands joined by a neopentyl capping group.

onal twist. Species for which this twist was more facile had the
shorter excited state lifetimes at room temperature, consistent
with this mechanism [73]. For example, the complexes Cr(en)3

3+

and Cr(sen)3+ (Fig. 13) have nearly identical the ground state coor-
dination geometries. However, the crystal structure shows larger
than normal bond angles in the neopentyl cap for the antipris-
matic arrangement of the coordinated sen ligand, and molecular
mechanics calculations suggest that a 14◦ twist toward a prismatic
geometry would reduce ligand strain by 18 kJ/mol. This should
result in a lower barrier for a trigonal twist for Cr(sen)3+ than
for Cr(en)3

3+. Consistent with the relaxation mechanism discussed
above, the excited state lifetime of Cr(sen)3+ in room temperature
fluid solution is shorter than that of Cr(en)3

3+ by more than a fac-
tor of 104 [74]. This dependence of deactivation rates on steric
constraint finds parallel in the recent ultrafast kinetic studies on
Cr(acac)3 demonstrating that the rate of ISC decreases by an order
of magnitude upon replacing the acac methyl groups with sterically
bulky t-butyl groups [62].

Another study comparing the photophysical properties of a
series of complexes Cr(mac)X2

n+ (where mac = a series of N4 and
N3S macrocyclic ligands) has suggested that crossing to a GSI and
BISC are competitive [75]. Indeed, when X is a strong field ligand
such as NH3 and CN−, giving a high barrier to BISC, GSI is the domi-
nant channel; when X is a weak field ligand such as Br− or Cl−, BISC
is the dominant channel. These results clearly demonstrate that
tuning the relative excited state energies can define the trajectories
of the nonradiative deactivation mechanism.

3.3. Photosubstitution reactions

Photoexcitaton of Cr(III) complexes in solution often leads to lig-
and substitution reactions, aquation (e.g. Eq. (10)) being the most
Complex �ex ˚L (main mode) Ref.

Cr(NH3)6
3+ 436 0.47 [86]

Cr(en)3
3+ 514 0.42 [87]

Cr(sen)3+ 355 0.10 [74]
Cr(NCS)6

3− 546 0.26 [88]
Cr(CN)6

3− 365 0.11 [88]
Cr(NH3)5(H2O)3+ 546 0.20(NH3) [89]
Cr(NH3)5(CN)2+ 495 0.33(NH3) [90]
Cr(py)(CN)5

2− 400 0.08(py); 0.011(CN−) [91]
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ooking back at Fig. 11, several mechanistic possibilities (or chan-
els) exist for photosubstitution [18,42], namely,

1) “prompt” reactivity of the quartet ES,
2) “delayed” reactivity of the quartet ES following BISC from the

doublet ES,
3) direct reactivity of the doublet ES following ISC from the quar-

tet,
4) reactivity originating in the doublet but occurring via surface

crossing or tunneling to a GSI, and/or
5) reaction of a vibrationally excited “hot” ground state following

doublet or quartet NR deactivation.

How might these mechanisms differ experimentally? Channels
and 2 would be expected to yield similar product distributions,

ince in both cases the reaction is that of the quartet ES. However,
eaction through channel 2 should be quenched by species that
uench the doublet state phosphorescence. Likewise, channels 3
nd 4 should be quenched under conditions of phosphorescence
uenching. Product distributions from the hot ground state mecha-
ism (channel 5) might be expected to mimic those of ground state
hermal reactions. On the other hand, it is difficult to predict the
roducts from channel 4, as the GSI may well have different reac-
ivity channels than either the GS or the quartet ES. Although some
nvestigators have argued that there is little reason to expect that
eactivity via channel 4 should differ from that via the “hot” ground
tate [42], the fact that the GSI may involve a twisting trajectory
rom the structure of the doublet ES suggests a that unique reac-
ion pattern might be expected. Many of the experimental studies
imed at distinguishing among these mechanistic possibilities have
een performed on heteroleptic complexes where the quartet and
oublet states are split [42,43] (Fig. 7), yet the above mechanistic
onsiderations still mostly apply.7

Before mining the extensive database on Cr(III) photosubstitu-
ion reactions to test some of the finer points, it might be noted
hat there are a number of examples where the photoproducts are
antithermal”, i.e., do not duplicate ground state reactions [92].
or example, thermal ligand substitution on Cr(NH3)5X2+ com-
lexes generally result in replacement of the acido ligand (Eq.
11)), whereas the corresponding photochemical reaction results
n replacement of an ammine ligand (Eq. (12)) [92].

r(NH3)5X2+ kT−→Cr(NH3)5H2O3+ + X−

(X− = Cl−, Br−, NCS−, etc . . .) (11)

r(NH3)5X2+ hv−→
H3O+

cis-Cr(NH3)4(H2O)X2+ +NH4
+ (12)

urthermore, thermal aquation of trans-Cr(NH3)4Cl2+ proceeds
ith retention of stereochemistry (Eq. (13)), whereas the corre-

ponding photochemical reaction does not (Eq. (14)) [92].

rans-Cr(NH3)4Cl2
+ kT−→trans-Cr(NH3)4(H2O)Cl2+ + Cl− (13)

rans-Cr(NH3)4Cl2
+ hv−→cis-Cr(NH3)4(H2O)Cl2+ + Cl− (14)
hese results clearly indicate that the photoproducts are not simply
he result of a hot ground state mechanism. Rather, both the quar-
et and doublet ES should be thought of as distinct chemical species
ith reaction channels not necessarily accessible by the ground

7 There is one important exception. In cases where the state of 2T1g (Oh) parentage
s lowest in energy, this state no longer has the ground state geometry since its orbital
ccupation is different from the ground state. See Refs. [46,93,94].
emistry Reviews 255 (2011) 591–616

state. Debate over the mechanistic roles of the lowest energy dou-
blet and quartet ES in photoreactivity has dominated this field and
been exhaustively reviewed [18,42]. A few important experiments
designed to illuminate some of the above considerations follow.

Product monitoring experiments following pulsed laser photol-
ysis on certain systems have demonstrated ligand substitutions to
occur on two different time-scales. The shorter is method limited
(ns) and the longer occurs with the lifetime of the doublet excited
state [95–97]. The former is suggestive of a “prompt” reaction
from the quartet state; the slower one indicates a second pathway
involving the doublet state.

Additional evidence for two channel reactivity comes from pho-
toproduct monitoring in the presence of reagents, such as OH−,
that effectively quench doublet phosphorescence. For example,
Cr(tn)3

3+ undergoes photoaquation in room temperature aqueous
solution (Eq. (15)) with a quantum yield of 0.15.

Cr(tn)3
3+ hv−→cis/trans-Cr(tn)2(tnH)H2O4+ (15)

When the phosphorescence and photoreaction yields were moni-
tored upon adding increasing [OH−], extrapolation to conditions
of total phosphorescence quenching, revealed that 28% of the
photoaquation remained unquenched [98]. Similarly, for many
other Cr(III) systems, much, but not all, of the photoreaction was
quenched under conditions where phosphorescence was quenched
totally [41,42]. For such systems, it appears that there is prompt ES
reactivity too fast to be quenched, and a second channel involv-
ing the doublet. Ligand labilization from the quartet ES might be
expected inasmuch as population of the �-antibonding eg* orbital
would facilitate a dissociative mechanism, while the resulting
vacancy in the t2g orbitals would facilitate an associative pro-
cess. The role of the doublet ES in photoreactivity is less clear, but,
because of its relatively long lifetime in room temperature solution,
has long been recognized as a likely candidate.

Earlier studies were aimed at explaining the antithermal nature
of the photoreactivity, and more importantly, the patterns of pho-
tosubstitution, i.e., identifying which ligand will be substituted
in heteroleptic complexes [99]. The photosubstitution patterns
were described in a set of empirical guidelines typically referred
to as “Adamson’s rules” [99]. These rules have been rational-
ized both with ligand field theory [94] and with angular overlap
models [100,101].8 The reasonably good predictive powers of
models assuming quartet state reactivity is often viewed as sup-
port for a pathway following BISC to the quartet (channel 2).
Additional evidence for this mechanism is found in those cases
where the substitution patterns for the quenchable (doublet chan-
nel) and unquenchable (prompt quartet channel) portions of the
photochemistry are similar (e.g. Cr(en)3

3+ and Cr(NH3)5CN2+)
[42,103–105]. There are a few cases for which little to no reaction
quenching is detected under conditions of total phosphorescence
quenching, namely, for Cr(CN)5Xn− complexes [91,106–108]. Note
that such complexes have very high ligand field strengths, pro-
hibiting BISC and leaving prompt quartet reactivity as the only
(quartet) reaction channel available. Overall, the quantum yields
for the photoreactions are small, consistent with expectations that
reactivity from such a short-lived intermediate should be less
significant.
Certainly, whether or not channel 2 (BISC followed by quartet
reactivity) is a viable mechanism depends on the relative energies
of the lowest energy doublet and quartet excited states. The chief
argument against the BISC mechanism (and therefore in favor of

8 Modern rigorous theoretical models based on DFT methods have emerged as far
superior predictive tools, yet at the same time these methods support traditional
ligand-field calculations [34,102].
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excited states for low-spin d6 complexes assuming Oh symmetry.
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Fig. 15. Potential well diagram showing the lowest energy electronic states for

fairly close to the low-spin/high-spin crossover, whereas higher
field complexes will have a triplet LEES. For example, the quin-
Fig. 14. The d orbital diagram for the electronic ground and

he GSI mechanism) has been that the estimated quartet to doublet
nergy spacing does not correlate well with excited state behavior.
his question cannot be resolved without a clearer picture of the
elative excited state energies.

Finally, a discussion of the associative or dissociative nature of
he photosubstitution mechanism is in order. The angular over-
ap model for explaining photosubstitution patterns [100,101] is
ased on an assumption of quartet reactivity with dissociative lig-
nd loss, resulting in a five-coordinate intermediate with trigonal
ipyramidal geometry. This model has been useful in rationalizing
he stereochemical change accompanying most photosubstitution
eactions of Cr(III) complexes (see, for example, Eq. (14)), partic-
larly those involving axial ligand loss in heteroleptic complexes
f D4h and C4v symmetry [42].9 However, the apparent volumes
f activation measured for photosubstitution point to an associa-
ive pathway for Cr(III) photochemistry [86,110]. This has led to
he suggestion of an asymmetric pentagonal bipyramidal interme-
iate formed from a Lewis base attack at the vacant t2g orbital
89,111,112], or alternatively, a face capped trigonal prismatic
ntermediate resulting from an attack at one of the octahedral faces
112,113]. The latter would likely involve a trigonal twist similar to
hat suggested for the GSI relaxation pathway (Section 3.2).

Although we have merely outlined the vast body of experimen-
al studies on Cr(III) complexes, it should be clear that the relative
nergies of the doublet and quartet excited states are central to the
hotochemistry and photophysics of these systems. The energies
f these states can be manipulated by varying the ligand field, by
djusting polydentate ligand geometrical constraints, or by apply-
ng pressure. Furthermore, the roles of ES deactivation mechanisms
re a function of temperature. As a result, the excited state proper-
ies and dynamics can be tuned and these findings offer examples
f how such systems might be manipulated in the development of
hotooptical devices.

. Photochemistry and photophysics of low-spin d6

omplexes

Complexes with a low-spin d6 configuration, including Pt(IV),
r(III), Rh(III), Os(II), Ru(II) and Re(I), are significant players in the
esign of photooptical devices. Certain complexes of Fe(II) and
any of Co(III) also fall into this category as do the organometal-

ic and carbonyl compounds of Mn(I) and the zero-valent group 6
etals.

.1. Ligand field excited states

In contrast to the d3 ligand field states discussed above, all the
igand field transitions for low spin d6 complexes of Oh symmetry

ecessarily involve promotion of an electron from a t2g orbital to an
g orbital. Singlet and triplet ES both with the t2g

5eg
1 configurations

re predicted as well as a quintet ES with the t2g
4eg

2 configuration
Fig. 14).

9 The discovery that trans-[Cr(cyclam)Cl2]+ is nearly photoinert [109] has been
sed to argue that stereochemical change might even be a requirement for the
hotosubstitution [42].
Co(NH3)6
3+ with respect to an a1g vibrational coordinate. Adapted from Ref. [114].

For complexes with higher ligand field splitting, the 5T2g will be at higher energy,
leaving the 3T1g as the LEES.

All the ES involve population of the �* eg orbitals and thus
are predicted to be distorted from the GS structure, regardless of
multiplicity. This is evidenced by Franck–Condon analysis of high
resolution absorption spectra of diluted single crystals. For exam-
ple, both Co(NH3)6

3+ [114] and Rh(NH3)6
3+ [115], show M–N bond

elongations ≥10 pm in their 3T1g excited states. The ES potential
wells are all displaced along the nuclear coordinate with respect to
the GS (Fig. 15) and any luminescence observed would be signifi-
cantly Stokes shifted from the corresponding absorption band.

Once again, a question arises concerning the identity of the
lowest energy excited state (LEES). Given the (t2g)4(eg)2 electronic
configuration of the quintet state relative to the (t2g)6 ground state,
the energy of the former is extremely dependent on ligand field
strength (Fig. 16). Thus, the quintet state is expected to be the
LEES for low-spin d6 complexes with ground state orbital splittings
tet would be expected to be the LEES for most Co(III) am(m)ine
complexes,10 whereas for complexes with larger LF splittings (e.g.

10 The role of the quintet states is especially apparent in the spin-crossover com-
plexes [33] of Fe(II) where the singlet and quintet states are close enough in energy
to be in thermal equilibrium. The large distortion of the quintet vs. the singlet is
sufficient that applications of hydrostatic pressure markedly affect the equilibrium
constants and rates of the spin-crossover process [116].
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ig. 16. Simplified Tanabe and Sugano type diagram for the d6 electronic configu-
ation in Oh symmetry (low-spin region only).

o(CN)6
3− and most Rh(III) and Ir(III) complexes), the triplet is the

EES [117]. Not surprisingly, the Co(III) am(m)ine complexes show
otable differences in photochemical reaction patterns relative to
heir Rh(III) and Ir(III) analogues and to Co(CN)6

3− (Section 4.3).
Owing to these distortions, none of the ligand field ES of low spin

6 complexes of Oh symmetry are nested with the GS, These distor-
ions set up possible surface crossings with the GS. The singlet and
riplet MC excited states, however, are similarly distorted and are

uch more likely to be nested (Fig. 15). The potential implications
re discussed in Sections 4.2 and 4.3.

.2. Photophysics of Rh(III) complexes: a case study

For complexes of Rh(III), initial excitation is followed by rapid
nternal conversion/intersystem crossing to the triplet LEES with
ear unitary efficiency [19,118]. ISC rate constants, kISC, have
een determined to be >5×109 s−1 for a series of Rh(NH3)5X2+

nd Rh(NH3)4X2
+ complexes [119], and ∼5×1011 s−1 for cis-

hX2(bpy)2
+ complexes [120], (where X = Br− and Cl− for both

tudies). The nested nature of the LF ES singlet and triplet sur-
aces (with respect to each other) for Rh(III) complexes suggests
hat the internal conversion/intersystem crossing processes would
e expected to occur through a weak-coupling mechanism. The
omewhat faster intersystem crossing rate constant (>1×1013 s−1)
easured for Cr(acac)3

3− [54] may reflect strong coupling between
he quartet and doublet surfaces for Cr(III) complexes due to the
arge displacements along the nuclear coordinate.

Even though the LEES for Rh(III) complexes are displaced rela-
ive to the ground state and are expected to show a strong-coupling

echanism for nonradiative deactivation (Fig. 15), a weak-coupling
echanism should also be evident when the thermal energy is

nsufficient to promote surface crossing to the singlet ground state.
irect nonradiative relaxation from the LEES to the GS should

ave two components, a thermally activated surface crossing and a
elatively temperature independent tunneling pathway. Thus, the
verall deactivation rate constant should show two terms, k◦ and
(T), as described by Eq. (9). Moreover, k◦ should be sensitive to deu-
erium labeling of ligands such as am(m)ines [121]. In this context,
emistry Reviews 255 (2011) 591–616

ES deactivation for several trans-Rh(N4)(CN)2
+ ions (where N4 = a

macrocyclic tetraamine ligand) has been shown to display two dis-
tinct temperature regimes [122]. Since these complexes display no
unimolecular reactivity, the temperature effects on the lifetimes
can be attributed to the competing weak and strong coupling mech-
anisms for nonradiative deactivation.

For Rh(III) acidoammine complexes, the k(T) regime begins well
below room temperature. Thus, phosphorescence lifetimes are typ-
ically three to four orders of magnitude longer in 77 K glasses
(1–20 �s) than in 298 K fluid solution (1–20 ns) [18]. Deuteration
of the am(m)ine ligands typically increases � for both sets of con-
ditions. However, this effect is much larger at 77 K (10–50-fold),
where excited state lifetimes are nearly temperature independent
[121], than at 298 K (two-fold) [123]. It is important to note that
most of these Rh(III) acidoammine complexes are photoreactive in
room temperature fluid solution (Section 4.3) so reactive deactiva-
tion is also a competitive pathway for excited state decay.

An interesting exception is trans-Rh(cyclam)(CN)2
+, which is

photoinert to ligand substitution [122,124,125]. Here the 3T1g (Oh)
splits into 3Eg and 3A2g (D4h) levels, with the 3A2g being the
lower energy (see also Section 4.3). Although that state might be
expected to be susceptible to ligand labilization in the equato-
rial plane, this pathway is effectively blocked by the macrocyclic
constraint. The phosphorescence lifetime between 77 K and 300 K
clearly shows both temperature independent behavior and a region
(>160 K) that demonstrates an Arrhenius dependence with an Ea

of 6.4 kcal mol−1 (in MeOH/H2O) [122]. The phosphorescence life-
time in room temperature aqueous solution is 10 �s, three orders
of magnitude longer than that observed for most other Rh(III) aci-
doam(m)ine complexes. While it might be tempting to ascribe this
increase to the elimination of the reactive deactivation pathway,
quantum yields for ligand substitution from complexes of the type
Rh(NH3)5X2+ are typically less than 0.5. For example, the photore-
action shown in Eq. (16) has a ˚NH3 of 0.09 in ambient temperature
aqueous solution [126].

Rh(NH3)5CN2+ +H2O
hv−→cis-Rh(NH3)4(H2O)CN2+ +NH3 (16)

Thus, suppressing the reactive pathway only would not be expected
to increase � for the lowest energy ligand field excited state by more
than a factor of two.

Molecular mechanics calculations for trans-Rh(cyclam)(CN)2
+

suggest an alternative explanation, namely, that the macrocyclic
cyclam restricts the equatorial Rh–N expansion expected for the
equilibrated triplet level [122]. For the lowest energy triplet excited
state, this would result in a higher 0–0 energy, a steeper potential
surface, and a relatively small nuclear displacement. These lat-
ter features would lead to a higher activation energy for surface
crossing to the ground state, thus disfavoring the strong coupling
mechanism for nonradiative decay [18,122].

4.3. Photosubstitution reactions of cobalt(III), rhodium(III), and
iridium(III) complexes

The photochemistry of Co(III), Rh(III), and Ir(III) complexes has
been extensively reviewed [18,19,127], so the examples chosen for
discussion here will be limited. Table 2 lists quantum yields (˚L)
for the aquation of several ML6 complexes. For these data, it should
be noted that the reaction quantum yields are all less than 50%, and
given that the photoemission under these conditions is exception-
ally weak, the principal pathway(s) leading to ES deactivation in

each case is nonradiative deactivation.

Given the �ex independence observed for the photosubstitution
quantum yields for Rh(NH3)6

3+ and Ir(NH3)6
3+, it was concluded

that initial excitation is followed by rapid IC/ISC to a common
excited state, the lowest energy triplet state, 3T1g. This excited state,
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Table 2
Photoaquation quantum yields (˚L) for ML6 complexes in 298 K aqueous solution.

ML6 +H2O
hv−→ML5(H2O)+ L.

Complex �ex Assignment ˚L Ref.

[Co(NH3)6]3+ 365 1T2g← 1A1g 0.0054 [128]
460 1T1g← 1A1g 0.00052

[Co(CN)6]3− 254 1T2g← 1A1g 0.31 [129]
313 1T1g← 1A1g 0.31
365 1T1g← 1A1g 0.31
405 3T1g← 1A1g 0.29
436 3T1g← 1A1g 0.34

[Rh(NH3)6]3+ 254 1T2g← 1A1g 0.07 [31]
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313 1T1g← 1A1g 0.075
[Ir(NH3)6]3+ 254 1T1g← 1A1g 0.083 [130]

313 3T1g← 1A1g 0.090

nd those in equilibrium with it, were viewed as being responsible
or the bulk of the photochemistry [130]. By analogy, Co(CN)6

3− is
ncluded in this category owing to its ligand field strength being
omparable to that of the Rh(III) amines [19,129] and the �ex inde-
endence of its photoaquation quantum yields.

The photoreaction behavior of Co(NH3)6
3+ differs from the oth-

rs in Table 2 in two notable aspects: the ˚L values are significantly
maller and they are markedly dependent on �ex. The wavelength
ependence of ˚L indicates that ligand substitution occurs from
lectronic states higher than the LEES and perhaps by processes
ompetitive with vibrational relaxation of the initially formed
xcited state. The very low quantum yields suggest that IC/ISC to
he LEES, in this case the quintet state, remains the major deacti-
ation pathway for the higher energy excited states, and that the
EES, once formed, undergoes relaxation to the ground state much
ore rapidly than ligand substitution [19].11 This is consistent with

he fact that emission from MC states of the acidoam(m)ine Co(III)
omplexes has eluded detection, perhaps because the lifetimes
re very short and emission quantum yields quite small.12 Tran-
ient absorbancies following excitation of trans-Co(en)2(NO2)2

+

nd cis-Co(en)2(NCS)Cl+ are suggestive of LEES with lifetimes of
pproximately 150 and 40 ps, respectively, nearly 100 times shorter
han those observed for Rh(III) amine complexes [131].

There are several proposals to explain the apparent lack of reac-
ivity from the LEES of Co(NH3)6

3+. One is that the estimated energy
f the 5T2g state of Co(NH3)6

3+ is less than that of the transition
tate for thermal substitution [117], thus there is insufficient energy
o break the metal–ligand bond. Another is that the 5T2g state for
o(NH3)6

3+ is simply much shorter lived than the 3T1g states of the
h(III) and Ir(III) complexes [127].

Photochemical investigations on Rh(III) acidoam(m)ine com-
lexes have revealed significant mechanistic information regarding

igand field excited state reactivities. Since many of these stud-
es have involved hexacoordinate complexes with non-octahedral
igand fields, it is worth noting the consequences of decreased sym-

etry to the lowest energy ligand field excited states for low spin
6 complexes.

For an Oh complex such as for Rh(NH3)6
3+, the 3T1g state with

(t2g)5(eg)1 orbital population is the LEES. When the complex
s modified by replacing one ammine to give Rh(NH3)5X2+ or

h(NH3)5Y2+, there is a reduction in symmetry and the 3T1g state
plits into 3E and 3A2 states (Fig. 17).

When X is a weaker �-donor, but stronger �-donor ligand such
s a Cl−, the 3E is lowest in energy; but when Y is a stronger �-

11 Aquation and redox decomposition from LMCT excited states of Co(III) com-
lexes are efficient processes. The LMCT transitions often overlap with the LF
ransitions, complicating the determination of ˚L values related to LF excitation
22].
12 Additionally it is likely that such emission may be occurring in the NIR.
Fig. 17. (a) Splitting of the lowest energy MC ligand field excited state of a low-spin
octahedral d6 complex such as Rh(NH3)6

3+ by replacing one ammine with an anion
(see text) to give the C4v complexes. (b) Molecular orbital diagrams for each state,
labeled according to the metal orbital(s) which is/are the major component(s).

donor, �-acceptor ligand such as a CN−, the 3A2 is LEES. Since the
MOs with significant dz2 and dx2–y2 contributions are �*, one can
predict different ligand labilization trajectories for the 3E and 3A2
states: axial labilization for the former; equatorial labilization for
the latter. Indeed, the NH3 labilization observed for the photoaqua-
tion of Rh(NH3)5CN2+ (Eq. (16), above), for which the 3A2 is the
LEES, agrees with this prediction. Similarly, Rh(NH3)5Cl2+ would
be expected to display axial labilization and the products observed
(Eq. (17), ˚Cl = 0.18, ˚NH3 = 0.02 in aqueous solution) [123] are
consistent with this prediction as well.

(17)

Regarding the mechanism for these photosubstitution reactions,
a clear correlation between deuteration induced changes in phos-
phorescence lifetimes and the changes in ˚L values was observed
for a series of Rh(NH)5X2+ and Rh(ND3)5X2+ complexes (X = Cl−

and Br−). These results suggest that ligand substitution is directly
competitive with nonradiative decay of the LEES [31,123,132]. In
a similar vein, the observation of different kinetic parameters for
aquation and for nonradiative decay from the LF excited states of
Rh(en)2Br2

+ and Rh(NH3)5Br2+ offers further evidence that reac-
tive and nonradiative decay follow distinct pathways from the
LEES [133]. Such experimental results rule out a mechanism where
reactive and nonradiative decay both occur solely by rate determin-
ing ISC to a vibrationally hot ground state followed by branching
to products and/or the original ground state. This conclusion is
further confirmed by the demonstration that photoaquation of
Cl− from cis-Rh(NH3)4Cl2+ gives the anti-thermal product trans-
Rh(NH3)4(H2O)Cl2+. In contrast, thermal labilization of Cl− from
the cis complex occurs with retention of configuration [134].

The above observations clearly indicate ligand labilization

occurring as a distinct pathway from the metal centered ligand field
excited state. Further evidence supports a dissociative mechanism
for these ES reactions. For instance, solvent effects on the rate con-
stant for Cl− labilization from the LEES of Rh(NH3)5Cl2+ [135] have
been rationalized in terms of significant charge separation along
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he Rh3+–Cl− bond at the transition state, the energy of which is
nfluenced strongly by the ability of the solvent to stabilize the
harge separation [127]. Consistently, the pattern shown by activa-
ion volumes for the ES substitution rate constants for the LF excited
tates support this interpretation [136–139]. Finally, theoretical
odels similar to those applied to predict substitution patterns for

he quartet states of d3 complexes via a dissociative mechanism
re also successful in predicting photosubstitution patterns for d6

omplexes [100,101].
Experimental studies on Rh(III) acidoam(m)ine complexes have

hus served as a model for understanding d6 photochemistry. The
ey aspects can be summarized as follows: initial LF excitation
s followed by rapid IC/ISC to a LF triplet state that is displaced
long a nuclear coordinate relative to the ground state. The direc-
ion of this distortion is defined by the symmetry of the LEES
Fig. 17) and determines the trajectory of product formation. From
his relatively short-lived LEES (1–20 ns in room temperature solu-
ion) there is competitive deactivation via ligand substitution and
onradiative decay. The nonradiative decay can occur through
oth strong-coupled (temperature dependent) and weak-coupled
temperature independent) mechanisms, the relative contributions
epending on T. Ligand substitution from the LEES occurs through
dissociative pathway that is likely to be related to the strong-

oupled mechanism for nonradiative deactivation, inasmuch as
oth involve movement away from the ES potential well minimum,
long a Rh–L elongation coordinate (Fig. 15).

.4. Polypyridyl complexes of ruthenium(II)
When the complex includes ligands that are good �-donors
nd/or �-acceptors, the CT and LC excited states must also
e considered. The most investigated example is Ru(bpy)3

2+

bpy = 2,2′-bipyridine, Fig. 18) [140–142].

Fig. 19. Orbital diagram for the electronic ground (GS) a

ig. 20. Potential well diagrams for limiting cases involving relative energies of the 3MC
MC is the LEES.

dapted from Ref. [142].
Fig. 18. Ru(bpy)3
2+.

The visible range spectrum of Ru(bpy)3
2+ is dominated by

strong, symmetry allowed, metal to ligand charge transfer absorp-
tion bands. Furthermore, Ru(bpy)3

2+ is strongly emissive in
ambient temperature solutions (�∼1 �s) [141], and this behavior
is attributed to ISC from initially populated 1MLCT states to a man-
ifold of three closely spaced lowest energy 3MLCT states with near
unit efficiency [140] (Fig. 19).

This “averaged” triplet state can be formally characterized
as *[RuIII(bpy)2(bpy−)2+]. Because the GS and MLCT states do
not involve a change in eg orbital occupation, the correspond-

ing potential wells are relatively undisplaced along the Ru–N
coordinates.

Although not obvious in the absorption or emission spectra,
metal centered excited states for these Ru(II) polypyridyl com-

nd the most relevant excited states for Ru(bpy)3
2+.

and 3MLCT for Ru(II) polypyridyl complexes. (a) The 3MLCT is the LEES and (b) the
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lexes should be present at energies comparable to that of the
LCT state. In contrast to the 3MLCT state, the lowest energy 3MC

igand field state is expected to be significantly distorted relative
o the ground state (Fig. 20), relatively short-lived (1–20 ns or less),
nd potentially reactive toward ligand labilization (Sections 4.2 and
.3). Thus, the accessibility of this 3MC state can be expected to
ave profound effects on the photochemistry and photophysics of
he Ru(bpy)3

2+ cation.
Once again, the excited state decay (in this case from the

MLCT) can be discussed in terms of temperature-independent and
dependent components (Eq. (9)). Deuterium labeling experiments
emonstrating that k◦nr is moderately sensitive to deuteration are
onsistent with a weak-coupled component to nonradiative deac-
ivation of the 3MLCT [143]. The temperature dependent term
an be modeled using three features, interpreted as: (1) a term
nvolving the melting of the matrix (100–150 K); (2) an Arrhenius
erm thought to involve equilibration with a fourth MLCT state
�E = 90 cm−1) and (3) an Arrhenius term corresponding to sur-
ace crossing to a higher energy but very short-lived ES generally
hought to be the lowest 3MC state(s) [142]. Identification of this
s the 3MC state is based on experiments demonstrating that pho-
olabilization occurs in aqueous solution at elevated temperatures
95 ◦C)13 and this photolabilization is accompanied by a reduction
f the deuterium isotope effect on the lifetime [143].

Interpreting activation energies (�Ea) and Arrhenius pre-
xponential factors (A) obtained from the temperature dependence
f activated crossing to the 3MC state requires an understand-
ng of the limiting kinetic regimes. The scheme proposed for
u(diimine)3

2+ complexes [144,145] involves a pre-equilibrium
etween the 3MLCT and 3MC states prior to irreversible decay to
he GS or to photoproducts (Eq. (18)).

MLCT
kf�
kr

3MC
k1−→ GS and/or photoproducts (18)

wo limiting cases result. The first occurs when k1� kr. Here,
he 3MLCT to 3MC surface crossing is essentially irreversible and
he experimental activation energy corresponds to the energy gap
etween the 3MLCT potential minimum and the 3MLCT/3MC inter-
ection. The second occurs when kr� k1. In this case, the two triplet
tates are in equilibrium and the meaning of the activation energy
s less clear, though its magnitude is often dominated by the energy
ap between the 3MLCT and 3MC potential minima [144,145].
u(diimine)3

2+ complexes typically fall into the first case with val-
es for A and �Ea characteristically in the range 1012 to 1014 s−1 and
500–4000 cm−1, respectively [140,145]. Notably, Arrhenius pre-
xponential factors in the range 1012 to 1014 s−1 have been cited as
vidence for vibrationally activated, rate-determining crossing to a
MC surface [145] (see also Sections 4.5 and 5.2).

It should also be noted that the emission lifetimes of Ru(bpy)3
2+

n solution are also pressure dependent, growing longer as hydro-
tatic pressure is applied [146]. This observation was interpreted in
erms of the 3MC state distortions (lengthening of the Ru–N bonds)
rom the geometry of the 3MLCT state; i.e., applied hydrostatic pres-
ure raises the relative energy of the former and slows nonradiative
eactivation via this pathway.

The interplay between the 3MLCT and 3MC excited states sug-

ests that it should be possible to exercise control over ES lifetimes
nd reactivity by manipulating the relative excited state ener-
ies. An early demonstration of such control involved a series of
u(NH3)5py–X2+ complexes (where py–X is a substituted pyridine

13 Although Ru(bpy)3
2+ is generally considered inert to photosubstitution, pre-

umably due in part to the chelate effect, this result indicates this is not strictly true.
dditionally, photosubstitution with halide counterions occurs with 0.01 < ˚ < 0.1

n room temperature methylene chloride [144].
Fig. 21. Simplified Jablonski diagram for Ru(NN)3
2+ complexes. The thermal acces-

sibility of the 3MC state is controlled by the energy spacing (�E) of the 3MLCT and
3MC states.

or related aromatic heterocycle) [147]. Ligand solvolysis following
initial excitation into the 3MLCT was attributed to population of
the 3MC state(s). The relative energy ordering of the 3MC state and
3MLCT states were altered by variation of the py–X ligand, electron
withdrawing X-groups shifting the MLCT states to lower energy,
electron donating groups having the opposite effect. Photosolva-
tion quantum yields in aqueous solutions demonstrated that the
complexes could be categorized as “reactive”, those with a 3MC
state LEES (Fig. 20b), and “unreactive”, those with the 3MLCT state
being the LEES (Fig. 20a) [147]. These results clearly indicate that
photoreactivity is a function of the thermal accessibility of the 3MC
state from the 3MLCT state.

The relative energies of the 3MC and 3MLCT states of Ru(NN)3
2+

complexes (NN = a substituted bipyridine), can also be altered by
substituents on the bipyridine ligand. In one study [148], the 3MLCT
emission was progressively red-shifted using substituted bipyridyl
ligands. This increased �E in Fig. 21 since the 3MC states are rela-
tively independent of the bipy substituents. Thus, the temperature
dependence of the 3MLCT emission demonstrated an increased Ea

for populating the upper 3MC state that correlated well with the
3MLCT energy differences [148]. However, this increased activation
barrier did not lead to longer 3MLCT lifetimes in room temperature
solution, the explanation being that there is a concomitant increase
in knr from the 3MLCT (Fig. 21) owing to the decreased energy gap
between the 3MLCT and the GS. This result emphasizes the compli-
cated interplay of the various relaxation mechanisms found in such
systems and the need to address all of these in order to control the
photophysical and photochemical properties of such materials.

In a similar study, the complexes Ru(bpy)2(py)2
2+ and

Ru(bpy)2diaz2+ (diaz = 4,5-diazafluorene) were investigated. Their
3MLCT state energies are about the same as for Ru(bpy)3

2+, but
their 3MC states are lower in energy than to those of Ru(bpy)3

2+

[149] owing to the lower ligand field strengths. As a consequence
these derivatives were essentially non-emissive above 230 K. The
Ea values determined for emission lifetimes of Ru(bpy)2(py)2

2+ and
Ru(bpy)2diaz2+ at lower T (2758 and 2271 cm−1, respectively) were
used as estimates of the respective 3MLCT/3MC energy gaps. From
such data were predicted room temperature �s for Ru(bpy)2diaz2+

(0.07 ns) and for Ru(bpy)2(py)2
2+ (2.7 ns), that are much shorter

than the that for Ru(bpy)3
2+ (∼1 �s). In other studies, the 3MC
states were lowered by replacing one bpy ligand with a constrained
bipyridyl ligand that modifies its bite angle, effectively lowering its
ligand field strength due to poorer orbital overlap [150]. In such
cases, there can be a drastic reduction in room temperature emis-
sion intensity, again ascribed to more efficient population of the
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Potential applications in OLED devices [4–6] have let to a
significant interest in Rh(III) and Ir(III) complexes with cyclomet-
06 P.S. Wagenknecht, P.C. Ford / Coordina

hort lived 3MC state. Such studies help to define the role of the
MC states in the photochemistry/physics of this important class
f compounds.

Another strategy for adjusting the relative energy levels of the
MC and 3MLCT is suggested by experiments where Ru(bpy)3

2+

s incorporated into a solid matrix of cellulose acetate [151] or
ntrapped in a zeolite [152]. Such immobilization has profound
ffects on the kinetic parameters for the thermally activated decay
f the 3MLCT emission. These effects have been attributed to the
aising of the 3MC state energy (increasing �E in Fig. 21) owing to
restriction toward Ru–N bond elongation by the solid matrix as
as described above for the pressure effects.

Another factor especially relevant to the relative energy levels of
he 3MC and 3MLCT states is that for the same charge and ligand set,
he ligand field splitting parameter increases∼30% from the first to
econd transition series and by another 30% from the second to the
hird [23,140]. Thus, the 3MLCT excited states for Fe(II) polypyridyl
omplexes are essentially unexploitable due to the low energy 3MC
tates, while the same states for corresponding Os(II) complexes are
ypically so high in energy that they play no significant role in the
hotobehavior [140]. The Ru(NN)3

2+ complexes represent an inter-
ediate situation where the photobehavior is strongly influenced

y the comparable energies of the 3MC and 3MLCT excited states.
Because of their short lifetimes and high reactivity, 3MC states

ave been described as a “nuisance in the attempt to design new
lasses of photosensitizers” utilizing the 3MLCT states of Ru(II)
olypyridyl complexes [140]. It is clear that several strategies are
vailable for altering the relative energy levels. One is adjustment of
he ligand electronic properties to affect the MLCT energies and/or
he ligand field strength. A second is modification of the ligand
teric properties to enhance or diminish orbital overlap. A third
s introducing matrix effects or other constraints on excited state

–L bond lengthening. Such strategies have been cleverly exploited
y several groups, particularly in the area related to applications
equiring photoinduced charge separation (Section 5).

.5. Polypyridyl complexes of rhodium(III) and iridium(III)

The photophysical properties of Rh(III) [153] and Ir(III) [154]
olypyridine complexes has been reviewed elsewhere but is briefly
iscussed here to highlight some differences and similarities with
he Fe(II), Ru(II), and Os(II) systems. Representative of this class
f complexes is Rh(phen)3

3+ which exhibits intense (˚ = 1) long-
ived (� = 48 ms) structured emission in 77 K matrices. This has been
ssigned to phosphorescence from a ligand centered �–�* triplet
tate in contrast to the emission from the MLCT state observed
n the analogous Ru(II) systems. The situation is different in room
emperature aqueous solution where emission is extremely weak
nd has two components, one at 22,200 cm−1 assigned to LC emis-
ion and one at 17,300 cm−1 assigned to MC emission. That both
omponents have a lifetime of 250 ns is interpreted as indicating
apid thermal equilibrium between the lowest energy 3LC and 3MC
igand-field states, with emission occurring from both [155].

The relative energy of these two states has been manipulated for
series of cis-Rh(phen)2XYn+ complexes. The identities of the X and
ligands control the energies of the MC states, but have little effect
n the energy of the LC state [156]. For example, emissions from
h(phen)2(NH3)2

3+ or Rh(phen)2(CN)2
+ at 77 K in water:ethylene

lycol show the structure expected for phosphorescence from a
LC state. In contrast, Rh(phen)2(NH3)Cl2+ displays a lower energy,

road, structureless emission indicative of phosphorescence from
3MC state. This can be explained in terms of the potential surface
iagram shown in Fig. 22, where the LEES for the chloro-ammine
omplex is the 3MC state but for the dicyano and diammine com-
lexes the LEES is the 3LC. When the temperature is raised from
Fig. 22. Potential surface diagram for Rh(phen)2XYn+ complexes rationalizing the
effect of X and Y on the emission properties.

Adapted from Refs. [153,156].

77 K to room temperature, the dicyano complex continues to show
only 3LC emission, indicating that the 3MC state remains thermally
inaccessible over this temperature range. The diammine complex,
on the other hand, clearly shows emission from both the 3LC and
3MC states in the temperature range of 170–200 K. The lifetimes of
these two emissions are identical as would be expected if the two
states are in thermal equilibrium [156].

For polypyridyl complexes of Ir(III), on the other hand, the 3MC
states arising from mixing the iridium 5d and ligand orbitals are
expected to be significantly higher in energy than for Rh(III).14

Experimental evidence supports this. The 3LC excited state life-
times for Ir(bpy)3

3+ and Ir(tpy)2
3+ in room temperature fluid

solution are relatively long (2.4 and 1.2 �s, respectively) [154].
Furthermore, the magnitude of the pre-exponential factor for deac-
tivation of the emissive state of Ir(tpy)2

3+ (
1012 s−1) falls outside
the range cited for thermally activated surface crossing to the 3MC
state [157].

The lowest energy 3MC state for Ir(III) polypyridine complexes
does become thermally accessible when weaker-field ligands
such as chloride replace one of the polypyridines. For exam-
ple, in room temperature DMF solution, dual emission is evident
from Ir(NN)2Cl2+ (NN = bpy or 5,6-dimethyl-1,10-phenanthroline,
Me2phen). The lower energy band originates from the 3MC state
and the higher energy band from either the MLCT state (for
NN = bpy) or mixed MLCT/LC state (for NN = Me2phen). When this
system was subjected to hydrostatic pressure (0–300 MPa) the
intensity of the emission from the 3MC state of Ir(Me2phen)2Cl2+

decreased relative to that of the MLCT/��* emission. This decrease
was attributed to a pressure-induced shift in the equilibrium pop-
ulations of the two excited states resulting from the difference in
their partial molar volumes, the 3MC state being∼4 cm3/mol larger
than the 3MLCT/LC state, consistent with the populating the �M–L*
orbital in the former case [158].

4.6. Cyclometallated complexes of rhodium(III) and iridium(III)
allating ligands such as deprotonated 2-phenylpyridine and

14 For complexes with the same charge and ligand set, the ligand field splitting
parameter increases ∼30% from the second to third transition series [23].
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Fig. 23. Cyclometallating ligands and an example complex.

enzo[h]quinoline (ppy− and bzq−, respectively, Fig. 23) [153,154].
he stronger �-donor character of C− relative to N results in several
mportant differences between complexes with cyclometallating
igands and those of polypyridine ligands. One difference is the
ncreased energy of the MC states owing to the greater ligand
eld strengths of the cyclometallating ligands [159]. Whereas the
h(bpy)2Cl2+ and Rh(phen)2Cl2+ cations show broad emissions
haracteristic of phosphorescence from the 3MC state [160], the
elated cyclometallated dimers [Rh(ppy)2Cl]2 and [Rh(bzq)2Cl]2
how structured LC emission only. This finding has been attributed
ntirely to the increased energy of the MC states [159].

A second difference between cyclometallated complexes and
he corresponding polypyridine complexes is that the strong
onor properties of the cyclometallating ligands increase elec-
ron density on the metal center, resulting in lower energy MLCT
tates [159,161]. Consequently, the emissive state of many Ir(III)
omplexes with cyclometallating ligands is of 3MLCT or mixed
LC/3MLCT character [154,161,162]. Typically, the 3MC ligand field
tates for these complexes are too high in energy to serve as an
ffective pathway for excited state deactivation. However, excited
tate deactivation through the intermediacy of these states has
een implicated in cases where the energy of the emissive state
as been increased by ligand modification (Section 5.2).

. Applications involving low-spin d6 complexes

.1. The conversion of solar to stored chemical energy

One potential application is the TM mediated conversion of
olar energy to stored chemical energy. Taking center stage
n early phases of these investigations was the Ru(bpy)3

2+ ion
140,142,163–165]. As described in Section 4.4, “Rubipy” is strongly
olored and its 3MLCT excited state is relatively long lived (∼1 �s
n ambient fluid solution) making it a good candidate for bimolec-
lar electron transfer reactions. Much of the work utilizing Rubipy
nd related derivatives involve electron transfer from the MLCT
tate, formally *[RuIII(bpy)2(bpy−)2+]. For example, this excited
tate species reduces methylviologen (MV2+), storing about 1.6 eV
f free energy as the charge separated state (Eq. (19)). However,
his energy storage is short-lived owing to the very large sec-
nd order rate constant for the back electron transfer (Eq. (20),
= 8×109 M−1 s−1) [166].

[RuIII(bpy)2(bpy−)2+] + MV2+→ RuIII(bpy)3
3+ +MV+ (19)

uIII(bpy)3
3+ +MV+→ RuII(bpy)3

2+ +MV2+ (20)
More recently, this type of reactivity has been exploited by
ethering Rubipy derivatives onto TiO2 surfaces to serve as light
bsorbing dyes for applications in dye sensitized solar cells [1–3].
n DSSC applications, the excited state of the Ru(II) complex serves
o inject an e− into the conduction band of TiO2, initiating charge
Fig. 24. Energies and potentials related to the excited and ground state redox prop-
erties of Ru(bpy)3

2+. Reported potentials are in CH3CN vs. the saturated sodium
chloride calomel reference electrode (SSCE) [168].

separation that results in electrical current across a voltage load,
i.e., power. Efforts to optimize such devices have focused on struc-
tural modifications to the Ru(II) complex designed to tune the
sensitizer–TiO2 interactions and/or increase the spectral window
over which such devices function, thus capturing a larger frac-
tion of the incident solar radiation [1–3]. Because of extremely
fast e− injection rates (fs to ps timescale [3]), it is not imperative
that the sensitizer excited states have remarkably long lifetimes.
Indeed, much of the charge injection may be coming from the ini-
tially formed, but very short lived, singlet MLCT excited states,
perhaps even those in vibrational excited states. Even so, competi-
tion between electron injection and deactivation through thermal
population of ligand field states has been implicated in lowered
efficiency for electron injection in some systems [167].

Although the 3MLCT excited state of Rubipy is a strong reducing
agent, like all excited states it is both a better reductant and a better
oxidant than the corresponding ground state. This is illustrated in
Fig. 24. The 3MLCT state has a reduction potential, E0(*Ru2+/Ru+),
of +0.8 V vs. SSCE, demonstrating the good oxidizing capability of
this excited state species.

Artificial photosynthesis is another research area where metal
polypyridyl complexes are of interest [165,168–172]. Here it is
envisioned that initial photoinduced charge separation followed by
electron transfer to (and/or from) a redox catalyst would ultimately
result in the production of useful chemical species (e.g. H2 and O2
from water, or CH3OH from CO2). Such a feat requires the prepara-
tion of supramolecular assemblies comprised of antenna molecules
to collect light, molecular conduits for subsequent energy and elec-
tron transfer, and redox catalysts (Fig. 25).

The preparation of donor–antenna–acceptor triads based on
Ru(II) complexes with substituted bipyridine ligands are hampered
because of the mixture of geometric isomers that results from
a typical synthesis [169]. This has directed researchers toward
the construction of such assemblies using bis-tridentate com-
plexes of ligands such as substituted 2,2′:6′,2′′-terpyridine (tpy)
[169,170,173]. With these latter ligands, the preparation of rod-like
assemblies that promote the vectorial transport of electrons is pos-
sible. However, whereas the excited state lifetimes for Ru(bpy)3

2+

derivatives are often relatively long, the lifetime of Ru(tpy)2
2+ is

about three orders of magnitude smaller (0.25 ns) in room tem-
perature fluid solution [174]. This short lifetime has been ascribed
to efficient thermal population of the short-lived lowest energy
3MC state, the energy of which has been lowered because of ligand

imposed deviations from Oh symmetry [175].

Longer lifetimes are considered essential for long range elec-
tron transfer. Thus several strategies for increasing the energy of
the 3MC state relative to that of the 3MLCT state have been devel-
oped [173]. One is derived from the understanding that unfavorable



608 P.S. Wagenknecht, P.C. Ford / Coordination Chemistry Reviews 255 (2011) 591–616

Fig. 25. Schematic diagram for a donor–antenna–acceptor triad (left), and the Ru(tpy)2
2+ scaffold (right) for the synthesis of rod-like assemblies.

Fig. 26. Tridentate polypyridyl liga

Table 3
Photophysical data for Ru(II) polypyridyl complexes.a

Complex Emission (298 K)b Emission (77 K)b

�max � (ns) ˚ �max � (ns) ˚

Ru(bpy)3
2+c 630 1150 0.089 582 5100 0.52

Ru(tpy)2
2+d e 0.25 e 598 11,000 0.48

Ru(2)2
2+d 650 0.3 1×10−4 603 3500 0.52

Ru(1)2
2+d 655 15.0 1×10−3 609 3700 0.21

Ru(bqp)2
2+f 700 3000 0.02 673 8500 0.06

a All complexes are PF6
− salts.

b In MeOH:EtOH.
c From Ref. [141].
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the 3MLCT state) through extended delocalization. Examples
d From Ref. [179].
e Not given.
f From Ref. [178].

ite angles of tpy lower the energy of the 3MC state (Section 4.4)
nd thus involves preparing new tridentate polypyridyl ligands
hat bind Ru(II) with geometries more closely approximating Oh
ymmetry [172]. Examples are shown in Fig. 26 [176–179]. The pho-
ophysical properties of several homoleptic bis-tridentate Ru(II)
omplexes (along with those of Ru(bpy)3

2+ for comparison) are
ummarized in Table 3.

The N(1)–Ru–N(2) (see Fig. 26 for numbering scheme)
ite angles for these complexes are as follows: Ru(tpy)2

2+
158.4–159.1◦) [180]; Ru(2)2
2+ (165.16◦) [179]; Ru(1)2

2+ (168.4◦)
179]; and Ru(bqp)2

2+ (177.6◦) [178]. As the bite angles increase,
he room-temperature lifetimes increase. Indeed, Ru(bqp)2

2+ has a
onger lifetime than even Ru(bpy)3

2+ in fluid solution. These longer

Fig. 27. 6-Phenyl-2,2′-bipyridine (Hphbpy); 4′-tolyl, 2,2′:6′ ,2′′-terpyrid
nds with varying bite angles.

lifetimes can be ascribed to increasing the energy of the 3MC state,
thus raising the activation barrier for decay via population of this
state [178,179] (see Fig. 21).

Another strategy involves manipulating the energies of the
MLCT and MC states by varying the electronic nature of the triden-
tate ligands. This topic has recently been reviewed [173]. Replacing
one of the pyridine rings of tpy with a phenyl ring results in
a cyclometallated ligand, phbpy−, with an increased ligand field
strength (Fig. 27). Coordination of phbpy− to Ru(II) also increases
electron density on the metal center relative to tpy, thereby lower-
ing the energy of the lowest lying 3MLCT state (which is centered
on the ttpy ligand).

The result is a greater thermal barrier for accessing the 3MC state
from the 3MLCT. Consequently, Ru(phbpy)(ttpy)+ is luminescent in
room temperature fluid solution and displays a lifetime of 60 ns
[181], despite the expectation that, according to the energy gap
law, the lower 3MLCT energy should have enhanced nonradiative
relaxation. Since the 3MLCT state lifetimes of the Ru(NNN)(NNC)+

complexes are the result of competing processes (direct nonradia-
tive relaxation and the activated decay through the 3MC state),
optimizing these lifetimes requires balancing the effects on both
processes [181,182].

Another strategy involves appending substituents onto the tpy
ligand that lower the energy of the �* orbitals (and consequently
include aryl [183] and ethynyl substituents [184] and this approach
again results in longer excited state lifetimes. Likewise, electron-
deficient analogues of terpyridine involving pyrazine [185] and
triazine [186] rings stabilize the 3MLCT state and have led to some

ine (ttpy); and the heteroleptic Ru(II) complex of these ligands.
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rier for population of the NR state appears to be the chief
factor influencing the phosphorescence quantum yields. Com-
plexes with the largest Ea (>4000 cm−1) display ˚P values >0.93,
whereas several complexes with lowest Ea (<2000 cm−1) proved
ig. 28. Structure of the blue/violet emissive Ir(dfbpzb)(ppy)Cl complex and its
ebib analogue.

xcited state lifetime increases. Again, even though reducing the
MLCT excited state energy does inhibit activated decay via the
MC states, the effect is offset by enhanced nonradiative relaxation
irectly from the 3MLCT state. Longer lifetimes may still result due
o the relative balance between the two deactivation pathways.
otably, lowering the 3MLCT state energy also lowers the magni-

ude of the stored excited state energy.

.2. Organic light emitting diodes

Another application for which the presence of MC states may
egatively affect device performance involves organic light emit-
ing diodes (OLEDs). Literature reports of new complexes for
LED applications have been dominated by Ir(III) complexes with
yclometallating ligands [4–6]. These emit from 3MLCT and/or 3LC
�* states. In the earlier applications the difference in energy
etween the luminactive states and the lowest energy 3MC state(s)
roved to be too large for the latter to have much impact on
he emission efficiency. However, recent attention has focused on
eveloping blue-to-violet phosphorescent Ir(III) complexes, requir-

ng the preparation of complexes with higher energy emissive
tates. The result of pushing these mixed 3LC/3MLCT emissive states
o higher energies may have the corresponding effect of making the
MC state thermally accessible from the emissive state(s).

One recent study involved comparing the photophysical behav-
or of Ir(dfbpzb)(ppy)Cl and Ir(Mebib)(ppy)Cl (Fig. 28) [187]. The
missive triplet states (T1) of these complexes are described as
dmixtures of states with MLCT (Ir→ppy) XLCT (Cl→ppy), and
C (ppy �→�*) character.

The 0–0 band of the T1→ S0 phosphorescence was mea-
ured as 456 nm for Ir(dfbpzb)(ppy)Cl [187] and 535 nm for
r(Mebib)(ppy)Cl [188]. The Ir(Mebib)(ppy)Cl complex is highly
missive with a room temperature quantum yield of 0.78
� = 1.78 ms), whereas the more blue emitting Ir(dfbpzb)(ppy)Cl
omplex has an estimated quantum yield of 5×10−3 (� = 0.18 ns).
FT calculations suggest that excited state deactivation involves

he potential energy surfaces shown in Fig. 29, where the distortion
oordinate involves bond elongation between Ir and both N-atoms
n the tridentate ligand.

According to the DFT calculations, the 3MC state potential
inimum for the highly emissive Ir(Mebib)(ppy)Cl lies 0.7 eV

5600 cm−1) above the T1 minimum, whereas for Ir(dfbpzb)(ppy)Cl
he two minima are at nearly the same energy. This is ascribed to
he weaker �- and �-donor character of the dfbpzb ligand relative

o the analogous Mebib complex, leading to a higher energy MLCT
tate, as is consistent with the observed emission energies. At the
ame time, the weaker �-donor character of the dfbpzb ligand also
ecreases the ligand field splitting, hence the energy of the 3MC
tate [187]. Thus, the 3MC state of Ir(Mebib)(ppy)Cl is thermally
Fig. 29. Potential surface diagram for Ir(NCN)(ppy)Cl complexes. Nonradiative
T1→ S0 relaxation can proceed along a trajectory involving transition states TS1
and TS2.

inaccessible under ambient conditions, and its excited state lifetime
is essentially temperature independent between 77 K and 298 K
[187,188]. In contrast, the excited state lifetime of Ir(dfbpzb)(ppy)Cl
is highly temperature dependent above 120 K (A = 2.3×1013 s−1

and Ea = 1720 cm−1). These activation parameters are consistent
with surface crossing from the T1 potential surface to the 3MC
potential surface (through TS1) followed by surface crossing to S0
(through TS2), with either crossing being rate determining.

In related investigations, excited state lifetimes for a series
of homoleptic and heteroleptic facial (fac) cyclometallated Ir(III)
complexes fac-Ir(CN̂)3 were examined [189,190]. For these com-
plexes, emission occurs from a triplet state of mixed LC/MLCT
character (T1 in Fig. 30) and the 0→0 band falls between
378 and 491 nm. The temperature dependence of the excited
state decay revealed two separate regimes, a lower tempera-
ture regime involving equilibration within the manifold of T1
sublevels (dependent on zero-field splitting, see also [162,191])
and a higher temperature regime involving population of a non-
radiative state with activation barriers, Ea, ranging from 1600
to 4800 cm−1. The experimentally determined activation bar-
Fig. 30. fac-Ir(CN̂)3 and an energy level diagram showing pathways for radiative
and thermally activated nonradiative decay (through the 3MC state) from T1.
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Fig. 31. Excited state Ir–N bond dissociation leading to the TBP NR species, followed
by rearrangement back to the starting material.
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ig. 32. Possible potential surface diagram for fac-Ir(CN̂)3 showing surface crossings
hat may lead to nonradiative T1→ S0 deactivation.

o be non-emissive at room temperature. Complexes with inter-
ediate activation barriers have quantum efficiencies near 0.6

190].
The non-radiative state was proposed [190] to be a five-

oordinate complex resulting from Ir–ligand bond dissociation
Fig. 31). Initial evidence cited for this conclusion is two-fold.
irst, the barrier for population of the NR state for several of the
omplexes studied is 75–80 kcal/mol above the ground state (as
etermined from E0–0 + Ea) and this energy is comparable to Ir–L
ond-strengths.15 Second, the values of the experimental Arrhe-
ius pre-exponential terms for population of this state (1011 to
014 s−1) are in the range associated with surface crossing to
he 3MC state for Ru(II) polypyridine complexes [145] (Section
.4). Furthermore, DFT calculations suggest that the lowest energy
riplet state is a five-coordinate distorted trigonal bipyramidal 3MC
tate [189,190]. On the other hand, there is no direct evidence for
his species given that deactivation regenerated the original GS.

DFT calculations were also used to calculate the relative ther-
odynamic stabilities of T1 and the TBP 3MC state (�H in Fig. 30).
ccordingly, ligands that destabilize the T1 state (leading to higher
nergy emission) tend to destabilize the 3MC state to a lesser extent,
hus decreasing the energy gap for complexes with the highest
nergy emissions. In addition, there is a good correlation between
he calculated �H and the experimental value for Ea. The authors
o not speculate regarding possible potential surface diagrams for
hese systems but we shall consider them here.

One possibility is the potential surface diagram suggested for the
elaxation of Ir(dfbpzb)(ppy)Cl (Fig. 29), but adding to this scheme

he five coordinate intermediate proposed for the fac-Ir(CN̂)3 com-
lexes as shown in Fig. 32.

Here the possibility for direct T1→TBP 3MC exists, but it is also
ikely that such a state would be accessed via initial crossing to a

15 Note that this line of reasoning implies a “hot ground state” mechanism.
emistry Reviews 255 (2011) 591–616

six-coordinate 3MC surface (as in the case for Ir(dfbpzb)(ppy)Cl).
Precedence for this latter trajectory is found in the photochemistry
of Rh(III) acidoam(m)ine complexes. Time resolved emission and
temperature dependence studies suggest that the six coordinate
3MC state, from which both phosphorescence and photochemistry
occurs, is a bound state with a measurable lifetime [133]. Various
lines of mechanistic evidence point to photosubstitution occurring
via a dissociative pathway to give a pentacoordinate intermediate.
Furthermore, isomerization of the coordination sphere often occurs
concomitantly with ligand labilization, and the isomeric products
are best explained in terms of the pentacoordinate intermediate
that is a 3MC excited state [127]. A similar pathway can be invoked
for fac-Ir(CN̂)3 complexes.

The proposed excited state decay through a TBP intermedi-
ate for fac-Ir(CN̂)3 complexes suggests that it might be possible
to observe isomerization concomitant with excited state relax-
ation. Presumably, such isomerization would not be observed for
fac-Ir(CN̂)3 complexes because of the strong thermodynamic pref-
erence for the fac-isomer. However, it may be possible to design
related complexes without such a preference, thereby allowing this
observation.

5.3. Applications requiring ligand labilization

Although one can document numerous cases where the MC
states have a negative impact on the performance of a specific
device, there are other applications where photoreactivity specific
to MC states is desirable. For example, as is clear from the discus-
sion in Section 4.5, the 3MC states of cis-Rh(phen)2Cl2+ and related
complexes are readily accessible. Not surprisingly, this complex
undergoes photoaquation [192]. This property has been exploited
in studies showing that photolysis in the presence of calf thy-
mus DNA results in the formation of covalent adducts involving
Rh(phen)2

3+ and one or more nucleoside nitrogen atoms [193]. The
related Rh(dppz)(phen)Cl2+ complex (dppz = dipyridophenazine)
has demonstrated phototoxicity toward a variety of pathogens
[194].

The targeted, light-activated release of small molecule bioreg-
ulators (see also, Section 6.3) is of particular importance in
the treatment of several disease states [7–10]. In this context,
the water soluble complex [Ru(bpy)2(4AP)2]Cl2, where 4AP = 4-
aminopyridine has been shown to release the neurotransmitter
4AP (˚ = 0.02 at 473 nm) at pH 7 [195]. This release of 4AP was
explained in terms of a pathway involving population of a labile
LF state following primary excitation into the MLCT state. Notably,
such photorelease was shown to activate medicinal leech neurons.
Subsequent studies demonstrated that 4AP could also be released
using two-photon excitation with 720 nm light, which excites the
360 nm band of [Ru(bpy)2(4AP)2]Cl2 [196]. One advantage of using
two-photon excitation is that activated release can occur at wave-
lengths where tissue transmission is optimal (∼700–1100 nm).

Similar strategies have been used for release of the neurotrans-
mitter glutamate (Glu). However, quantum yields for glutamate
release from Ru(bpy)2(Glu)+, where Glu is bound in a bidentate
fashion, were extremely low. Replacement of one bpy ligand with
a tridentate ligand such as tris(pyrazolylmethane) (tpm) resulted
in a complex where glutamate binds in a monodentate fashion
through the amino group, increasing the glutamate photolabil-
ity (˚ = 0.035) upon 450 nm irradiation at pH 7 [197]. Likewise,
Ru(bpy)2(PMe3)(Glu), where PMe3 = trimethylphosphine, has been

shown to release glutamate (˚ = 0.13) upon 450 nm irradiation at
pH 7 [9].

Recently, much attention has been devoted to the design of
molecular machines, that is, molecular architectures capable of per-
forming directed nuclear motion following an external stimulus
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eat induced molecular motion for a Ru(II) catenane.
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where 4-dmcbpy = dimethyl 2,2 -bipyridine-4,4 dicarboxylate, has
an excited state reduction potential, E0(*Cr3+/Cr2+), of 2.08 V vs.
NHE [210]. The carboxylate groups are also intended for attachment
to semiconductor surfaces in the construction of photocathodic
solar cells.
Fig. 33. Schematic representation of light and h

11]. One particularly interesting example of this involves cate-
anes of the type shown in Fig. 33 [198].

Photolysis in CH3CN generates the 3MLCT state, followed by
hermal population of the 3MC state, from which dissociation of
he sterically hindered bpy ligand occurs. This sets the ring con-
aining bpy in motion. Heating regenerates the starting complex,
ith both the forward and reverse processes being quantitative.

n another case, ligands linking bpy and phen derivatives with
ong aliphatic linkers (phen· · ·tpy) were prepared. Photolysis of
he RuII(phen· · ·tpy)Ln+ (L = CH3CN, Cl−, or py) cations resulted
n coordination sphere isomerizations that resulted in dramatic
onformational changes in the aliphatic linker. Again, this confor-
ational shift can be reversed thermally [199].

. Applications involving complexes of Cr(III)

.1. The conversion of solar to stored chemical energy

Several features suggest that Cr(diimine)3
3+ complexes might

e useful in solar energy conversion schemes [200–202]. Among
hese are their excited state oxidizing power, their thermal and
hotochemical stability, and their long ES lifetimes that allow for
imolecular redox reactions before relaxation. Less attractive fea-
ures are the relatively small overlap between their absorption
pectra and the solar emission spectrum, as well as the thermal
ability of the Cr(II) products.

Unlike the widely investigated Ru(diimine)3
2+ complexes,

harge transfer states do not dominate the photophysics/chemistry
f the Cr(III) analogs; instead, the LEES are the MC ligand field
oublet states. Thus, Cr(diimine)3

3+ ions generally show long-lived
MC phosphorescence at about 730 nm with lifetimes of 70–600 �s
n deaerated room temperature fluid solution.16 Interest in these
pecies was prompted by the report that the 2E excited state of
r(bpy)3

3+ could be involved in bimolecular redox processes (Eq.
21)), demonstrating that such reactivity is not limited to charge trans-
er excited states [204].

Cr(bpy)3
3+ +Ru(bpy)3

2+→ Cr(bpy)3
2+ +Ru(bpy)3

3+ (21)

The excited state redox reactivity of the Cr(diimine)3
3+ com-

lexes has since been demonstrated for numerous substrates
200,205–208]. The ES reduction potential, E0(*Cr3+/Cr2+) can be
stimated from the 2E→ 4A2 emission energy (E0–0) and the ground
tate reduction potential E0(Cr3+/Cr2+) (Fig. 34) [206–207]. Notably,

3+
he MC ligand field excited state, *Cr(bpy)3 is a significantly
tronger oxidant than the MLCT excited state *Ru(bpy)3

2+ (c.f.
ig. 24).

Hydrogen production from aqueous solutions using
r(NN)3

3+ complexes as the photosensitizer and EDTA as

16 A typical feature of the phosphorescence spectra is the presence of a band on the
igh-energy side of the principal emission band. Both features have the same life-
ime and there is evidence to suggest that the high energy band represents emission
rom the 2T1g state in thermal equilibrium with the 2Eg state [203].
Fig. 34. Relevant energies and potentials related to the excited and ground state
redox properties of Cr(bpy)3

3+. Reported potentials are in CH3CN vs. SCE [206].

the sacrificial reducing agent has been reported (Fig. 35)
[209].

It was demonstrated that only those Cr(NN)3
3+ complexes with a

reduction potential sufficiently negative to reduce protons at pH 4.8
were good photosensitizers. Low turnover numbers were ascribed
to the formation of small amounts of the ligand labilized product,
Cr(NN)2(H2O)2

2+, which can subsequently catalyze further thermal
aquation of Cr(NN)3

3+.
The introduction of carboxylate groups onto the diimine ligands

has been shown to significantly increase the photooxidizing power
of this class of complexes. For example, [Cr(4-dmcbpy)3](BF4)3,

′ ′
Fig. 35. Cycle for the photogeneration of hydrogen using Cr(NN)3
3+ as the photosen-

sitizer. Red = EDTA; Ox undergoes irreversible decomposition; Pt = platinum catalyst
stabilized with polyvinylalcohol.

Adapted from Ref. [209].
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Fig. 36. Proposed mechanism for the photo

.2. DNA photocleavage agents

Another application involving Cr(NN)3
3+ complexes centers

round their possible utility as DNA photocleavage agents. For
ome time, there has been interest in the interaction of chi-
al M(diimine)3

n+ complexes with DNA for both diagnostic
nd phototherapeutic applications [211–213]. Once again, the
u(diimine)3

2+ complexes have dominated these investigations,
artly due their ability to initiate oxidative photocleavage of DNA,
s well as their readily observable MLCT emissions. However, apart
rom a few notable exceptions [214–217] it has been demonstrated
hat this damage involves singlet oxygen [218], not direct one-
lectron oxidation by the 3MLCT excited state of Ru(NN)3

2+. This is
ot surprising inasmuch as the reduction potentials of the 3MLCT
tates of the Ru(NN)3

2+ complexes are typically too small for the
irect one-electron oxidation of guanine, the most easily oxidized
ucleobase [41,216]. For a cancer photochemotherapy approach,
he requirement of dioxygen in order to facilitate oxidative cleavage

ight hinder the efficiency of such systems in the hypoxic environ-
ent of a tumor. The larger reduction potential of the Cr(NN)3

3+

omplexes in their 2Eg excited states, on the other hand, suggests
hat the Cr(III) complexes are capable of initiating DNA photocleav-
ge through direct one-electron oxidation of guanine.

Initial confirmation of this proposal resulted from experi-
ents involving the interaction of Cr(bpy)3

3+ and Cr(phen)3
3+

ith various mononucleotides and duplex DNA. The observation
hat the 2Eg→ 4A2g emission is quenched by guanine containing
ucleotides, (but not the more difficult to oxidize adenine, cyto-
ine or thymidine containing nucleotides) and that oxygen plays
o key role in this process, is consistent with a DNA quenching
echanism involving direct guanine base oxidation [219]. Subse-

uent studies involving Cr(phen)2(dppz)3+ [220,221] demonstrate
nhanced DNA binding, consistent with the known ability of the
ppz ligand to intercalate into DNA base stacks. Furthermore,
r(phen)2(dppz)3+ is a stronger oxidant (by 80 mV) in its 2Eg excited
tate than Cr(phen)3

3+, thus is capable of both guanine and adenine
ucleobase oxidation [220] This work has also been extended to
r(III) complexes with substituted terpyridine ligands [222].

.3. Photochemical nitric oxide precursors

Nitric oxide (NO) is an important bioregulatory agent that con-
rols a range of processes including angiogenesis (the growth of
ew blood vessels from existing ones), apoptosis (programmed
ell death) vasodilation, and neurotransmission [223]. Thus, there
s much interest in delivering this important agent for medical
pplications, including the treatment of ischemia (restriction in
lood supply) and/or cancer. Such treatments would require that
he dosage and location of NO delivery be carefully controlled. In

nstances where NO is acting in concert with other agents (such as
n radiation sensitization for cancer treatment), the timing of the
osage is important as well. Thus, the use of photochemical NO
recursors allow one to control the timing, dosage, and location
f NO release by the timing, intensity, and position of the incident
ical reaction of trans-[Cr(cyclam)(ONO)2]+.

radiation [7,224]. The same considerations can be directed toward
the targeted release of other small molecule bioregulators, such
as carbon monoxide [8] and glutamate [9]. A different, but related
application of light for the treatment of disease states is called “pho-
todynamic therapy” and is generally concerned with molecules that
can act as photosensitizers for the generation of singlet dioxygen,
1� O2, which is toxic to cells [10].

Over the past decade numerous metal complexes have been
investigated as photochemical NO precursors [7,224,225]. These
have included complexes of Fe, Mn, Ru, and Cr, among others, with
a diverse number of different ligands. Various types of excited states
are involved in such applications including metal centered ligand
field states and both single and two photon excitation has been
used in such studies. The topic has been reviewed recently [7], so
we will focus on the photochemistry of one such system based on
Cr(III) nitrito complexes in order to illustrate the role for the MC
states in that case.

A report [226] demonstrating that irradiation of CrIII(TPP)(ONO)
(TPP = tetraphenylporphyrin) in benzene yielded NO and
CrIV(TPP)(O) suggested that such reactivity might be general
to nitrito complexes of Cr(III). Indeed, upon ligand field excita-
tion of Cr(NH3)5(ONO)2+ and cis-Cr(cyclam)(ONO)2

+, NO release
was detected, but quantitative measurements were hampered
by excited state ligand substitution chemistry [227]. Based on
the knowledge that trans-Cr(cyclam)Cl2+ is nearly inert to ES
ligand substitution [109], the complex trans-Cr(cyclam)(ONO)2

+

was prepared in anticipation that N–O bond cleavage would
be favored over ligand substitution [228]. Photolysis of trans-
Cr(cyclam)(ONO)2

+ at 436 nm (corresponding to excitation into
the lowest energy MC quartet state) in deaerated aqueous
solution at pH 7 led to the formation of the photoaquation
product, trans-CrIII(cyclam)(ONO)(H2O)2+, but with a very small
quantum yield (˚ = 0.009). In contrast, photolysis in aerated
solution yielded an entirely different result, namely, the for-
mation of trans-CrV(cyclam)(O)(ONO)2+ (˚ = 0.27) and NO. The
primary photoproduct was identified provisionally as trans-
CrIV(cyclam)(O)(ONO)+, which is trapped by O2 to give a Cr(V)
complex (Fig. 36). Flash photolysis demonstrated that NO pho-
todissociation is reversible with a moderately fast back reaction
(kNO = 3×106 M−1 s−1) [228]. Notably, more recent studies [229]
have shown that the Cr(IV) oxo intermediate can also be trapped by
reducing agents such as glutathione to give comparable quantum
yields of net photochemical NO release.

Fig. 37 depicts a potential surface diagram for the proposed
excited-state reaction mechanism for trans-Cr(cyclam)(ONO)2

+.
Inasmuch as ˚NO is insensitive to �ex, the reactive state is likely
the lowest (thermalized) quartet or doublet ligand field excited
state. Furthermore, photosensitization experiments indicate that
the excited state responsible for NO release is the spin forbidden

doublet state [7,224,230]. From this state, there would be no spin
restriction in dissociating to the primary photoproducts, singlet
CrIV=O plus doublet NO.

One significant drawback of these systems is the relatively
low absorption cross-sections of these complexes in the visible,
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ig. 37. Potential surface diagram for NO release from trans-Cr(cyclam)(ONO)2
+.

wing to the fact that these transitions are Laporte forbidden lig-
nd field bands. This has been addressed by constructing molecules
ith an appropriate antenna, wherein energy transfer from the

ntenna to the nitrito complex would activate the latter to NO
elease [231] (Fig. 38). Upon excitation at 360-440 nm, the com-
lexes with anthracene and pyrene pendants produced ∼8 and
2 times as much NO, respectively, as the phenyl analogue,
rans-Cr(mbc)(ONO)2

+, under identical conditions. The difference
s attributed to the much larger absorption cross-section for
he anthracene and pyrene pendant complexes. Further studies
n this area have been directed toward using sensitizers with
arge two-photon cross-sections, such that NO release can be
ctivated at wavelengths where tissue transmission is optimal
∼700–1100 nm) [7,224,232].
. Summary and outlook

The field of transition metal photochemistry, as its own disci-
line, is about 50 years old with the first authoritative monographs

Fig. 38. General scheme for sensitized NO release (top). Macrocycl
emistry Reviews 255 (2011) 591–616 613

appearing in the early 1970s. [21,22]. Since then, there has been
significant escalation of research directed both toward the detailed
mechanistic understanding of photochemical and photophysical
processes, and to applications involving the unique chemistry asso-
ciated with the excited states. The rapid growth and specialization
in this field may have rendered it difficult to see the connec-
tions between past and present, one electronic configuration and
another, or one application and another. However, as demonstrated
in this review, these connections do indeed exist, and understand-
ing these relationships can only serve to enhance one’s ability to
solve mechanistic problems and develop new TM based photoop-
tical devices.

Herein, we have limited our scope to those systems in which
the metal centered states are known to play an important role.
Indeed, MC ligand field states do play a major role in the devel-
opment of transition metal based applications ranging from drug
delivery to the conversion of solar energy to electrical and/or stored
chemical energy. In cases involving Cr(III) complexes, the MC states
play the leading role. In this context, formulating systems with
appropriate absorption properties, excited state redox potentials,
photoreactivity, and capacity for sensitization requires a thorough
knowledge of the relevant quartet and doublet states. In many
applications involving low-spin d6 complexes, research has been
aimed at limiting the deleterious role that the MC states play in
device performance. This has been accomplished using a range of
techniques aimed at increasing the energy gap between the MC
states and the CT (and/or LC) states. As such, researchers today
have greatly profited from early research demonstrating that the
relative excited state energy levels could be controlled by taking
advantage of their sensitivity to the identity of the metal, ligand,
and environment.

The ability to exploit the unique chemistry associated with
molecules in their excited states has long captured the interest of
chemists. In a general lecture entitled “The Photochemistry of the
Future” [233], given before the International Congress of Applied
Chemistry in New York on September 11, 1912, Giacomo Ciamician
of the University of Bologna envisions a society whose industry is
based on photochemical molecular devices. He suggests, “On the

arid lands there will spring up industrial colonies without smoke
and without smokestacks; forests of glass tubes will extend over
the plains and glass buildings will rise everywhere; inside of these
will take place the photochemical processes that hitherto have
been the guarded secret of the plants, but that will have been mas-

ic Cr(III) complexes with appended chromophores (bottom).
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ered by human industry. . .” Now, nearly 100 years later, we can
ee glimpses of this future reality. The recent discoveries high-
ighted in this review suggest that full-scale realization will likely
nvolve assemblies containing transition metal complexes, but will
ertainly require a steadfast dedication to this goal as well as a thor-
ugh understanding of the roles played by the various excited states
nvolved.
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