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1 Abstract

The use of transient vibrational spectroscopy in the analysis of rhenium(l) and ruthenium(ll)
complexes is discussed. Particular focus is given to the use resonance Raman spectroscopy
to probe initial photoexcitation and transient resonance Raman and infrared spectroscopy to
observe subsequent relaxation processes. The utility of these techniques is given by
discussion of examples in which the electronic complexity of the system increases from
systems which are nominally pure metal-to-ligand charge-transfer through to systems which
have complex interplay between intraligand and metal-to-ligand charge transfer states. The

use of these later systems in dye-sensitised solar cells is also briefly discussed.

2 Introduction

Metal polypyridyl complexes have found utility across a range of applications that include:
solar cells [1, 2]; sensors[3-5]; organic light-emitting diodes[6-9]; photocatalysis.[10-13] In
all of these applications the excited state is one of the key species that facilitates the desired

properties.

In this review we discuss charge-transfer states associated with metal systems (almost
exclusively Re(l) and Ru(ll)). We begin by focusing on systems where the lowest excited
state may be described as metal-to-ligand charge-transfer (MLCT) or more precisely, systems
with ligands that are involved in a clearly identifiable MLCT transition. We then describe
coordination complexes in which ligands offer a number of closely lying excited states such
as MLCT and ligand centered (LC) =n,n*. We illustrate with exemplarily systems involving
complexes of the dipyrido[3,2-a:2°,3’-c]phenazine (dppz) ligand. Finally we focus on

systems in which the ligands have been deliberately designed to include intra-ligand charge-



transfer (ILCT) or additional low energy transitions. These have found considerable use in

solar cell applications and we provide a section dedicated to that utility.

Vibrational spectroscopy is a useful method of understanding excited state properties. Focus
is given here to the use of resonance Raman spectroscopy, time-resolved infrared and

transient resonance Raman spectroscopy (including time-resolved resonance Raman).

A comprehensive review of the analysis and characterization of coordination compounds
using resonance Raman techniques (including time-resolved methods) has been published.
[14] In an attempt to avoid repetition we focus on exemplar studies, in a number of cases post

2011, in which the structure of the excited states has been elucidated.

2.1 FC and THEXI states

A variety of spectroscopic methods may be brought to bear on the interrogation of excited
state properties. It is useful to distinguish between two types of excited state that are being
examined (Figure 1). In electronic absorption and resonance Raman spectroscopy the excited
state surface being probed has the ground state nuclear coordinates and is termed the Franck-
Condon (FC) state. For time-resolved methods such as transient absorption, time-resolved
infrared (TRIR) and resonance Raman the thermally equilibrated excited (THEXI) state may
be examined. This is an important differentiation in inorganic systems because the nature of
the FC state is normally singlet and the THEXI state is almost always triplet. Furthermore

the quantum yield for intersystem crossing is close to unity.[15]

In discussing the complexes in this review each has been classified as possessing
conventional MLCT, mixed MLCT, LC =n,n* or engineered multichromophores.  This
classification is based on the ligand and is somewhat arbitrary. It does, however, separate the
systems discussed on the basis of their electronic structure complexity and provides some

order to the presentation of these data.
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Figure 1. Depiction of ground and excited state surface energies, as a function of normal
coordinate Qk, probed by resonance Raman spectroscopy, ground state and excited state,

(Stokes scattering) and time-resolved infrared spectroscopy.

2.2 MLCT states

The MLCT state involves the photoexcitation from a metal dr orbital to a ligand ©* orbital.
Thus the metal is formally oxidised and the ligand reduced. This type of excited state has
predictable behaviour because of the inter-relation of properties (such as transition intensity
(oscillator strength), lifetime and quantum yield, transition energy) with the energies and

respective displacements (AQx) of the potential energy surfaces.



One of the early descriptions of a metal-to-ligand charge-transfer system is
{Re(CO)3X(N”~N)}, where (N~N) is a bidentate dimmine ligand, This exemplifies some of
the properties that make these systems so interesting.[16] In this study the emission
properties of the Re(CO)zCl(phen) and [Re(CO)sX(phen)]™ (where X = pyridine, piperidine,
PhCN, CH3CN) are reported. The ancillary ligand modulates the electron density at the metal
which can be followed by examination of the v(CO) wavenumbers. The complex with the
highest v(CO) has the lowest electron density at the metal resulting in a higher energy MLCT

band.

The energy of the MLCT transition may also be guided by substituents on the dimminett
ligand. An early study on Ru(bpyXz)s?* systems showed a linear relationship between
emission energy and difference between electrochemical potentials for first oxidation and
first reduction (Ew).[17] Furthermore the Ev, showed a linear relationship to the Hammett ¢

constants for the substituents.

In a detailed study of the photophysics of a series of Re(CO)sCl(bpyX2) Worl et al.[18]
showed that Ewwas linearly related to both emission and absorption bands for the MLCT
state. Furthermore the distortion of the excited state from the ground state (AQx in Figure 1)
could be determined via analysis of the emission profile and showed a linear correlation with
the emission energy; finally they were able to show that the non-radiative decay (which
dominates the lifetime of the excited state) was related to the Franck-Condon factors that
could be extracted via resonance Raman excitation profile measurements (vide infra) or
emission band-fitting. The upshot of this was that it is possible to predict dynamic properties
based on fairly simple design principles associated with energetics and, for a series of related
compounds, Hammett constants. The understanding of these processes was exploited to
create long-lived low energy MLCT states by using ligands which delocalised charge and

thus had relatively small AQ.[19, 20]



2.3 MLCT and LC states

An exemplar of a multiple excited state complexes are those that involve the ligand
dipyrido[3,2-a:2°,3’-c]phenazine (dppz, see Figure 2). This is because the LC and MLCT
states lie at similar energies (indeed there are two differing MLCT states close in energy).
Complexes of dppz have been studied with respect to use in solar cell devices [21-23] and
have been used in organic light emitting diodes.[24-29] However, most prominently, it is
known to undergo the light-switch effect, whereby the complexes are non-emissive in
aqueous solutions and become emissive in organic solvents or in the presence of DNA.[30-
39] This provides a number of interesting potential uses, including biosensing and DNA

cleavage (vide infra).
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Figure 2. The metal-coordinated dppz ligand, showing the locations of the phenanthoroline-
like (yellow) and phenazine-like (blue) molecular orbitals and the numbering scheme for

substitution.



The origin of the interesting and complex behavior exhibited by the complexes of dppz is
the presence of several close-lying unoccupied molecular orbitals (MOs). When chelated to a
closed-shell metal such as Ru*" or Re" this results in two close-lying metal to ligand charge
transfer (MLCT) states as well as several possible ligand-centered m—m* states. Population
of the MO on the phenanthroline-like (phen) portion of the ligand involves overlap of
electron density with the chelating nitrogen atoms, while population of the MO on the
phenazine-like (phz) portion of the ligand shifts electron density away from the metal. The
resulting MLCT(phen) and MLCT(phz) states possess different properties (e.g.
luminescence). These as well as several LC states have been identified using transient Raman
and TRIR spectroscopic techniques and their interplay can be tuned by various substitution

patterns on the dppz ligand and modification of the ancillary ligand (vide infra).[40-47]

3 Spectroscopic tools

3.1 Resonance Raman spectroscopy

One notable feature of resonance Raman spectroscopy is that it provides insight into the
resonant transition.[48, 49] This is expressed by Tsuboi’s rule, which states that if the
excitation wavelength is chosen to coincide with an electronic transition then vibrational
bands will be enhanced in intensity if the vibrations mimic the structural distortion upon
photoexcitation.[50, 51] As structural distortion is related to the movement of electrons,
empirical use of this relationship can be made to determine the donor/acceptor regions

involved in an excited state.

Resonance Raman spectroscopy has been used to probe MLCT transitions at a number of

levels. At its simplest it can be used to differentiate which ligand is the acceptor in an MLCT



transition for a heteroleptic system. This is shown in a study of Cu(I) complexes with dppz in
which one ligand is dppz-based and the other bpy-based as shown in Figure 3.[52] At shorter
excitation wavelengths the spectral features associated with dppz dominate, such as the band
at 1401 cm’'; this feature loses enhancement as the wavelength is tuned to the red where the
Cu — bpy MLCT transition dominates. In turn the bpy modes at 1365 and 1489 cm

become more intense at these longer excitation wavelengths.
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Figure 3. Resonance Raman spectra of [Cu(bpy(Mes)2)(dppz)]" (CH2ClI; solution). At short
excitation wavelengths the Cu — dppz transition, black arrow, dominates; at longer
excitation wavelengths the Cu — bpy transition, red arrow, dominates. Modes associated

with boy are denoted by superscript b. [52]



It is also possible to use resonance Raman spectroscopy to determine the distortion between
ground and resonant excited state through the construction of a resonance Raman excitation
profile. This is because the resonance enhancement of band intensity is related to a number

of factors including AQ (Figure 1) and the curvature of the normal mode of vibration (®).[48]

Such measurements are uncommon in metal polypyridyl systems [53-57] for a number of
reasons: firstly the large number of normal modes that exist in many polypyridyl systems can
make unambiguous determination of structural changes challenging; secondly the advent of
ultrafast lasers means that many spectroscopic techniques can actually time-resolve evolution
from the FC state and this can be as informative as a resonance excitation profile study.[58,
59] Over the last few years accurate modelling of the resonance excitation profiles and
resonance Raman spectra has been pioneered by the Guthmuller group. [60-74] The utility of
resonance Raman spectral calculations and their success over such a range of compounds

suggests that this area of research will grow.[75]

3.2 Time-resolved infrared spectroscopy

Time resolved infrared (TRIR) spectroscopy has proven useful in the identification and
assignment of excited states. The techniques initially employed were nanosecond step-scan
TRIR[76, 77], followed by ultrafast pump-probe experiments extending to the picosecond
timescale.[78-81] Typically, for ultrafast pump-probe TRIR a seed laser is split to create two
optically linked pulses, which are then amplified and converted to UV and IR wavelengths to
serve as the pump and probe pulses respectively. The pump-probe time delay is adjusted via
an optical delay line before the sample, and the probe pulse is analysed with a spectrograph
and array detector. Non-consecutive pump pulses are removed, affording a pump-on/pump-

off recording scheme, which allows for difference spectra to be generated, where an
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individual background spectrum is subtracted for each “pump-on” spectrum. This means that

only changes due to the photoexcitation are present as features in the resulting spectra.

Infrared reporter groups are often utilised, which are species with well-defined stretching
frequencies in otherwise quiet parts of the spectral region; their shifts upon photoexcitation
can be very diagnostic of particular types of excited states formed. Important reporter groups
include organic and inorganic carbonyls, cyanide, thiocyanate and alkynes.[40, 41, 46, 76,
82-91]1 A prominent example is the carbonyl ligands of the [fac-Re(CO)s(L)(N"N)]*
fragment[51] (NN = diimine; L = anion or py-derivative); the CO antibonding orbitals are
electronically linked to the dn(Re) orbitals and, by extension, to the diimine. Thus a change
of electron density at the metal or on the ligand results in a change in v(CO), the direction and
magnitude of which can be diagnostic of the nature of the electronic shifts. Furthermore the
vibrational signature of the fac-Re(CO)s provides three well-defined vibrational modes.
These are the symmetric stretch (termed a’(1)), which has the highest wavenumber, and two
asymmetric stretches, one involving only the equatorial CO ligands (termed a”) and the other
all three (termed a’(2)). The ordering in terms of wavenumbers is Va'(1) > Va'(2) > Va» ON g0ing
to the MLCT state as determined by Bredenbeck et al using 2D TRIR.[92]  The nature of
the lowest excited states of several dppz-complexes have been identified using TRIR
spectroscopy on the picosecond timescale.[40-47, 93] This is well illustrated by the ps-TRIR
spectra of [Re(CO)3;Cl(dppz)] in C3H7CN (Figure 4) following excitation at 400 nm.[44] The
initial red-shift of the a> CO band of 58 cm™ is indicative of the formation of a MLCT(phen)
state. Over the course of ca. 500 ps a second band forms, shifted by 69 cm™, which is
consistent with the formation of an equilibrium of MLCT(phen) and MLCT(phz) states. An
additional weak band, shifted by 6 cm™ to lower energy is indicative of a m — 7* state. As
discussed below, interplay between these states can be tuned by various substitution patterns

on the dppz ligand and modification of the ancillary ligand.
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Figure 4. ps-TRIR spectra of [Re(CO)sCl(dppz)] in CsH;CN at several time-delays after
photoexcitation at 400 nm. Reprinted with permission from ref. [44]. Copyright (2008)

American Chemical Society.

3.3 Transient Raman spectroscopy

It is possible to acquire Raman spectra of excited states. This is experimentally
straightforward in that if a pulsed laser is used then the Raman scattering from the sample
will be from the state that is populated during the duration of the laser pulse.[47, 94] If the
excited state has a lifetime that is comparable or shorter than the laser pulse then the excited
state features show a nonlinear intensity dependence with laser fluence. This is because one
photon is needed to populate the excited state and the second to provide the resonance Raman
scattering that is observed.[95, 96] If a single laser is used this is commonly referred to as a

single-colour transient resonance Raman spectroscopy. In order to obtain reasonable data, in
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general, the populated excited state must be in resonance and the ground state must be
absorbing to populate the excited state. Many metal polypyridyl complexes meet this
criterion as the electronic absorption of both ground and excited state are common. For
excited state systems that have much longer lifetimes than the laser pulse it is possible to
observe entirely excited state spectra.[25-27] This may be accomplished by using a
mechanical chopper from a CW laser.[97] Early studies of metal polypyridyl complexes
focused on charge localisation. Woodruff et al. showed that the formulation for the MLCT
excited state of [Ru(bpy)s]** was localised on a single ligand by comparison of the transient
resonance Raman spectrum with chemically prepared bpy~.[98, 99] Some care is required in
the use of the single-colour experiment. The limitation of requiring absorption from the
ground and excited state means that there is no control over what chromophore of the excited
state is being probed. In the case of [Ru(bpy)s]** the success of the experiment hinged on the
fact that bpy~ absorbs strongly at 355 nm. It is interesting to note that the other major
chromophore in the MLCT state of [Ru(bpy)s]** is the LMCT bpy — Ru(III) which shows
spectral signatures almost identical to the ground state.[98, 99] This is not the case for
[Ru(phen)s]** and the transient resonance Raman of this system has proven to be
controversial in its interpretation in part because of the poor absorption of phen~ at 355
nm.[100-102]  An additional limitation of single-colour transient resonance Raman
spectroscopy is that it has effectively no time-resolution in the sense that the experimenter
cannot control the time after excitation as to when the sample is probed. Effectively
everything occurs within the laser pulse and thus the dynamics of the system determine which
species is measured. In conventional MLCT systems in which there is only one state, the
SMLCT, this is not such a serious restriction, but in systems with more than one chromophore

and thus a number of excited states this is a fundamental weakness of this type of experiment.
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These two restrictions are readily solved by using a two-colour time-resolved resonance
Raman experiment (TR®). In this one of the pulses acts as a pump and is coincident with the
ground state absorption and the second colour pulse is coincident with the excited state
absorption and delay between the two may be controlled to derive a true time-resolved

experiment.[103, 104]

4  Case studies

4.1 Conventional MLCT systems

Conventional MLCT systems are those in which each ligand contributes to one low energy
transition and there are not a myriad of close-lying excited states on each ligand. These
systems have been extensively studied over the past few decades. Complexity in function
and photophysics can be built into these systems by the use of differing ligands, such as in
chromophore-quencher complexes[105-107] or heteroleptic complexes.[108-116] In addition
even the apparently simplest MLCT systems may be affected by ancillary ligands that can
play a significant role in the photophysics and spectroscopic properties. An example of this
is the nature of X in the M-X system (M = metal, X = halide), which can influence the type of
transition that is observed.[117-120] Although the direction of electron density change is
similar, it has been found that when X is larger, the excited state character that predominates
is XLCT rather than MLCT, which can be attributed to increased halide character in the
HOMO of the complexes. Some of the first studies to investigate this were done on
[Ru(X)(R)(CO)2(N~N)]*, where R = alkyl and X was varied between CI-, Br, and I using a
combination of spectroscopic techniques. For R = CHz and NN = iPr-DAB (N,N'-diisopropyl-
1,4-diaza-1,3-butadiene) the excited state v(CO) modes were found to shift to higher energies in
the TRIR spectra, consistent with MLCT excitation. However, the magnitude of this shift
decreased in the order CI" > Br > I, which indicates an increased amount of electron density

on the Re metal in the excited states. CO bond length changes were approximated to be 0.009
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A for the CI and Br complexes and 0.006 A for the I complex. Excited-state Raman
experiments showed a similarly systematic decrease of the v(CN) of the iPr-DAB ligand,
indicating an increase in electron-density on the ligand. This was interpreted as a change in
excited state character toward XLCT for heavier X. A similar result was obtained for
[Re(CO)3X(bpy)]*. For these complexes, the XLCT states are longer-lived and have higher

emission quantum yields compared to their MLCT counterparts.

4.1.1 [Re(CO)s(L)(N~AN)] complexes

Complexes of the form [Re(CO)3(L)(N~N)]* are particularly amenable to study using
vibrational spectroscopy due to the diagnostic nature of the carbonyl modes, which possess
bands in isolated spectral regions. As a result TRIR has been extensively used to investigate
these systems. With some exceptions TRIR has revealed that for L = CI the prevalent excited
state observed is of MLCT nature.[41, 44, 82, 102, 121-125] Recently an additional minor
state consisting of MLCT and IL components has also been described[126] for compounds
where L = CI" and imH (imidazole) and NN = dmp, phen and bpy. This additional state is
visible as a red shoulder of the a’(1) mode at early times after photoexcitation and its
assignment has been carried out with evidence from transient absorption measurements and
detailed DFT calculations. It has been suggested that similar states exist for many additional

compounds but may be overlooked due to their low intensity and short-lived nature.

There are some cases for which L = CI" and where photoexcitation leads the formation of
states other than MLCT, which are discussed here. A relatively straightforward example is
[Re(CO)sCI(5-NO2-phen)]. As would be expected from similar complexes, photoexcitation in
MeCN produces a *MLCT state that undergoes ISC to a *MLCT state on a sub-ps timescale,

leading to a shift of the v(CO) bands to higher energy in the TRIR spectra. These v(CO)
15



bands are rapidly (ca. 10 ps) replaced by a new set, shifted to lower energy with respect to the
parent. This behaviour was assigned to the formation of a IL(n,n*) state, which decays to the

ground state in 30 ps.

Complexes with pyridyl-1,2,3-triazole (Pytri-R) ligands (Figure 5) are of interest for two
reasons: firstly the use of “click” chemistry in their synthesis means that there is considerable
scope for substitution on the ligand, and secondly, the compounds show that the triazole ring
acts as an electronic insulator and substituents have little effect on the spectral properties. In
a systematic study of [Re(CO)sCl(Pytri-R)] complexes Kim et al.[127] showed that the
resonance Raman spectra of the complexes appeared almost identical with substituents linked
by a methylene group. Additionally it was found that the excited and electrochemical
properties were also similar. These findings were supported by DFT calculations that
revealed the lowest excited state to be MLCT in nature with virtually no contribution from
the substituent unit.[128] This lack of communication has been utilised advantageously to
create supramolecules in which luminophores are not quenched when the supramolecule

forms through binding with a heavy metal (in this case palladium). [129, 130]

R R=
N— CgHy7
NN CH,Ph
N N\ CH,PhOMe
Re(CO),cl  CHaPhNO,
./ Ph
‘ N Fc
PhOMe
7 PhNO,

Figure 5. Structure of Pytri-R complexes and their substituents incorporated using “click”

chemistry. [127, 128]

The use of larger N*N ligands with multiple compartmentalised sections or appended donors

IS interesting as they can play more active roles in the photophysics of their complexes; as
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discussed in some detail in this review, one of these ligands is dppz. The excited states of
[Re(CO)sCl(dppz-X2)] complexes have been shown to be predominantly of MLCT character
but for X = H and Me, a significant LC component was observed as well.[44] More recently,
we have examined a dppz complex substituted by more strongly electron-donating groups,

which produced dominant LC states (vide infra).

Deviation from the typical MLCT-forming behaviour is also observed for the dmpy class of
ligands (dmpy = 3-R-1-(2-pyridyl)-imidazo[1,5-a]pyridine, see Figure 6). Several electron-
rich and electron-poor R groups have been investigated.[131] Two new bands shifted to
lower energy with respect to the parent a’(1) mode can be identified in TRIR, indicated as
HE1 and HE2 in Figure 6, whereby HE1 converts to HE2 in tens of picoseconds. This is
attributed to a slow ISC from ligand-centred S; to T, states. The slow nature of the ISC was
explained by symmetry-constraints in the spin-orbit coupling, which essentially isolates the
metal subunit from the ligand. Significant charge-transfer character was observed for the S;
states of compounds with the relatively electron-donating Ph-NMe, substituents, which
manifested in an increased shift in the v(CO) vibrations compared to Ti. Interestingly charge
transfer was observed for S; states of compounds with both electron-withdrawing and
electron donating substituents, where the nature of the substituent determines the direction of

charge transfer.
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[131] Copyright (2008) American Chemical Society.

Finally, there are a number of multi-component systems based on [Re(CO)sCI(N*N)]" that
are designed to facilitate movement of charge in the excited state and effect the formation of
different excited states.[132, 133] Movsisyan et al.[133] examined the interplay between a
rotaxane with a phen-based macrocycle containing the {Re(CO)sCl} fragment (abbreviated
M(Re)) and a hexayne-based chain (abbreviated H). The structures and photophysical

processes of the rotaxane are summarised in Figure 7. Photoexcitation of only M(Re) leads to
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a mixed IL/MLCT state that quickly converts to pure MLCT, until it returns to the ground
state (t = 93 ns). In the case of the rotaxane (HcM(Re)), selective excitation of the rhenium
chromophore (kex = 350 nm) again leads to the formation of similar initial states; however,
after formation of the MLCT state energy transfer occurs to the a triplet excited state of the
hexayne component in ca. 1.5 ns. This hexayne-localised state in the HCM(Re) system has a
lifetime of 20 ys; it is the same state as obtained upon selective excitation of the chain (Aex =

310 nm) and indeed very similar to that observed when only H is present.

macrocycle rhenium complex
M(Re
t-Bu t-Bu (A : p Al ~
t-Bu I—  dIL— oo S0
= IVISE e\ =_° A
— SMLCT .~ %=
oS &
. QO ISC
\

=T,

o) o i20 us
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SEET
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. =
1
PN
@
350 nm

310 nm

Figure 7. Structure of HcM(Re), consisting of the hexayne chain H and rhenium-based
macrocycle, M(Re). A summary of the photophysical processes of HEM(Re) is shown on
the right. Adapted with permission from ref. [133] Copyright (2014) American Chemical

Society.

Imidazoles have also been used as L substituents in the [Re(CO)s(L)(N~N)]* system.[134]
[135] When NN = phen, relatively straightforward photophysical properties were exhibited,
with TRIR identifying the lowest excited state as MLCT in nature, while substitution of phen
by NO: caused subsequent formation of a LLCT state that decayed rapidly to the ground state
or decomposed. However, imidazole has also been employed as a linker of {Re(CO)3(LL)}"

(LL = phen or dmp, 2,9-dimethyl-1,10-phenanthroline) to Pseudomonas aeruginosa azurins
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to act as a reporter label to probe for picosecond to microsecond changes of electron
density.[134, 136-138] These rhenium fragments were not found to perturb peptide folding.
When linked to the 124-position, photoexcitation of the rhenium centre initially produced a
MLCT state, which rapidly charge-separated to oxidise the azurin Cu(l) via several
spectroscopically characterised intermediates.[136] The electron-transfer proceeded two
orders of magnitude faster than would be expected for a single-step tunnelling process,
indicating that multi-step tunnelling is involved, identified as proceeding through a
tryptophan residue at position 122 of azurin. Substitution at a number of additional positions

of azurin have allowed probing of electron-injection dynamics across the protein.[137]

As discussed above, changing the N”~N ligand of [Re(CO)s3(L)(N*N)]" perturbs the
photophysics of the resulting complexes, although all considered ligands remain nitrogen
donors. Altering L often results in more significant effects, due to the influence of the
ligand’s back-bonding ability on the metal dn orbital energies. While the initially populated
states for L = CI" and L = py (and derivatives) can be similar, changes may manifest in the
lowest-energy excited states. In the case of L = NCS, mixing of excited states occurs. The
NCS™ unit in [Re(CO)3(NCS)(N~N)] (N*N = bpy, 'Pr-DAB) acts as an additional reporter
group for vibrational spectroscopic investigations. [139]. Resonance Raman carried out at
400 nm, overlapping with the lowest-energy absorption band, indicates bond-length changes
in the C=0 and N=C=S groups, which is evidence for both MLCT and ligand-to-ligand
charge-transfer (LLCT) transitions. Upon photoexcitation, TRIR spectra showed a shift of
v(CO) to higher energies and of v(CN) to lower energies; the opposing signs of shifts are due
to removal of electron density from the n* antibonding and © bonding orbitals of the C=0

and N=C=S groups respectively. With the additional aid of DFT calculations, the lowest-
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energy excited states were assigned as {Re(CO)3(NCS)} — N”N, consisting of mixed MLCT

and LLCT character.

The attachment of nitrogen-donor ligands affords possibility for substitution larger, more
conjugated groups as well as electron-donating and electron-accepting[106, 107, 140-142]
moieties. For L = stpy[142] or bpe[140] (t-stpy = trans-4-sterylpyridine, bpe = 1,2-bis(4-
pyridyl)ethylene where NN = bpy or phen), stilbene-like isomerization was investigated
using time-resolved Raman and IR techniques. For L = t-stpy, initial formation of a
3MLCT(bpy) state occurs, which converts rapidly (3.5 ps) to a stpy-localised 3IL state; this
rotates by 90° around the C=C bond (12 ps), forming the perpendicular or p-stpy geometry
from where isomierization to cis-stpy is possible. In contrast to this, the photoisomerisation

of t-stilbene occurs in the singlet state.
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Figure 8. The photophysical processes of [Re(CO)s3(L)(bpy)]*, where L = BN, 4-DMABN
and 3-DMABN after photoexcitation at 402 nm. Used with permission from ref. [80].

Copyright (2013) American Chemical Society.
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More recently, a series of L = BN (benzonitrile) substituents have been investigated using
TRIR, where NN = bpy and L = BN, 4-DMABN (4-dimethylaminobenzonitrile), and 3-
DMABN (3-demethylaminobenzonitrile).[80] The photophysics of these complexes, which
are summarized in Figure 8, were found to be rather sensitive to the substitution pattern on
the BN and solvent, due to the presence of several close-lying states. A change in solvent
polarity modulates the energies of the charge-transfer transitions, making them favoured in
the dichloromethane:MeOH solvent system. The effect of the substitution pattern is explained
by the presence of quinoidal resonance structures for 4-DMABN, which allow for charge-
transfer to be coupled across the entire ligand (cf. 3-DMABN, where the charge would
originate mostly from the amine). This strongly couples the MLCT and CT states and thus the
LLCT state indicated in Figure 8 is only of partial CT character. These findings were later
used to further modulate the energy of the acceptor orbital (by using dicarboxyethyl-bpy),
effecting the transfer of effectively a full electron in the excited state for the 3-DMABN

complex.[143]

4.2 MLCT, LC z,z* systems

In dppz complexes it is not possible to simplify the electronic structure — the ligands are
imbued with a number of close-lying orbitals that inevitably form chromophores with metals
that are MLCT and LC =,n* in character. The intrinsic complexity of these systems and the
ambiguity of excited state nature has made these systems well-suited to examination by time-
resolved vibrational spectroscopy and resonance Raman spectroscopy to examine the Franck-

Condon state.

For dppz complexes, the first excited state identified using time-resolved vibrational

spectroscopy was of T — 7* character, which was found to be the lowest energy excited state
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of [Re(CO)3(PPhs)(dppz)]".[76] As this state does not couple to any other, it has a rather long
lifetime of 42 us at room temperature. Many of the subsequently investigated complexes are
shorter-lived, which can be attributed to coupling with deactivating excited states.

Resonance Raman spectroscopy, which is a complementary technique to infrared, has been
extensively used in studies on dppz complexes. Its advantages include that it allows the
initially formed excited Frank-Condon (FC) state to be probed and that aqueous solutions are
more easily studied (although some TRIR studies have been carried out in D>O[43, 45, 144]),
making the study of biological systems more accessible. A drawback is that the intensity of
CO reporter ligands is much smaller and depends on the probe wavelength, making Raman
techniques less diagnostic as far as the assignment of excited states is concerned. They are for
this reason often applied in conjunction with computational techniques, which can be useful
in the interpretation of results. A generic challenge in studying dppz systems is that the
vibrational spectra from the dppz and ancillary ligands are similar and the result is a
congested spectrum of overlapping bands.[47]

It is possible to use resonance Raman spectroscopy in a more nuanced way to understand
the types of acceptor orbitals in transition involving dppz. In the simplest complexes, such as
[Re(CO)Cl(dppz)] or [Cu(PPhs)(dppz)]’, in which the ancillary ligands are not
chromophore active in the visible region and the activity is from dppz only, the main low
energy chromophore is the MLCT(phen) transition. This often appears as a shoulder on the
red edge (A > 420 nm) of the 1 — n* ligand-centered transition (A ~ 380 nm).[145] The
MLCT(phz) has no oscillator strength because of the paucity of overlap between the metal dn
MOs and the phz n* MO. The resonance Raman spectra are consistent with this as they show
the enhancement of vibrational modes that are phen in nature. The spectral features are
exemplified by the resonance Raman spectrum (Aex=457.9 nm) for [Re(CO);Cl(dppz)]; this

shows bands at 1316, 1350, 1450, 1575 and 1597 cm™ that are all phen-modes. The
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additional bands at 1406 and 1545 cm™' are phz-based or delocalized across the ligand
framework. The assignment of these modes is supported by a number of DFT and ligand
deuteration studies.[57, 145-148] The changes in enhancement patterns with Aex show
stronger enhancement for phz modes as Aex. is tuned to blue wavelengths where resonance

with the m — 7* ligand-centered transitions occur.

A number of strategies have been employed to try to obtain unambiguous resonance Raman
spectral signatures for the differing excited states present in dppz complexes. Waterland et
al.[145, 149] wused spectroelectrochemistry to observe the spectrum of reduced
[Re(CO)3Cl(dppz7)] and [Cu(PPh3)(dppz7)]" species to isolate dppz”. Strong features at
1581 and 1368 cm™ were observed. (The 1581 cm™ band is actually a phen mode of the
dppz~ ; this assignment was made based on DFT calculations and deuteration studies.[146])
A variety of dppz ligands with substitution at the 11 and 12 positions (Figure /) were used in
the study including NO,, CH3 and Cl. The spectroelectrochemical data were compared with
single-colour TR? measurements on the complexes. Assignments could then be made based
on whether the dppz~ bands were evident. Of the systems studied [Re(CO);Cl(dppzNO»)]
showed he clearest evidence for an MLCT excited state with the other complexes being
predominantly m,m in nature.[145] The TR? spectra of the free ligand have also been
measured and compared with the spectra of the complex as representative of the n — w*
state.[26, 150] These assignments were later corroborated and expanded upon by TRIR

studies[42, 47] illustrating the complementarity of these two techniques.

4.2.1 Considerations when interpreting time resolved resonance Raman spectra

Resonance enhancement can skew identification of particular states; if multiple states are

present and one possesses a much greater absorption then it will dominate in the Raman
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spectrum — for example, the radical anion of dppz has shown significant differences in
enhancement patterns when probed at 350 and 396 nm.[151] Thus the lack of an observed
excited state does not rule out its presence. The use of transient absorption as well as several
Raman probe wavelengths can therefore be important.

The presence of MLCT(phen), MLCT(phz) and more than one type of m1 — ©* state has been
shown as the lowest occupied state for substituted complexes of the form [Re(CO):L(dppz)]
(L = halogen or pyridine-based ligand). Changing L, the substituents and substitution pattern
on dppz (most commonly at the 11,12-positions, see Figure 2) affords control over the states
accessed after photoexcitation and thus can be used to tailor a complex toward a particular
application.

It has been established [152, 153] using temperature-dependent fluorescence studies that
for [Ru(phen)2(dppz)]** entropic factors favor the higher-energy MLCT(phen) state over the
lowest-energy phz-based state. Reducing the enthalpy gap between these states can contribute
to the preferential population of MLCT(phen), which is desirable from the perspective of
photophysical probes, as this state shows bright luminescence. While the entropic preference
of MLCT(phen) has been shown to be true for a number of complexes,[44] other factors such
as the ancillary ligands can also play a role (see below). Here we show a number of ways in
which the modification of rhenium dppz-based complexes can result in a change in the
ordering of the excited states and thus the excited-state properties of the complexes.

Substituted [Re(CO)(L)(dppz)]" is convenient for the characterisation of dppz-based
excited states as the excited-state electron is usually located on the dppz ligand. This section
will therefore mainly focus on the modification of this motif, with some reference made to
other complexes. The ancillary ligand L plays a role in determining the excited state formed
but, with some exceptions,[141] does not itself act as an electron donor or acceptor. For

example, it has been found that the population of the 1 —» n* over MLCT states can be
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modulated by changing L from CI to py (py = pyridine).[125] This can be explained by the
relative electron-withdrawing nature of py-based ligands compared to CI” which is expected
to lower the energy of the dm orbital, thus increasing the energy of the MLCT states and
leading to preferential population of the m — =* state (see Figure 9(a)). Therefore, 1 — w*
states are often present where L is not a strong electron donor. In comparison to MLCT
excited states the lifetime of the m — n* state can be much longer[76, 154] and is dependent
to a large extent on the communication with the MLCT states, through which rapid
deactivation can proceed.

Similarly, the ancillary ligands of heteroleptic ruthenium complexes can affect the excited
states formed.[38] For example, comparing the excited-state lifetime of [Ru(phen)z(dppz)]**
(which possesses a pure MLCT state) to that of [Ru(en)2(dppz)]** (en = ethylenediamine)
indicates that the latter possesses an excited state configuration that can be described as dppz-
centered T —o* in equilibrium with MLCT.[155] The complex
[Ru(tmBiBzIm)(dppz)(tbbpy)]*" (tmBiBzIm = 5,5°,6,6’-tetramethyl-2,2’-bibenzimidazole,
tbbpy = 4,4’-di-tert-butyl-2,2’-bipyridine) includes the pH-responsive tmBiBzIm ligand;
upon deprotonation the excited state lifetime is reduced by a factor of 50 in CH3CN and the
lowest-energy electronic absorption band red-shifts by ca. 3400 cm!. While it might be
concluded that this indicates active involvement of the tmBiBzIm ligand, using resonance
Raman it was shown that the fundamental nature of the electronic transitions remained the
same upon deprotonation and, in fact, excitation of the low-energy absorption band involves

solely the tbbpy and dppz ligands.[156]
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Figure 9. (a) Modification of the ancillary ligand L of [Re(CO)sL(dppz)] changes the energy
and population of the MLCT states. (b) Modification of the substituents on the phenazine (X)
and phenanthroline (Y) moieties changes the energy of the MLCT(phz) and

MLCT(phen).[41, 44, 157]

Substitution of dppz has been carried out on several positions of the ligand;[41, 44, 157]
generally modification of the phenazine and phenanthroline portions of the ligand affects the
energy of the associated molecular orbital. Substituents on the 11,12-positions and 2,7-
positions will be referred to as X and Y respectively (see Figure 2). Altering the X substituent
of [Re(CO);CI(Y2-dppz-X>)] clearly changes the occupancy of the lowest excited state. Using
TRIR it was shown that for X = CH3 and X = H in CH»Cl> a mixture of 1 — ©* and
MLCT(phen) states is formed, with a greater contribution of the m — n* state for the more
electron-donating CH3 substituents; for X = Cl the predominant state is MLCT(phz). As
shown in Figure 9(b), this behavior can be explained by the stabilizing effect of the

substituents on the MLCT(phz) state and thus the relative population in the excited state.
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These results correlate well with emission studies, which show MLCT(phen) emission from
the complexes substituted with CH3 and H. As MLCT(phz) states tend to undergo fast non-
radiative decay to the ground state, the compound with X = CI is non-emissive, even in
apolar solvents. It would similarly be expected that changing Y leads to a change in the
MLCT(phen) energy, as indicated in Figure 9 (b). This has been shown to be true for
[Ru(L1)2(Y2-dppz-X2)]** (L1 = bpy, 4,4’-tert-butyl-bpy), which have been studied using
resonance Raman and luminescence spectroscopy. A prolonged excited-state lifetime was
found when Y = Br, compared to Y = H; [148, 158] conversely, for X = Br, both the excited
state lifetime and luminescence quantum yield decreased. In both cases this can be attributed
to preferential population of the substituted portion of the ligand.

A number of different substitution patterns and additional metals have been explored aside
from those discussed here,[159] [38, 148, 158, 160] and these can be used to further fine-tune

the excited states formed and their lifetimes.

4.2.2 Biological applications and medium effects

A number of biological applications have been developed for complexes of dppz[38, 160,
161] and indeed, many initial TR? studies focused on the interactions of [Ru(N"N)(dppz)]*
(NN = bpy or phen) with DNA.[88, 151, 162, 163] This has been discussed in more detail
previously.[47] While the photo-oxidation of DNA by ruthenium dppz complexes often
proceeds via reactive oxygen intermediates,[160] complexes of rhenium have been shown to
be able to directly photo-oxidize guanine while bound to DNA.[45, 46] TRIR has been used
to monitor this, using [Re(CO)3(dppz)(py-R)]" (R is propanoic acid or propanoate ester).[46]
As well as MLCT(phen) states, two m — n* excited states were observed, assigned as phen-
based and phz-based. By monitoring both the v(CO) and v(DNA) regions of the IR spectrum
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it was established that hole-transfer, from the excited complex to guanine can occur directly
from the MLCT(phen) or m — m*(phen) state, while the 1 — n*(phz) state appeared to be
inactive. A challenge with these measurements is the similarity of the v(CO) bands of the
n — nw*(phz) state of the excited complex to the reduction product as both species feature an
electron in the m*(phz) orbital of the dppz ligand. However, these species are expected to
show significant differences in resonance Raman enhancement and should therefore be
accessible for identification using TR? spectroscopy.

Alternatively TRIR spectra in the spectra in the ligand (and DNA) stretching regions can be
used to gain more structural insight and allows the use of complexes without reporter ligands;
this has been done recently with the [Ru(TAP)x(dppz)]** (TAP = 14,58-
tetraazaphenanthrene).[164, 165] In order to precisely determine the location of the
ruthenium complex within the DNA, TRIR was carried out on crystals of a decamer sequence
of nucleic acids containing A-[Ru(TAP)(dppz)]**, which allowed for x-ray crystallography
to be carried out on the same sample. A primary site for electron transfer was identified as a
guanine in the intercalation cavity, indicating that spatial proximity to guanine is the major
factor determining the electron transfer. Dynamics were found to be similar to solution-phase
studies, which suggests that structural flexibilities present in solution play less of a role in the
electron-transfer.

A further example of TRIR spectroscopy without the presence of reporter ligands is the
complex [Cr(phen)2(dppz)]*".[166] It was found that the presence of guanine-containing
DNA significantly decreases the lifetime of the complex (to 3 ps compared to > 50 us in the
absence of DNA). A bleaching pattern resembling direct excitation of DNA was observed,

however, bands corresponding to I-electron oxidized guanine could not be confirmed,

indicating extremely efficient electron back-transfer for this complex.
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4.3 Engineering new chromophores on ligands

One of the earliest reports on the substitution of polypyridyl ligands with independent
chromophores was by Tyson et al.[167, 168] in which it was shown that the incorporation of
coumarin-based dyes into ruthenium complexes (Figure 10) could deliver long-lived excited
states and large oscillator strengths.[169-171] This was further developed using perylene and
naphthalimide groups.[172-176] In the case of the naphthalimide substituents both MLCT
and LC m,n* states were evident. The evidence for the LC m,n* state was elegantly
demonstrated using time-resolved infrared spectroscopy in the 1400 — 1800 cm™ region
which showed that the transient created in [Ru(phen)2(PNI)]?>* was identical to that from
tolyl-PNI (Figure 10).[177] In both cases the infrared bands from the imide carbonyl groups
inform on the excited state. For tolyl-PNI the ground state bands at 1705 and 1657 cm™
downshift to 1636 and 1598 cm™, for [Ru(phen)2(PNI)]?* the carbonyl band frequencies shift
from 1705 and 1668 cm™ to 1643 and 1597 cm™. The use of the same PNI group of
[Re(CO)sCI(PNI)] produced a long-lived 3LC excited state (t = 650 ps); by using TRIR it
was possible to observe the evolution of the FC state (a LC state) to *MLCT over 45 ps and
then to 3LC in 15 ns. This so-called ping-pong mechanism has the energy jumping from one
chromophore to the next and back with a change of spin in the process. The strong and
distinctive spectral features associated with the {Re(CQO)s} fragment combined with the mid-
IR signatures from PNI made this possible (Figure 11).[178] In this case the downshift of
the imide carbonyls (from 1714 and 1673 cm™ to 1660 and 1610 cm™) indicates the 3LC PNI-
based state and the upshift in the metal carbonyl frequencies (from 2019, 1918 and 1893 cm*

to 2055 and a broad feature at 1970 cm™) is indicative of the MLCT state.
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PNI tolyl-PNI

Figure 10. Ligands used to create long-lived excited states in Ru and Re complexes and the

model system tolyl-PNI. [167, 172, 173, 177, 178]
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Figure 11. Ground-state FTIR spectrum (b) and time-resolved step-scan (a) FTIR difference
spectra of [Re(CO)sCI(PNI)] in THF following 410 nm pulsed excitation (5 - 7 ns fwhm).

Reprinted with permission from ref. [178]. Copyright (2011) American Chemical Society.
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The increase in absorption from the dyes discussed above was derived from adding
chromophores however it is also possible to create new chromophore systems using donor
groups. One example of this a study of sulfur substituents on dppz.[179] The presence of
donating sulfur containing species (thioether and thiocarbamate at the 11, 12 positions, Figure
1) on the dppz ligand formed strongly coloured rhenium(l) complexes with intense absorption
(e ~ 40,000 Mcm™) at 450 nm. These transitions were probed using resonance Raman
spectroscopy and analysis of the band enhancement pattern in concert with DFT calculations
pointed to a transition that had significant ILCT character. The effect of donor groups on
dppz was further explored in a study of 11-(4-diphenylaminophenyl)dppz (dppz-PhNPh,)
complexes of the type [Re(CO)s:R(dppz-PhNPh,)]*, where R = CI, py, 4-
dimethylaminopyridine (dmap).[51] Complexes with this ligand showed intense absorption
in the visible region (¢ ~ 20,000 M*cm™). The shifts in these bands was not consistent with
an MLCT transition as the substitution at the ancillary ligand with R = py and dmap show
bands at 520 nm and with R = CI" at 452 nm. Resonance Raman spectroscopy reveals the
presence of a single dominant transition across the entire visible spectrum which showed no
enhancement of CO bands. In fact the resonance Raman spectra barely altered across the
absorption band supporting the assignment of a single dominant electronic transition. DFT
calculations suggested this was an ILCT transition. Using TRIR it was possible to confirm
this assignment. Detailed analysis of the TRIR of the complex [Re(CO)s(dmap)(dppz-
PhNPhy)]* (dmap =  4-dimethylaminopyridine,  dppz-PhNPh, = 11-(4-
diphenylaminophenyl)dppz) displays up to three potential features in the excited state IR
spectrum that appear to lower energy than their parent depletions, indicating the presence of
several m — 7* states.[51] As these features are spectrally close and subtle shifts (ca. 3 cm™)
occur on the ps timescale, use of the carbonyl region was not sufficient to definitively

identify their presence or define processes as vibrational cooling or excited-state
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interconversion. By carrying out ps-TRIR in the ligand-stretching region (see Figure 12)

spectral differences between the states were made evident.
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Figure 12. TRIR spectra of the complex [Re(CO)z(dmap)(dppz-PhNPh2)] at a number of

time-delays after photo excitation at 400 nm. Reprinted with permission from ref. [51].

Copyright (2014) American Chemical Society.

The use of donor groups may also be used in binuclear and larger multi-metal systems
(Figure 13). The ligand HATN can form mono- bi- and tri-nuclear complexes with
{Re(CO)3CI}. A number of isomers are possible and these may be synthesised using
different solvent systems.[82] These complexes show strong visible absorption that are
MLCT in nature, red-shifted from 530 to 650 nm on going from mono- to tri-nuclear
complex. This assignment was confirmed by resonance Raman spectroscopy in which

carbonyl bands were enhanced. TRIR studies showed band shifts in the CO region associated
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with an oxidised rhenium centre and two spectator ligands bound to a reduced HATN moiety.
For the complex (Re(CO)3Cl)3(u-HATNMes) the highest frequency CO band (the symmetric
stretch) shows an upshift for the oxidised Re from 2024 to 2073 cm™ with a downshift from
2024 to 2014 cm™ associated with the two unoxidised Re centres now bonded to a HATN-

radical anion.
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Figure 13. Structure of the HATN ligand (left), where R = CHs (HATNMeg) or SCgHi7
(HATN(SCsgH17)e). Electronic absorption spectra (right) for (Re(CO)sCl)z(u-HATNMesg),

green trace and (Re(CO)sCl)s(u-HATN(SCgH17)e), purple trace, in CH2Cl>. [82, 180]
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By using SCgHi7 groups on the periphery of the HATN ligand it was possible to make a
series of rhenium complexes with very high absorption (¢ ~100000 m*cm™) compared to the
parent species.[51] The FC states across these intense absorption bands were probed with
resonance Raman spectra and revealed the presence of a number of states. Using

(Re(CO)sCl)3(M-HATN(SCsHu17)s) as an example (Figure 14)
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Figure 14. FT Raman (solid state) and Resonance Raman spectra of (Re(CQO)sCl)s(u-
HATN(SCsH17)e) in CH2Cl2. Enhancement patterns associated with LC n,n* (orange), ILCT

(yellow), ILCT and MLCT (green) and MLCT (blue).
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The enhancement of bands at 1330 cm™ with excitation at 413 and 448 nm is consistent with
an ILCT transition for S — HATN. With 488 nm excitation these bands show enhancement
but in additionally carbonyl bands at 2021 and 2030 cm™ are enhanced. These are both due
to a’(1) bands of the carbonyls; the splitting occurs because different moieties may stretch in
or out of phase with respect to each other.[42, 51, 82, 121] The enhancement of the a’(1)
modes is consistent with an MLCT transition; however resonance Raman cannot differentiate
between two overlapping transitions, i.e. ILCT and MLCT and a mixed transition. Time-
resolved infrared on this system reveals that the oxidised rhenium centre shows a 31 cm™
positive shift in Av (from 2020 to 2051 cm™). This is much less than for the non-sulfur
system (Re(CO)sCl)s(u-HATN(CHs)s) in which the Av is 49 cm™ (2024 to 2073 cm™). This
provides unequivocal evidence of a mixed IL/MLCT transition corresponding to a concurrent

partial oxidation of the metal and sulfur substituent.

The wider use of coupling chemistry has increased the range of substituents that can be
appended to polypyridyl systems. The drive to panchromatic dyes, particularly in the field of
DSSCs has seen the synthesis and study of a huge number of ligands and their respective
ruthenium(Il) complexes in which a variety of donor groups have been appended to the
bipyridyl of phenanthroline ligands in order to increase absorption for the complexes and

facilitate charge separation (vide infra).

5 Dye-sensitised solar cell systems

An important application for complexes with engineered ILCT and MLCT states is the
dye-sensitized solar cells or DSSC, the mechanism of which has been reviewed.[1, 181, 182].
The basic processes are summarized in Figure 15. A dye is covalently bound to a thin
mesoporous layer of sintered TiO2 nanoparticles on top of a transparent conductive oxide

layer on a glass substrate. A large surface area of the film is necessary in order to allow for a
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high absorbance by the monolayer.[1] The first step in the mechanism is absorption of light
by the dye, which causes excitation to an electronic excited state. This excited state may then
inject an electron into the TiO2 film (II) where it is transported (111) through the conductive
oxide layer to perform work in an external circuit. The oxidized dye is then regenerated (V)
by an electron donor such as iodide. The electron donor is regenerated by an electron from
the counter electrode (typically triiodide is reduced to iodide). Processes which result in
lower DSSC performance are shown with red arrows in (Figure 15). These include relaxation
of the excited state (1), back-electron transfer from the TiO> to regenerate the dye (VII) or

external electron donor (VI11) and reduction of triiodide to iodide by the excited dye.

E Conducting Glass Pt
VvsNHE) g \Gathcrr:fe
'
Il
-1 -G =T el — .
mn =S
s Ly
| 1
E, vij|
057 \ X
E ) N\
0 - ". LI
Tio2 \ -
0.5 I'.I I /Electrolyte
| i
Vil .I ,f'# Vv
+1 4 Al
il G
Dye
+1.5+
ol | LEe
1 oap |
1 LOAD

Figure 15: Summary of select processes in the DSSC. Processes 1-V (blue arrows) ideally
should be kinetically favoured over the recombination processes VI-IX (red arrows). (1)
photoexcitation (1) electron-transfer from the dye to semiconductor; (I11) electron-transport
to the conducting glass through the film; (IV) reduction of iodide; (V) regeneration of the

oxidized dye by the electrolyte species; (V1) radiative or non-radiative decay of the excited
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dye; (VII) reduction of the oxidized dye by an electron from the semiconductor; (VIII)
interception of electron from the semiconductor by triiodide (IX) reduction of electrolyte
species by triiodide. Figure adapted from ref. [182] (used with permission from the Royal

Society of Chemistry).

A dye for DSSCs should ideally be panchromatic, absorbing photons with a wavelength of
920 nm or shorter. It should also be strongly bound to the semiconductor surface and be
stable enough to withstand redox turnovers for about 2 decades.[183] For many years the dye
N719 was considered the “champion” DSSC dye. This complex builds upon [Ru(bpy)s]** by
utilizing dcb (dcb = 4,4’-dicarboxy-2,2’-bipyridine) in place of two of the bpy ligands. The
other bpy is replaced by a pair of thiocyanate ligands. Thiocyanate acts to increase the dn
energy level because of its strongly donating character. The carboxylate groups of the dcb

ligands allow the complex to bind to the surface of the semiconductor particles.[1]

While development of better ruthenium dyes is still an active area of research, DSSCs
utilizing organic dyes have also been developed which have efficiency on par with many
metal complex based DSSCs. The structures of the dyes typically consist of an electron donor
linked to an electron acceptor/anchor group. The donor group is often a coumarin or
triarylamine (TAA) moiety. The anchor is typically cyanoacrylic acid which binds strongly
to the TiOz surface. The donor is connected through a conjugated linker such as
oligothiophene. The extinction coefficients of these dyes often approach an order of

magnitude increase over classic Ru(ll) dyes.[181]

There have been many attempts to merge organic chromophores with ruthenium dyes in
order to achieve higher DSSC efficiencies.[1, 2] Aside from increasing the molar extinction

coefficient of complexes, organic donor groups are also thought to increase DSSC efficiency
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by helping to separate the electron-hole pair created upon photoexcitation and electron
injection. In order to decrease the rate of back electron transfer to the oxidized dye a
secondary electron donor can be covalently attached to the ruthenium complex. These are
often called “super sensitizers" or antenna dyes. A simplified model of the mechanism is
shown in equations A-C. Here the sensitizer (S) is covalently attached to the organic donor
(D) and bound to TiO,. The sensitizer is photoexcited and then becomes oxidized by the
TiO,. The dye is subsequently reduced by D. The recombination reaction (C) is slowed by

presence of D because of the increased distance between D™ and the nanoparticle surface.

D-8*|TiO5 — D-S+|TiOs(c") (A)
D-S*|TiOs(e~) — D+-S|TiOs(e™) (B)
D*+-S|TiOs(e~) = D-S|Ti0, (C)

A pair of studies showed that triphenyl amine (TPA) donor groups could be attached to
ligands of ruthenium dyes in order to increase hole separation, decrease the recombination
rate and improve DSSC performance.[184, 185] Three heteroleptic complexes containing
different numbers of amine groups were synthesized (Figure 16). The first,
[Ru(dcb)2(TPAbpy)]?* contains two dcb ligands for anchoring the molecule to TiO2 and a
bpy ligand substituted with a TPA group on each pyridine ring through a conjugated ethenyl
linker. The second complex, [Ru(dch)2(TPDbpy)]?* uses tetraphenyl benzidine (TPD) in
place of TPA giving four amine donor groups. The third [Ru(dcb)z(poly-TPAbpy)]?* used a
bpy ligand attached to a TPA-based polymer giving roughly 100 amine donors per ruthenium
core. TiO films sensitized with these dyes were studied with nanosecond TA. Electron
injection and oxidation of the amine component of the dyes occurs within the time resolution
of the system but the kinetics of the back reaction could be observed. The half-time of the

recombination process increases from 350 microseconds for [Ru(dch)2(TPAbpy)]?* to 4

39



seconds for [Ru(dch)z(poly-TPAbpy)]?* (4 orders of magnitude). This was attributed to an
increase in the distance between the hole created on the amines and the TiO, surface. The
data fit an electron tunnelling model where the rate constant for electron transfer has an

exponential dependence on spatial separation.[184]
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Figure 16 Solar cell dyes with TPA donor substituents and N719.[184, 185].

Modified Ru(ll) complexes using the same TPAbpy and TPDbpy ligands in solid-state
DSSC devices were later compared to the benchmark complex N719 (Figure 16).[185]
Replacement of one dcb ligand with a pair of NCS ligands gives analogues of N719 leaving
two carboxylate groups remaining for binding the complex to TiO2. The electronic absorption
spectra of the complexes have a band at approximately the same wavelength as N719 which
is assumed to be MLCT in nature. The slight increase in intensity and red-shift is attributed
to increase conjugation length of the ligands TPAbpy and TPDbpy ligands compared to the

dcb ligand of N719. Distinct strong absorption bands are also present at higher energy which
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do not appear in the N719 spectrum. Performance of the devices increased by factors of 2
and 5 for [Ru(dcb)(TPADbpy)(NCS)2] and [Ru(dcb)(TPDbpy)(NCS).] respectively over N719

under these conditions.

The increase in extinction coefficient in this class of complexes is often attributed to
increased conjugation length compared to dcb. A multitude of N719 analogues with
conjugated substituents have shown this to be the case. However it should be noted that TPA
is an electron donor and this may give rise to distinct ILCT bands where the hole in the FC
state is initially localized on the organic donor unit rather than the metal. Re (and Cu)
complexes of the TPA-bpy ligand have been studied spectroscopically and
computationally.[186] Although they may not be useful in solar cells they serve as model
systems with close lying MLCT and ILCT states. The ILCT dominates the MLCT in the
visible absorption band for the Re complex as shown with resonance Raman spectroscopy.
TA and DFT show that the hole in the THEXI state is localized on the TPA units rather than

the metal centre as in the Ru complex.
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Figure 17. Complexes with TPA substituents and phosphate binders.[187]

In complexes such as [Ru(dcb)(TPAbpy)(NCS)2] where two different = acceptor ligands
are present (dcb and TPA-bpy) the energies of the ©* orbitals of the two ligands becomes
important for controlling interfacial charge separation and charge recombination. A
comparison of two terpy-based ruthenium dads (Figure 17) was performed by Bonhote and
coworkers.[187] Both complexes use phosphate groups to bind to TiO2 nanoparticle surfaces
on one of the tridentate ligands (tpy-POs?). The other tridentate ligand is a phenyl-terpy
ligand attached to TAA donor. The donor-substituted ligand is referred to as the proximal
ligand and tpy-POs? is referred to as the distal ligand. In complex B1 there is conjugation
between the TAA and the terpy portion of the proximal ligand opening the possibility of an
ILCT band. In complex B2 a methoxy spacer prevents conjugation. Electronic absorption
spectra show that complex B1 has red-shifted absorption with an increased molar extinction
coefficient compared to B2 which would be expected to improve DSSC performance if no

other factors were different.
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The electron-transfer kinetics of the complexes bound to TiO. in propylene carbonate
were compared using TA. For B1 only 60% of the excited molecules were found to undergo
intramolecular electron transfer to form the oxidized TAA donor and an injected electron.
For B2 the process was quantitative and recovery of the ground state was slower. This was
attributed to differences in the localization of the lowest n* orbital as determined by
resonance Raman spectroscopy. Resonance Raman spectra show that for B1 the lowest
absorption band predominantly involves the proximal ligand whereas in B2 it involves the
distal ligand which is closer to the TiO> surface. This study showed that conjugation between
the electron donor and chelating ligand can improve light harvesting but may have the
unintended consequence of also lowering the ©* energy of the proximal ligand which can

decrease electron injection efficiency.
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Figure 18 Qualitative energy level diagram showing the effects of cyclometallation on bis
tridentate ruthenium dyes. Reprinted with permission from ref. [188]. Copyright (2011)

American Chemical Society.

More recently several dyes which build upon dyad B1 have been synthesized and tested in
DSSCs. Various conjugated groups were tested as linkers for the TAA and tpy on the
proximal ligand. Thiophene was found to give complexes with the highest extinction
coefficients [189], which was attributed to the presence of ILCT bands. Systematic studies
of the effects of cyclometallation and TAA substituents on the energies of the dn, n* and
TAA = energy levels were performed (Figure 18).[182, 188] Cyclometallation could be used
to tune the relative n* energy levels of the distal and proximal ligands, which also affects the
dn energy of Ru similarly to SCN™ ligands.[182] Some of the dyes were tested in DSSCs. As
expected, the best performing complex was cyclometallated such that the distal ligand had a
lower n* energy than the proximal ligand. The TAA unit was substituted with methoxy

groups which ensure that it is more easily oxidized than the metal to facilitate hole transfer.
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Despite the careful design of these complexes and their vastly improved visible absorption

they still have lower performance in DSSCs compared to simpler dyes such as N7109.

How can transient vibrational spectroscopy play a role in understanding types of complex
systems? Recently complexes related to the dye N3, [Ru(NCS)2(dcb)2] have been studied
using transient methods and resonance Raman spectroscopy.[83] In order to improve the light
absorbing abilities, the replacement of the COOH substituents at the 4,4’-positions of one or
both of dcb ligands with extended conjugated moieties was performed. However, comparing
[Ru(NCS)2(dcb)2] to [Ru(NCS)2(dcb)(dxb)] (dxb is dpb = 4,4'-diphenylethenyl-bpy, dnb =
4.4'-dianthracenethenyl-bpy, dab = 4,4'-dinaphthylethenyl-bpy) shows little to no change in
the lowest-energy absorption. Results from resonance Raman spectroscopy were found to be
consistent with this and showed these transitions to be of the same character ({Ru(NCS).} —
dcb). This could be explained by a small overlap of the acceptor MO with the conjugated
substituents, which is in contrast to the studies presented above, where electron-donating
substituents were appended. Higher energy excitation lead to absorption by the entire ligand,
and obvious influences from the arene substituents were observed. It is possible that the use
of different linkers, such as thiophene, would lead to more effective extension of conjugation.
The excited states were investigated using TRIR and TR? (see Figure 19); for most
complexes both techniques show a shift of v(NCS) of ca. -36 cm™ (from 2109 to 2075 cm™
for [Ru(NCS)2(dcb)z]). This is indicative of a reduction of electron density in the N=C=S
bond, consistent with MLCT or ILCT excitation, as previously reported for N3. Other
features in the TR? spectra appeared very similar to ground-state resonance Raman spectra
acquired at Aex = 532 nm, with a slight increase in the relative intensity of the solvent bands.
This may be due to very high NCS resonance enhancement in the excited state probed in
addition to bleaching of the ground state. One exception is the TR? spectrum of

[Ru(NCS)2(dcb)(dab)], which shows two bands in the v(NCS) region as well as several new
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bands in the ligand stretching region (Figure 19). In TRIR, which provides time-resolution,
the initially formed band at 2072 cm™ can be seen to convert to a new band at 2099 cm™,
which is only slightly shifted with respect to the ground state and persists for 150 ns. With the
aid of excited state DFT calculations the new state was assigned as an anthracenyl to
anthracenyl ILCT, similar to that observed for 9,9-bianthryl. The excited state in this case
shows a significantly prolonged lifetime, which may be due to increased spatial separation

compared to bianthryl.
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Figure 19. The TR? spectra of the ruthenium complexes, acquired in DMSO, with Aex = 532
nm. Vertical lines indicate common peaks throughout the series of complexes. Solvent peaks

have been subtracted and residuals are marked with asterisks.

6 Conclusions

Inorganic photosystems have developed over the last decades to become increasingly
electronically complex. The utility of this complexity has been used extensively in solar
cells. Time-resolved vibrational spectroscopy with resonance Raman spectroscopy can be

used to map the Franck-Condon to THEXI state relaxation processes through a variety of
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excited state manifolds. These techniques can differentiate MLCT, LC and ILCT states and
are capable of detecting different types of states within each of these broad classifications.
The complexity of modern inorganic photosystems means that these methods are going to

find increasing use in the determination of active excited states.
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