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Novel mono- and di-nuclear Ru(ll) and Ir(lll) complexes, bearing a
modified carbazole moiety are synthesised. In comparison to their
mononuclear analogues, the homonuclear diatomic complexes
(RUCRu and IrCIr), in which the carbazole containing-ligand
functions as a bridge, display increased absorbance in the visible
region, and give rise to higher singlet oxygen quantum yields.

Triplet photosensitisers are finding increased application in
photoredox catalytic reactions,’ photoinduced H, production,2
photodynamic therapy,3 triplet-triplet annihilation
upconversion,a'8 photovoltaics,9 and photoswitching.10 Most
are transition metal complexes, due to their near unity
intersystem crossing (ISC) efficiency, but suffer from weak
absorbance in the visible region and shortened triplet excited
state lifetimes.™ Ziessel and co-workers have reported a series
of dinuclear Ru-terpy derivatives,lz’ 13 utilising bridging ligands
(which include phenylenic and acetylenic hydrocarbons, and
aromatic units such as benzene, naphthalene, anthracene, and
pyrene), that appear to overcome some of these short-
comings. Their dinuclear complexes, possessing highly
conjugated ligands appear to exhibit longer triplet excited
state lifetimes, and to out-perform their mononuclear
analogues in terms of molar absorptivity.”’15 Despite their
promise, dinuclear complexes of Ru(ll) or Ir(lll) are rarely used
for Triplet-Triplet Annihilation Upconversion (TTA-UC)lG, and
only limited data are available for the d® Pt(I1) based dinuclear
complexes encountered in the literature.”™ In a recent
study,20 we demonstrated that the introduction of a second
transition metal centre can significantly enhance and red-shift
the absorbance into the NIR region, and lead to prolonged
triplet lifetimes. In this latest work, we develop the dinuclear
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concept further, using it in the design of triplet
photosensitisers for applications in TTA-UC, and singlet oxygen
(102) photosensitisation. To this end a new and extended N-
substituted carbazole bridging ligand was designed and
synthesised to exploit the known electron-rich and electron-
donating character of the carbazole moiety and to act as a
connector between two photoresponsive metal centres.

Two dinuclear complexes (RuCRu and IrClr), and two
mononuclear complexes (RuC and IrC) were generated and their
triplet photosensitising capabilities compared. To ensure an
extended m-conjugated ligand structure, acetylene moieties
were incorporated between the ligating bipyridine units and
the N-substituted carbazole. All the compounds were obtained
in moderate to good vyields. (See ESI for detailed synthetic
information and full spectroscopic characterisation of RuC,
RUCRu, IrC, IrCIr and single crystal diffraction data for RuC).
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Chart 1. Chemical structures of the novel RuCRu, RuC, IrCIr and IrC complexes.

The absorption spectra of the mono- and di-nuclear N-
substituted carbazole complexes are shown in Figure la. The
enhanced molar absorptivities (¢) of the dinuclear structures
are immediately apparent e.g. the ¢ value of RUCRu (g =
62,000 M cm™, Aabs = 412 nm) is approximately twice that of
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its mononuclear analogue, RuC (¢ = 25,000 M em™

411 nm). A similar trend is seen for IrClr and IrC (Table 2).

The intense absorptions at around 288 nm were assigned to
the m — ©* transition of the parent 2,2’-bipyridine ligands (in
Ru complexes) and the bands at ~412 nm (in the Ru complexes)
and ~400 nm (in the Ir complexes) were assigned to the © »7*
transition of the ancillary carbazole-substituted bipyridine
Iigand.21 The low-energy shoulder at approximately 470 nm in
the spectra of RUCRu and RuC is predominately attributed to a
metal to ligand charge transfer (1MLCT). In both cases it is
bathochromically shifted by 20 nm compared to that of
[Ru(bpy)3]2+.22 This red-shift is a consequence of the enlarged
m-conjugated carbazole, which serves to decrease the energy
of the ligand-centred lowest unoccupied molecular orbital
(LUMO) and thereby reduce the HOMO-LUMO gap in these
complexes.
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Figure 1. a) UV-Vis absorption spectra of RuCRu, RuC, IrCIr and IrC. C= 1.0 x 10~° M in
CH3CN, 298 K. b) The normalised emission spectra of RuCRu at low temperature (77 K),
and at room temperature (298 K). C = 1.0 x 10~ M in CH3CH,OH/CH30H (4:1, v/v).

To support these assignments, the electrochemical
properties of the complexes were studied via cyclic
voltammetry measurements (Table 1 and Figure S14). Each
metal complex shows only one oxidation. In the case of RuC
and RuCRu the oxidation potentials are very similar to each
other and to the Ru(ll/Ill) redox couple of [Ru(bpy)3]2+23. The
oxidations determined for the bimetallic complexes are
believed to be one-electron processes. They involve just one
metal centre, with the oxidation of the second metal occurring
outside the acetonitrile solvent window and at a considerably
higher potential (consistent with the work of Salpage et al.24).
The quasi-reversible (4E, value > 60 mV) oxidation wave for
RuCRu is indicative of contributions from the ligand to the
HOMO. For each of RuC, IrC and IrCIr the oxidation process is
clearly irreversible further suggesting significant ligand-
character in the HOMOs. Additional support for this assertion
is provided by TD-DFT based on the ground-state optimised
geometries (Table S1-4).

There are two ligand-centred reductions observed for the
ruthenium complexes. The first reduction potential in both
RuCRu and RuC is higher (less negative) than those reported
for [Ru(bpy)3]2+ (Table 1). This suggests that the LUMOs are
being stabilised by the delocalised and highly conjugated
nature of the carbazole extension (as supported by TD-DFT
analyses, Table S1-4). The second reduction occurs more
readily in RuCRu than RuC because of the electron
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withdrawing effect of two metal centres. The sharp redox
waves seen in the cyclic voltammograms of RUuCRu and IrCir
(Figure S14) are consistent with electroprecipitation occurring
at these potentials.zs’ %

Table 1. Electrochemical Potentials vs. Fc(+/0)

Compound Oxidation(V)[AEp(mV)] Reduction(V) [AEp(mV)]
RuCRu +0.93[94] -1.58[62]; -1.82[92]"
RuC +0.94[-]° —1.58[55]; —1.88[76]
IrClr +0.99[-]° -1.56[88]"
IrC +0.95[-]° —1.59(56]
[Ru(bpy)s I*** +0.90 -1.77;-1.97; -2.21
[ir(ppy)2(bpy)]" *° - -1.83

? Cyclic voltammetry in deaerated CH3CN containing a 0.10 M BusNPFg supporting
electrolyte; the counter electrode is a Pt electrode; the working electrode is a
glassy carbon electrode; the Ag/AgNO; couple is the reference electrode.
Ferrocene (Fc) was used as an internal reference. C[Ag'] = 0.1 M; 0.5 mM
photosensitiser in deaerated CH3CN at 298 K. ® These values were calculated from
a literature source.?® © Irreversible process, Epa d Electroprecipitation effect on
reduction. “ Epc = —1.86 V; Epg = —1.77 V.  Epc = —1.60 V; Epp = —1.52 V.

The emission properties of the generated complexes were
studied in air and under nitrogen. For RuCRu, the intense
emission at 644 nm is quenched in an aerated solution, and
has a microsecond scale lifetime (1.2 us), consistent with a
strong phosphorescence character (Figure S12a). Compared to
[Ru(bpy)3]2+,22 the phosphorescence
bathochromically shifted (by 37 nm), and the excited state
lifetime is also prolonged (from 0.8 ps to 1.2 ps). Similar
results were found for RuC, IrClr and IrC (Figure S15, and
compared with rp[lr(ppy)z(bpy)]+ =0.3 ;,Lszs).

Both the mononuclear and dinuclear complexes showed a
large thermal anti-Stokes shift at 77 K (Figure 1b and Figure
S13). This anti-Stokes shift (900—1900 cm’l) indicates the
presence of charge transfer (CT) processes.1 The profile of the
emission bands arising from triplet metal-to-ligand charge
transfer (3MLCT) states are generally broad and featureless,
compared to those of ligand-based (37t—7t*) states that are
more likely to be highly structured at room temperature.
Therefore, we can assign considerable 3MLCT character to the
emission.

emission is

Table 2. Photophysical data of the generated complexes. °

Aabs (nm) e’ Aem' (nM)  ®p%(%)  Tp(uts)
RuCRu  288;412  1.63;0.62 644 6.7 1.2°/4.7°
RuC 288;411  0.79;0.25 642 6.9 1.3°/3.9%
IrClr  288;400  1.00;0.58 614 5.0 0.4°/2.7%
IrC 279;399  0.59; 0.29 613 8.3 0.9/5.0¢

? Results of complexes in CH;CN solution (1 x 10~ M), 298 K. ® Molar absorption
coefficient, & 10° dm> mol™ cm™. “Emission peak at 298 K in N% ¢ Quantum yield of
phosphorescence, in N,, with 2,6-diiodo-BODIPY as a standard (®f = 2.7% in CHgCN).29 €
Phosphorescence lifetime, Aex = 403 nm, at 298 K (**) and 77 K (%) in N,.

To further explore the nature of the triplet excited states,
nanosecond time-resolved transient absorption difference
spectra were obtained. Upon excitation, a significant bleaching
peak at 400 nm was observed e.g. in RuCRu (Figure 2a). This
corresponds to intraligand charge transfer (ILCT) transitions
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within the ancillary carbazole-substituted bipyridine ligand,
indicating that the triplet excited state of RuCRu is at least
partially localised here. Clearly, the triplet excited states of
RuCRu contain both 3ILCT and >MLCT character. Comparison
with the transient absorption spectrum of [Ru(bpy)3]2+ (Figure
2b), indicates that the MLCT bleaching peak of RuCRu
(expected at approx. 450 nm) would overlap with the strong
positive signal at 425-750 nm from the ancillary carbazole-
substituted bipyridine ligand. These results were not unique to
RuCRu, but are similar to those also obtained for RuC, IrCIr and
IrC (Figure S15). The triplet lifetimes of the complexes are
presented in Table 3.
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Figure 2. The nanosecond time-resolved transient difference absorption spectra of a)
RuCRu and b) [Ru(bpy)s]**. C= 1.0 x 10~° M in deaerated CH4CN, 298 K.

In order to confirm the overlapping nature of the 3ILCT and
3MLCT of RuCRu, density functional theory (DFT) calculations
were carried out. The isosurface spin density of the triplet
states were computed using the optimised geometry of the
complex. Shown in Figure 3, the triplet spin density is located
on both the large ancillary carbazole-substituted bipyridine
ligand, and the coordinated metal centre. (See time-
dependent DFT calculation results of all generated complexes
in ESI, section 8.0)

Figure 3. Isosurfaces of spin density of RuCRu, RuC, IrClr and IrC at the optimised
triplet-state geometries. CH;CN was used as the solvent in the calculations. Calculations
were performed at TDDFT/B3LYP/GENECP/LANL2DZ level with Gaussian 09.

Each complex was studied as a photosensitiser in triplet-
triplet annihilation upconversion (TTA-UC). In a standard TTA-
UC process, the triplet photosensitiser is excited by an external
light source (approximate power density output of 70.8
mW-cm'Z). Energy transfer occurs from the photosensitiser to
the acceptor molecule via intermolecular triplet—triplet energy
transfer (TTET). The singlet excited state of the acceptor is

This journal is © The Royal Society of Chemistry 20xx

accessed via TTA between the collision of two triplet excited
state acceptors, generating upconverted fluorescence. 9,10-
diphenylanthracene (DPA) was used as the optimal triplet
acceptor according to the absorption and triplet excited state
energy levels of the photosensitisers.

Upon excitation at 473 nm in deaerated solution, RUCRu
phosphoresces at 644 nm (Figure 4a). Upon the addition of
DPA, the phosphorescence decreases significantly, and a new
luminance at 430 nm appears. This new emission band is the
upconverted fluorescence of DPA, which cannot be achieved
by excitation at 473 nm alone. The upconversion quantum
yield for RuCRu was determined as 21.6%. For IrClr, in the
presence of DPA, the upconversion quantum vyield was
calculated as 15.3%. The upconversion quantum yields of their
mononuclear analogues were also determined (®yc = 19.1%
for RuC, and @y = 19.0% for IrC) (Figure S16). There is no
significant improvement between the data obtained for the
dinuclear and mononuclear complexes.

The TTET efficiencies of the generated complexes were
determined by triplet state lifetime quenching studies (in the
presence of the triplet acceptor, DPA). The resulting Stern-
Volmer quenching curves were then plotted (Figure 4b). The
quenching of the triplet state of IrClr was found to be the least
efficient, and this may be due to its short-lived triplet excited
state lifetime. A comparison of the data obtained is provided
in Table 3. Time-resolved emission spectra were also collected
(Figure 4c).
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Figure 4. a) Upconversion with RuCRu as the triplet photosensitiser, and DPA as the
triplet acceptor. C[RuCRu] = 1.0 x 10~ M and C[DPA] = 2.0 x 10 M in deaerated
CH3CN, 298 K. b) The Stern-Volmer plots generated from the triplet excited state
lifetime quenching as a function of DPA concentration in deaerated CH;CN at 298 K.
C[photosensitiser] = 1.0 x 10~ M. c) Time-resolved emission spectrum of RuCRu and
the upconverted fluorescence of DPA using RuCRu as triplet photosensitiser on
excitation with nanosecond OPO laser. C[RuCRu] = 1.0 x 10~ M and C[DPA] =2.0 x 107
M in deaerated CH;CN, 298 K. d) 1OZ photosensitisation: Irradiation time-dependent
decrease of absorption at 410 nm of DPBF with RuCRu as the photosensitiser. Ae = 436
nm in CH3CN at 298 K.
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The upconverted fluorescence lifetime of IrCIr at 386 ps,
was much longer than that of the other three complexes
(Figure S17). This is likely related to its short triplet excited
lifetime, and consequently less efficient TTET.

Table 3. Triplet state properties of the generated complexes. °
o ols) Torus) Ke (M) ka“(10°M 'S Duc'(%) Da¥(%)
RuCRu 1.2 252 4448 3706 21.6 83.3
RuC 1.2 284 4477 3197 19.1 56.3
IrCir 0.4 386 2102 5255 15.3 67.2
IrC 0.9 301 4809 5343 19.0 54.1

? Results of complexes in CH;CN solution (1 x 107> M), 298 K. b Triplet-state lifetime
under N,. “Upconverted luminance lifetime, called delayed fluorescence. d Quenching
constant. ¢ Bimolecular quenching constant. f1TA-uC quantum yield under N,, with
BODIPY as a standard (df = 71.2% in CH3CN).”® & Singlet oxygen quenching quantum
yield with Ru(bpy)s[2PF¢] as a standard (®, = 57.1% in CH;CN),* at 298 K.

The singlet oxygen quenching quantum vyield of each
complex was also measured (Figure 4d). Compared to the
mononuclear complexes, the carbazole-bridged dinuclear
complexes, RuCRu and IrClr, showed considerably higher and
desirable singlet oxygen quenching quantum yields (®, = 83.3%
for RUCRu; ®, = 67.2% for IrClr).

In conclusion, N-substituted carbazole complexes of the d°
transition metals, Ru(ll) and Ir(lll), were synthesised. The
dinuclear complexes, in which a carbazole moiety is used to
generate a conjugated bridging ligand, showed enhanced
absorption in the visible region. The attached carbazole moiety
gave rise to the mixed 3MLCT and ®ILCT character of the
excited states in these complexes. As postulated, the
combined effects of two metal centres resulted in significantly
improved singlet oxygen quenching quantum vyields, when
compared to the mononuclear analogues. Although
measurements on bimetallic complexes such as these are rare
they are showing some consistent messages. They are giving
some conclusive insight into the potential improvements
possible through the use of multinuclear d° complexes towards
the practical industrial applications of triplet photosensitisers
for TTA-UC technologies and operations.
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This article details the improvements in the photosensitising ability of bimetallic N-carbazole
complexes when compared to their mononuclear counterparts.

M=Ru: ¢ =62, 000 M-"cm™* ® 3.3% RuCRu vs. RuC ¢ = 25, 000 M-'c
M=Ir: ¢ =58,000M'cm'®,=67.2% IrCIr vs. IrC =29, 000 M'cm"®=54.1% (n=
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