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A Triad Based on an Iridium (i) Bisterpyridine Complex Leading to a
Charge-Separated State with a 120-us Lifetime at Room Temperature
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Abstract: A triad D-Ir-A, where Ir is
an Ir'™ bisterpyridine complex connect-
ed through an amidophenyl spacer to
D, a triphenylamine electron donor,
and to A, a naphthalene bisimide elec-
tron acceptor, has been synthesized

comparison with the model dyads D-Ir,
Ir-A, and the reference monomers D,
Ir, and A. A sequential electron trans-
fer occurs upon excitation of the D and
Ir units, leading to the charge-separat-
ed state D*-Ir-A in 100% yield and

subsequently to D*-Ir-A~ in about
10% yield. The final charge-separated
state has a lifetime at room tempera-
ture of 120 pus in air-free acetonitrile
and of 100 ps in air-equilibrated sol-
vent. Excitation of the A units does not

and electrochemically investigated. The
photoinduced processes in the triad,
which is more than 4-nm long, have
been characterized by steady-state and
time-resolved optical spectroscopy by

Introduction

Charge separation is a key process for the conversion of
light energy into chemical energy occurring in natural pho-
tosynthesis reaction centers. The most effective strategy for
mimicking this process is based on multistep electron trans-
fer triggered by light absorption in multipartite systems. A
few impressive examples of long-lived charge-separated
states in the millisecond range have been reported in the
last decade in triads and upper homologues mainly based on
tetrapyrrolic and/or fullerene unitsY! The use of arrays
based on metal complexes has been rather limited and the
results have been, in general, less satisfactory.”! Only very
recently a triad based on trisbipyridine—Ru" and a Mn,™"
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yield intramolecular reactivity, but the
resulting triplet-excited state localized
on the acceptor, D-Ir-*A, displays inter-
molecular reactivity.

complex was reported to exhibit a charge-separated state
lifetime in the millisecond range at room temperature.”!
Long-lived charge-separated states have been reported also
for simple dyads® but some of the results are still the
object of extensive debate in the chemical community.”!

We have been active in the synthesis and characterization
of covalently bound triads based on bisterpyridine metal
complexes capable of displaying multistep electron transfer
leading to charge separation over the extremities of the
arrays. Several D-P-A triads, where D and A are electron
donor and acceptor, respectively, and P is a Ru"-, Os"-, or
Ir'"bisterpyridine complex have been examined.[’ The use
of terpyridine-type complexes as assembling units offers the
advantage of producing linear arrays with the electroactive
D and A units appended in opposite directions, without the
problems of isomers arising from the use of bidentate li-
gands in an octahedral geometry. The serious limitation of
low energy content and/or short lifetime of the excited state
for Ru" and Os" derivatives was overcome by using Ir'", the
excited state of which has an high energy content (ca.
2.5eV), and a remarkably long lifetime (1-2 ps or more).!

Following this strategy, we synthesized an Ir'"-bisterpyri-
dine complex with a naphthalene bisimide electron acceptor
(A) and a triphenylamine electron donor (D), and we report
here the results obtained in the photogeneration of a re-
markably long-lived charge-separated state in this triad. The
array D-Ir-A (Scheme 1) is rigid and linear and well-suited
for achieving charge separation over the terminal compo-
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Scheme 1. Scheme showing structures of triad D-Ir-A, dyads D-Ir and Ir-
A, reference monomers D, Ir, A, and reference compound Ir-1.

nents of the array (3.7 nm, D-to-A center-to-center dis-
tance). An iridium(mm) bisterpyridine complex has a very
high energy content in its excited state thus providing a high
driving force for charge separation, furthermore the design
of the system based on amide groups as linkers, which di-
minishes the electronic coupling between D and A, is ex-
pected to increase the lifetime of the charge-separated state.
The selected A and D, an aromatic bisimide and an aromat-
ic amine, respectively, are typical, widely used and well-char-
acterized electroactive units for the construction of arrays
able to undergo photoinduced charge separation.®”)

Results and Discussion

Design and synthesis strategy: A method combining a mod-
ular as well as a “chemistry-on-the-complex” approach has
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been used in relation to the chemical stability of the ligands
in the usually harsh conditions required to substitute the
iridium(mm) coordination sphere. The reference compounds
A, Irl, and the dyad Ir-A have been prepared according to
the reactions shown in Scheme 2.

The acceptor A, bearing a carboxylic function that is con-
nected to the photoactive iridium(i) complex through an
amide bridge, was synthesized in two steps from the com-
mercially available 1,4,5,8-naphthalenetetracarboxylic dia-
nhydride. In the first step, performed in dimethylacetamide
as solvent, the use of an excess of the dianhydride leads to a
moderate yield of the monosubstituted product (70%) be-
cause of its instability on the chromatographic support
(Si0,). The second imide formation, performed under more
severe conditions (165°C) gave the acceptor A in 80%
yield. Starting from the already described iridium complex
2,19 functionalized by an amine function, the reference com-
pound Irl and the dyad Ir-A were prepared in a straightfor-
ward manner by reaction with benzoyl chloride or 3, in 64 %
and 46 % yield respectively. In Scheme 3 the reactions lead-
ing to the triad D-Ir-A are reported. The terpyridine 6, bear-
ing a triarylamine donor group linked to the terpy fragment
by an amide bridge, was prepared by condensation of 4 with
5 in the presence of N,N'-dimethylamino-4-pyridine
(DMAP) and of N-(3-dimethylaminopropyl)-N'-ethylcarbo-
diimide hydrochloride (EDC) (peptidic coupling).!'"*?l In
the next step, the reaction of IrCl; with the terpyridine 6 in
EtOH under reflux led to the intermediate 7 in low yield
(30%), due to the poor solubility of ligand 6 in the reaction
mixture. The experimental conditions of the coordination of
the amino-terpyridine § with intermediate 7 are very critical
since the amino group undergoes partial degradation in eth-
ylene glycol under reflux. A short reaction time at 160°C is
more favorable than prolonged heating. Purification of the
crude material on TLC plates affords 8 in 42% yield. Even-
tually, the triad was obtained as an orange-yellow solid by
reacting the precursor 8 with the acid chloride derivative 3,
leading to the triad D-Ir-A in 45 % yield.

Electrochemistry: The redox characteristics of the reference
compounds Ir, Irl, D, A, the dyads Ir-A, D-Ir, and the triad
D-Ir-A (see Scheme 1) examined by cyclic voltammetry in
CH;CN are reported in Table 1.

One-electron reversible waves were observed for all the
redox processes. They were easily assigned to the corre-
sponding individual components in each system. Due to the
presence of amide bridges behaving as “insulators” between
the various components of the dyads and of the triad, the
redox potentials observed for the couples D*/D, A/A~, and
terpy/terpy are virtually independent of the structure of the
compound that they belong to (dyads, triad, and reference
compounds). Very weak interactions only are expected be-
tween the redox-active components in the dyads and in the
triad. Therefore, a localized description of the individual
subunits can be used with a high level of confidence to pre-
dict the exergonicity of energy and electron-transfer reac-
tions.
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Scheme 2. Preparation of reference compounds A, Irl, and dyad Ir-A.

Photophysical studies: The photophysical properties of the
reference units Irl, Ir, D, and A, the dyad components Ir-A
and D-Ir, and the triad D-Ir-A depicted in Scheme 1 have
been investigated. Characterization of Irl, D, and D-Ir has
been previously reported in a study on a series of dyads
based on Ir'" bisterpyridine!"” and both Irl and Ir have been
the subject of a detailed study addressing the nature of the
emitting excited state.!”! The results of previous investiga-
tions will be summarized briefly here to provide the reader
with the necessary information to follow the overall discus-
sion. It should be noted that whereas the complex Irl is a
good model for the metal complex in the dyads D-Ir and Ir-
A, the best model for the complex in the triad D-Ir-A is the
symmetric complex Ir.

Absorption spectroscopy: The absorption spectra in acetoni-
trile of the components, their superposition, and the experi-
mental spectra of the arrays for the dyads D-Ir, Ir-A, and
the triad D-Ir-A are shown in Figure 1. Whereas the experi-
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mental spectrum of dyad Ir-A
displays a very good agreement
with the absorption spectra cal-
culated from the sum of the ab-
sorption coefficients of the
models, the spectrum of the
dyad D-Ir differs slightly from
that calculated in that it shows
a broadening of the absorption
band on the low-energy side, up
to 500 nm. A similar red shift
and broadening compared to
the calculated value, was also
detected in the spectrum of the
NH triad D-Ir-A. Moreover, some
0 inconsistency between the cal-
culated and  experimental
values can be observed in all
spectra around 270-330 nm.
Whereas the latter difference
can be easily explained by the
presence of one or two excess
benzoic acid groups in the com-
ponent models compared to the
arrays (see Scheme 1), the red
shift requires further comment.
In Ir(tpy),-type complexes the
low-energy absorption band is
due, in general, to a predomi-
nantly ligand-centered (LC)
transition leading eventually to
a ’LC emitting state character-
ized by high emission quantum
yields (®.,~0.02) and long life-
times (t~2 ps) in air-equilibrat-
ed solutions.™ Complexes of
the Ir(tpy),-type with benza-
mide-appended terpyridine li-
gands were recently demonstrated to exhibit photophysical
properties at room temperature (@.,~0.002 and 7<1 ps),
typical of a charge-transfer (CT) state, either of metal-to-
ligand charge-transfer nature (MLCT) or of intraligand
charge-transfer nature (ILCT).® Addition of an aromatic
system such as the triphenylamine D, which can further sta-
bilize the CT excited state would shift the absorbance to
lower energies. Williams and co-workers have recently re-
ported a similar case, where substitution with an aliphatic
amino unit in the terpy ligand leads to a red shift in the ab-
sorption spectra and to a scarcely emissive excited state.
This was assigned to intraligand-charge-transfer transitions
(ILCT), with the terpy ligand acting as an electron acceptor
and the amine as an electron donor, responsible for an ab-
sorption band in the visible range.'>'®! However for the
present purpose it is important to assess that interactions be-
tween components in the examined arrays are weak in order
to use a localized description of the states involved in the
photoinduced processes, and on the basis of the satisfactory
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Scheme 3. Scheme to synthesis of triad D-Ir-A.

Table 1. Cyclic voltammetry data of the reference compounds Ir, Irl, D,
A, the dyads D-Ir and Ir-A, and the triad D-Ir-rA in MeCN, 0.1m
nBu,NPF,, with SCE as reference.

E,,/V (versus SCE)

FULL PAPER

and convenient wavelengths
were found to be 320 nm to
best excite the D unit, and
357 nm to excite the A unit
with a favorable ratio, respec-

cl, tively.'”!  The luminescence
EtOH from the models at the two
reflux, 4h

30 %

specified wavelengths  were

D*/D A/A- terpy/terpy

Ir - - —0.76
Irl - - —0.76
D 0.80 - -

A - —0.54 -

D-Ir 0.75 - —0.75
Ir-A - —0.44 —0.75
D-Ir-A 0.76 —0.50 —0.80

additive properties of the absorption spectra and of the elec-
trochemical data we can safely assume a negligible electron-
ic coupling between components.

Steady-state luminescence spectroscopy:

Room temperature: The luminescence spectra of the arrays
Ir-A, D-Ir, and D-Ir-A in acetonitrile upon selective excita-
tion of the Ir metal complex unit at 430 nm are shown in
Figure 2 and compared to those of the models Irl and Ir. A
complete quenching of the excited state is detected in the
dyad D-Ir and in the triad D-Ir-A, whereas only a partial
quenching is detected for the metal complex luminescence
in the dyad Ir-A. Though not selective (see Figure 1) the ex-
citation of the A and D units in the arrays is also feasible
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compared to those of the dyads
and triad in conditions where
the unit in the array absorbs
b the same number of photons as
- the pertinent model (see
Figure 3). It should be noted
that luminescence from A
around 400 nm in acetonitrile is
extremely weak (@,,~2x107%)
and it weakens on increasing
the concentration above 10 um
because of the formation of ex-
cimers that display a broad
emission band around
500 nm."* Excitation of the A
unit in the dyad Ir-A and in the
triad D-Ir-A results in the dis-
appearance of the weak lumi-
nescence of A but it is difficult
to assess if we are dealing with
a genuine quenching. In fact,
due to the spectral overlap of the emission with the absorp-
tion of Ir-A and D-Ir-A (see Figure 1), reabsorption of the
weakly emitted light could be responsible for the lack of lu-
minescence rather than a real quenching, as will be con-
firmed later by transient absorbance data. It should be
noted that the emission of the Ir unit in the Ir-A array upon
357-nm excitation, calculated by taking into account the
photons absorbed by the Ir unit alone (ca. 50%), has the
same yield as that obtained by its selective excitation at
430 nm (Table 2). This indicates that there is no sensitization
of the triplet state localized on the complex, which would
have been detected if quenching of the A unit were due to
energy transfer from the Ir-'A to *Ir-A state. As far as the D
component is concerned, excitation of the D unit in both D-
Ir and D-Ir-A arrays leads to a complete quenching of its
strong luminescence (Figure 3).

77 K: From the luminescence experiments in butyronitrile
glass of the models and arrays, the following qualitative con-
clusions can be derived: 1) A stronger quenching of the Ir
unit than at room temperature is detected in Ir-A upon se-
lective excitation at 430 nm, while the sensitized phosphor-
escence of the *A unit (4,,,,=602 nm) appears (see Figure S3
in the Supporting Information); 2) A slightly lower quench-
ing of the Ir unit (A.,=410 nm) than at room temperature
occurs in D-Ir and D-Ir-A (see Figure S3 in the Supporting
Information); 3) The D component appears similarly
quenched in D-Ir and D-Ir-A as at room temperature on ex-
citation at 320 nm; 4) The fluorescence of the A component
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Figure 1. Absorption spectra of the model components and of the arrays.
Upper panel: Irl (-—-), D (-+-¢), D-Ir (thick line), Ir14+D (se-e-).
Middle panel: Irl (-—-), A (thin line), Ir-A (thick line), Irl1+ A (se-e-).
Lower panel: Ir (-—-), D (----), A (thin line), D-Ir-A (thick line), D+

(Aexe=357 nm) is quenched similarly at 77 K and at room
temperature in Ir-A and triad D-Ir-A, whereas the phos-
phorescence band due to the >A component, which can be
detected in the model and in Ir-A, is absent in D-Ir-A. The
emission data are summarized in Table 2.

Time-resolved luminescence spectroscopy: The lumines-
cence lifetimes of the models Irl and Ir in air-equilibrated
acetonitrile solutions determined by using a single-photon
nanosecond apparatus, were 490 ns and 580 ns, respective-
1y.'¥] The strong emission of the D model, presumably of CT
character, was measured by a picosecond Streak Camera
and had a lifetime of 450 ps.'"") The luminescence lifetime of
the weak emission of the A model could not be detected in
time-resolved experiments with a single-shot Streak
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Figure 2. Luminescence spectra upon selective excitation of the iridium
complex at 430 nm, A=0.2, room temperature. Upper panel: Dyads Ir-
A, D-Ir, compared to model Irl. Lower panel: Triad D-Ir-A compared to
model Ir.
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Figure 3. Room-temperature luminescence spectra of arrays and models
in acetonitrile upon excitation at two selected wavelengths where the A
and D components display high absorbances (see text). The absorbances
of the solutions are arranged to provide the same number of photons ab-
sorbed by the model and the same unit in the arrays. In the right panel
the signals from dyad D-Ir and triad D-Ir-A overlap.

Camera; the Raman scattering bands due to the solvent
upon excitation at 355 nm obscured the useful spectral
range 385-400 nm, and did not allow any reliable determina-
tion.

As far as the arrays are concerned, the Ir'™ complex lumi-
nescence in Ir-A excited at 337 nm displayed a reduced life-
time with respect to the model Ir, 170 ns compared to
490 ns, in agreement with the steady-state luminescence
data. Luminescence from the Ir component in D-Ir and D-

Ir-A was not detected by a single-photon-counting apparatus

Chem. Eur. J. 2006, 12, 6592 - 6606
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Ir-A, D-Ir, and triad D-Ir-A, and models.
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molar absorption coefficients

assuming a complete conver-

205K 77K sion of the starting material.
State Amax [nm] T[nS] q)em[bJ ¢em[cJ ¢em[dJ Amax [nm] E[ev][e] The D+ unit displays a peak at
Irl Ir 570 490 2.1x107° 510 2.43 760 nm and a minor broad band
Ir 566 580 2.7x1073 514 241 - -
A A 288 d ~ax10” 3% 34 at 599 nm, whereas A~ is char
A 602 206 acterized by sharp peaks at 475
D D 540 0.450 0.012 422 2.93 and 610 nm and broader peaks
Ir-A Ir-A 562 170 1.0x1073 1.0x1073 510" 243 at 710 and 780 nm, in excellent
1 -5 . .
Ir- A <6x10 agreement with previous re-
Ir*A 602 2.06 ¢ [19]
D-Ir D-Ir <6x10° 515t 2.40 ports.
D-Ir <6x10°° Notably, at the wavelength of
D-IrrA  D-IrA <6x107° 515l 2.40 laser excitation, 355 nm, all the
D-Ir—lA <6x10™ components absorb light and
P'Ir' A - this must be taken into account
D-Ir-A <6x107

for the interpretation of the

[a] Acetonitrile at 298 K, butyronitrile at 77 K. [b] Luminescence quantum yields, excitation of Ir unit at 430.
[c] Luminescence quantum yields, excitation at 320 nm."”! [d] Luminescence quantum yields, excitation at
357 nm.!"! [e] Energy levels from the emission maxima at 77 K. [f] Excitation at 410 nm. [g] Weak signal.

with 0.5-ns resolution or by experiments with a single-shot
Streak Camera with 20-ps resolution, and we detected no
fluorescence signal around 540 nm upon excitation at
355 nm of the D component in D-Ir and D-Ir-A. This ena-
bled us to assign a rate k >5x10""s™! to the quenching reac-
tion of the Ir unit in D-Ir-A and of the D unit in D-Ir and
D-Ir-A. The time-resolved luminescence data for the models
and arrays are shown in Table 2.

Energy-level schemes: The processes can be conveniently
discussed by making use of energy-level schemes that can be
drawn from the luminescence data collected in Table 2 and
from the electrochemical data reported in Table 1. The ex-
cited-state energies are derived from the maximum of the
emission at 77 K (Table 2), whereas the charge-separated
state energy levels can be calculated by adding the energy
necessary to oxidize the potential donor and the energy nec-
essary to reduce the potential acceptor in acetonitrile with-
out further corrections. We will use the schematic energy
level diagram in Figure 4 to describe the photoinduced proc-
esses introduced in the following sections.

Transient absorption spectroscopy: Since we are interested
in the electron transfer occurring upon light irradiation ex-
pected to yield either the reduced or the oxidized radicals of
the components, valuable information can be gained by
transient-absorption techniques which, in addition to excited
states, allow detection of all intermediates formed during
the photoinduced reactions. The transient absorbance data
for the dyads and triad solutions in air-equilibrated and air-
free acetonitrile at excitation wavelength 355 nm are pre-
sented in Table 3. To help the characterization of the radi-
cals produced by electron transfer, we performed a spectral
characterization of the oxidized form of model D, D*, and
of the reduced form of model A, A", generated by chemi-
cal/photochemical methods (see Experimental Section for
details). Figure 5 shows the resulting spectra and calculated

Chem. Eur. J. 2006, 12, 6592 —6606
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data for the dyads and triad.
From Figure1l the following
partitioning of photons can be
calculated: Ir-A: 50 % on Ir and
50% on A; Ir-D: 70% on Ir, 30% on D; D-Ir-A: 10% on
D, 45% on Ir, 45% on A.

Models Irl, I, A, D: The transient-absorption spectra de-
tected with picosecond resolution of optically matched solu-
tions of the models in air-equilibrated solutions are shown
in Figure 6. Irl and Ir display a nearly identical strong ab-
sorption band, stable in the 3-ns window of the experiment,
with a broad maximum around 780 nm. The D model gives
rise to a sharp band at 750 nm with a lifetime of 490 ps, in
agreement with the luminescence lifetime of 450 ps, indicat-
ing that the detected species is the singlet excited state 'D.
No residual absorbance ascribable to a triplet can be detect-
ed for D at 3.3 ns, the longest time probed by this experi-
ment. The A model gives rise to an end-of-pulse spectrum
with bands at 485 and 650 nm, and decays with a lifetime of
50 ps. The reported 'A absorption spectrum and lifetime in
toluene (Ap,=510nm, 7=3ns)®! are very different from
our data. The differences could be justified by the influence
of the polarity of the solvent that is known to have a strong
effect on the photophysical parameters of bisimides!"™ and
the detected band could be assigned to the singlet excited
state 'A. Nonetheless, given the conditions of the experi-
ments, performed with a concentration of the order of
30 uM, an excimeric nature of the band, that is, 'AA, cannot
be excluded.”!! The absorption decays to a much weaker
maximum at 485 nm, which is stable over the time-window
of the experiment (a few nanoseconds) and ascribable to the
3A state (see below).

The components with a lifetime longer than a few nano-
seconds can be conveniently probed by nanosecond laser
flash photolysis. This allowed the derivation of lifetimes of
440 and 530 ns for the *Ir1 and *Ir states, respectively, in air-
equilibrated acetonitrile solutions that are in good agree-
ment with the luminescence lifetimes. In air-purged solu-
tions the lifetimes increased to 740 ns and 1.75 ps, respec-
tively, for the *Ir1 and Ir states. No transient absorbance in
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undergoes intersystem crossing
with a lifetime of 55 ps to the
A state (a similar lifetime was
determined for the simple A
model). This confirms that the
singlet excited state of the ac-
ceptor unit does not undergo
any intramolecular process and
the intersystem crossing rate is
not perturbed by the presence
of the Ir complex. No further
spectral change can be detected
over the 3-ns window of the ex-
periment. When a nanosecond
(1.50) laser flash photolysis experi-

ment in oxygen-free solutions

was carried out, a lifetime of
Y 180 ns was measured for the

)
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Figure 4. Energy level diagrams for dyads Ir-A and D-Ir, and triad D-Ir-A.

the nanosecond range can be recorded for solutions of
model D, in agreement with the fast decay of the 'D state
and the lack of residual absorbance detected in the picosec-
ond experiment. A solution of A displays upon laser excita-
tion a band at 485 nm, which is assigned to the 3A state in
agreement with previous reports (Figure 7).?2 The triplet
A, formed with a quantum yield of approximately unity,”
decays with a lifetime of 380 ns in air-equilibrated acetoni-
trile and 60 ps in air-free solutions, respectively.

Dyad Ir-A: In this dyad the end-of-pulse absorption spec-
trum detected in the picosecond experiment shows the in-
tense and broad band assigned to the ’Ir species at 780 nm
and the peak assigned to the 'A species at 485 nm, which
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D-lIr decay of the band due to the
*Ir-A species, shorter than that
found in the model and in
agreement with the 170-ns lu-
minescence data. Upon its
decay the typical band of *A at
485 nm was observed
(Figure 8). The rise-time of the
band due to the Ir-*A species,
=180 ns, was coincident with
the decay of the *Ir-A species.
The subsequent decay of the
Ir*A species occurs with a life-
time of 60 ps, the same as that
detected in the model *A state.
The relative yields of formation
of the triplet states °Ir-A and
IrA can be calculated with re-
spect to the models. By taking
into account the photons absor-
bed by the unit of interest in
the array at 355 nm, approxi-
mately 50% on each compo-
nent, a yield of 1 is calculated
for *Ir-A and a yield of about 2

is derived for Ir->A. These data confirm that there is a quan-
titative intramolecular energy transfer from the triplet *Ir-A
to the triplet Ir-’A state, whereas there is no sensitization of
the triplet localized on the metal complex from an upper ex-
cited state. The reactions taking place in dyad Ir-A are sum-
marized in Figure 4.

Dyad D-Ir: The photoinduced processes in this array have
been reported recently.'”l In brief, electron transfer occurs
from the excited state of both components with a rate faster
than resolution (20 ps) to yield the charge-separated state
D*-Ir characterized by a band at 765 nm, with a broad
shoulder between 570 nm and 700 nm, very similar to the
spectrum of the oxidized donor D* determined by an inde-
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Table 3. Transient-absorbance data in air-equilibrated or air-free!®! aceto-
nitrile of dyads Ir-A, D-Ir, and triad D-Ir-A, and models following excita-
tion at 355 nm.

295 K

State Amax [nM] 7[ns] o
Irl 3Ir1 780 440 (740) 1
Ir 3Ir 780 530 (1750) 1
A A 485, 650 0.05 1

A 485 380 (60x 10°) 1
D D 750 0.490 1
Ir-A Ir-'A 485 0.055

Ir-A 745 (180) 1

Ir-*A 485 (180)! (60 10%) 2
D-Ir' 'D-Ir <0.02

D-’Ir <0.02

D*-Ir™ 765 0.070 1
D-Ir-A D-Ir-A <0.02

D-Ir-A <0.02

D-Ir-*A 485 360 (30x 10%)1

D*+Ir-A 765 0.06 1

D*Ir-A- 475, 610, 765 100x 10 (120 x 10%) 0.1

[a] Values for air-free solutions are in parentheses. [b] Relative yields of
formation calculated on the basis of the photons absorbed by the unit of
interest at 355 nm. [c] Lifetime of a rise. [d] The lifetime is concentra-
tion-dependent, see text; the reported value is at 1.8 x 107 ™.
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Figure 5. Absorption features of chemically generated A~ and D™ species
(see text for details).

D
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Figure 6. End-of-pulse absorption spectra of solutions of the models in
acetonitrile upon excitation at 355 nm (4 mJ/pulse, 35 ps pulse). All solu-
tions had A =0.33 at the excitation wavelength.
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Figure 7. End-of-pulse absorption spectra of compound A solutions in
acetonitrile (A =1.3), excitation at 355 nm (5.5 mJ/pulse, 18 ns pulse).
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Figure 8. Absorption spectra of solutions of dyad Ir-A in air-free acetoni-
trile (A =1.3), excitation at 355 nm (5.5 mJ/pulse, 18 ns pulse).

pendent experiment. The decay of the charge-separated
state (CS) takes place with a lifetime of 70 ps and no residu-
al absorbance was detected for this array on the nanosecond
timescale. The reaction taking place in dyad D-Ir and perti-
nent rates are summarized in Figure 4.

Triad D-Ir-A: The end-of-pulse spectrum detected with pi-
cosecond resolution in a solution containing triad D-Ir-A in
acetonitrile upon excitation at 355 nm is shown in Figure 9.
The spectrum shows a peak at 765 nm and two minor bands
around 480 nm and 610 nm. The 765 nm band is typical of

AA 765 nm
5 t=60PS_ 510 nm D
< r=60ps |
<
0.1 o 200
time / ps ‘A’ end of pulse
A, °A
3.2 ns after pulse
0.0l T —
500 600 700 800
Al nm

Figure 9. Transient-absorption spectra detected for a solution of triad D-
IrrA (1.6x107°m) in air-equilibrated acetonitrile after excitation at
355 nm (3.5 mJ/pulse, 35 ps pulse). The insets show the time evolution of
the absorbance at 760 nm and a derived absorbance at 610 nm, reported
on an arbitrary scale (see text).
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the D* cation and (see above) can be assigned to the
charge-separated states D*-Ir-A and D*-Ir-A~, whereas
the bands at 475 nm and 610 nm, typical of the A~ radical,
are assigned to the charge-separated state D*-Ir-A . The in-
itial spectrum evolves, at the end of the experimental time
window, into a spectrum still characterized by the same
maxima, but with a different contribution of the A~ and D*
components with respect to the initial one (Figure 9). The
475 nm band due to the A~ component overlaps with bands
that have maxima around 485 nm assigned to the A and 'A
(or 'AA) components; for this reason the band at 610 nm is
considered a better probe for the A~ radical. Since its con-
tribution to the overall absorption at 610 nm is rather low
but well-characterized as a sharp maximum on a rather flat
background, we chose to measure the difference between
the 610 nm absorbance and the background absorbance as a
signature of the A~ anion. For this purpose we define, for
each time delay, the transient differential absorbance
AA(A7)=AA(610 nm)—[AA(600 nm)+AA(620 nm)]/2. A
plot of AA(A™) against time is shown in the inset of
Figure 9, the time-evolution of which shows a fast rise with
a lifetime of 60 ps, and is then stable over the following few
nanoseconds probed by the experiments. On the other hand,
the decay at 765 nm is fitted by a single exponential decay
with a lifetime 7=60 ps,?*?! in excellent agreement with the
fast exponential rise detected at 610 nm, as shown in the
inset of Figure 9, where the decay at 765 nm is reported in
arbitrary units to allow a comparison with AA(A™). These
data indicate that the charge-separated state D*-Ir-A
(Amax=765 nm) decays to yield the fully charge-separated
state (FCS) DT-Ir-A~ (A,,x=610 and 765 nm). Since the
charge-separated state of the model dyad D*-Ir~ (see
above) has a lifetime of recombination to the ground state
7,=70 ps, in the frame of the weak-interaction limit, we can
assume that also D¥-Ir-A decays with the same rate to the
ground state. This leads to a rate of formation of the fully
charge-separated state kpes=1/1—1/1y=2.4x10"s™"
(Figure 4).

To follow the decay of the FCS state D*-Ir-A~ that is
stable over the approximately 3 ns time-window of the pico-
second experiment, nanosecond laser flash photolysis ex-
periments were performed. The end-of-pulse spectrum de-
tected with nanosecond resolution in a flash photolysis ex-
periment with an air-equilibrated solution of triad D-Ir-A is
depicted in Figure 10 and is identical to that detected at 3 ns
in the picosecond experiment, ascribable to the D*-Ir-A~
charge-separated state. At early times a decay centered
around 485 nm with a lifetime of 360 ns could be detected,
see inset of Figure 10. This is identical to the decay lifetime
of state A (380 ns), and therefore assigned to the reaction
of the triplet localized on the acceptor D-Ir-*A with oxygen.
The D-Ir-*A species is formed by intersystem crossing of the
D-Ir-'A species directly formed by excitation of the array at
355 nm and does not display any specific intramolecular re-
activity (see Figure 4). However, the bands assigned to the
A~ and D7 species are stable over several tens of microsec-
onds. A decay is registered only on the hundreds of micro-
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Figure 10. Transient-absorption spectra of solutions of triad D-Ir-A (1.8 x
107 M) in air-equilibrated acetonitrile upon excitation at 355 nm (1.9 mJ/
pulse, 18 ns pulse). Top panel: End-of-pulse (@), 1.75 ps after the end of
pulse (o). Bottom panel: 20 us (@), 100 ps (o), and 200 us (V¥) after the
pulse.

seconds scale, Figure 10. The decay is rather complex, but a
first-order decay with a 100 ps lifetime, independent from
triad D-Ir-A concentration and laser energy, can be identi-
fied both on the band due to the anion (475 nm) and on the
band due to the cation (760 nm). The residual spectrum still
shows the presence of unreacted radicals and decays expo-
nentially but with a relative weight and rate increasing both
with triad D-Ir-A concentration and with the laser energy
(Figure 11). The dependence of the decay rate on such pa-
rameters suggests a bimolecular nature for the slow decay
whereas the 100410 us component is independent of con-
centration of ground and excited species, typical of an intra-
molecular recombination. Therefore we assign the latter
decay, essentially unaffected by solute concentration and
laser intensity, to intramolecular charge recombination of
the FCS state D*-Ir-A" to the ground state.

The slow and minor bimolecular component describing
the decay of the radical bands can be explained as follows.
Singlet oxygen ('A,) is expected to be formed in the quench-
ing reaction of the triplet D-Ir-*A, as reported for the model
A;PITA, is long-lived in acetonitrile, approximately 70 ps,*
and could form a charge-transfer complex with the amine
termini of a ground state triad D-Ir-A, eventually yielding a
D*-Ir-A species plus the superoxide ion O, .”" The super-
oxide ion O, (E;,=-0.78 V for 0,/0,"®), could in turn
transfer an electron to the A termini of a triad that is more
easily reduced (E;,=—0.50 V), and lead to the formation of
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Figure 11. Decay of the bands assigned to the A~ (475nm) and D*
(760 nm) species in air-equilibrated acetonitrile and related fittings at dif-
ferent concentrations of triad D-Ir-A and laser energies; the 100+ 10 ps
decay is independent of concentration and laser energy.

the D-Ir-A~ species. Alternative routes for the formation of
triad molecules bearing a single radical site could be the re-
action of 'A, or O, itself with the charge-separated state. In
fact comparing the reactivity of the FCS state in air-free, see
below, and air-equilibrated solutions, the charge-separated
state appears to react slowly with O,. Therefore a variety of
secondary reactions originating from the triad (or its inter-
mediate states) with oxygen in its ground and excited state
can produce triad molecules with a single-radical site, either
the D*-Ir-A and/or D-Ir-A~ species. These are responsible
for the minor, slow bimolecular decay of the bands due to
radicals detected in air-saturated solutions. According to this
mechanism, the importance of this contribution to the over-
all decay of the radical bands increases with the concentra-
tion and the photon flux, in perfect agreement with the ex-
perimental data.

Evaluation of the yield of the FCS state was performed
by measuring the end-of-pulse band attributable to the A~
species against the actinometer benzophenone in benzene,
and a value of the order of 7% with respect to the photons
absorbed by the Ir and D units, was calculated (see experi-
mental section for details).

When air is removed from the solution, the fast decay of
the triplet D-Ir->A due to reaction with oxygen is not pres-
ent, so that the spectrum does not show any change over the
first few microseconds. The subsequent time evolution is
shown in Figure 12 for a concentration of 1.8x107°mM: A
decay with a lifetime of 30 us was measured at 485 nm for
the triplet, shorter than that of the model *A, and a corre-
sponding increase was found at 760 and about 605 nm for
the bands of the cation and anion radical, respectively. The
rate of decay of the triplet D-Ir->A at 485 nm and the forma-
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Figure 12. Transient-absorption spectra of solutions of D-Ir-A (1.8x
107°M) in air-free acetonitrile upon excitation at 355 nm (1.9 mJ/pulse,
18 ns pulse), end-of-pulse (@), 50 us (o), and 200 ps (V¥) after the pulse.

tion of the radicals was found to depend on the concentra-
tion of triad D-Ir-A (Figure 13). In air-free solution, the
long-lived triplet D-Ir->A can react with the ground state ac-
cording to the reaction: D-Ir’A+D-Ir-A —=D*-Ir-A + D-Ir-
A~ and yield donor and acceptor radicals localized on differ-

e
kexn /y
AA 6.0x10*
k=2x10°m"s"
0.011 3.0x10°° 6.0x10°°

[D-Ir-A] / m
3
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Figure 13. Time evolution of the 760 nm absorbance at different concen-
trations of triad D-Ir-A in air-free acetonitrile following excitation at
355nm (1.5mJ, 18 ns pulse): 2.5x107°m (line), 3.2x107°m (@), 4.9x
10~°m (0). In the inset the pseudo-first-order rate is reported versus con-
centration to derive the second-order rate constant.

ent triad molecules. In conditions of low concentrations of
D-Ir-’A, that is, at low laser energy, the experimental
pseudo-first-order rate constant determined for the reaction
k. is proportional to the solute concentration, [D-Ir-A],
and can be expressed as k., =k[D-Ir-A]. The determined
rate constants (k.,) at the different concentrations are
shown in the inset of Figure 13 with the linear plot that
yields a bimolecular rate constant k=2x10°m~'s~". This is
lower than the diffusion limit of 1.9x10'm~!s7!, as expected
from a diffusion reaction with a strict directional require-
ment; in fact the side of the triad containing the excited *A
component has to come into contact with an other triad
molecule at the D side.

As the triplet D-Ir-’A is able to produce a reduced ac-
ceptor radical and an oxidized donor radical localized on
different triad units by a reaction with a ground state, the
subsequent decay of the radical bands will be due both to
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an intramolecular recombination in the D*-Ir-A~ species
and to an intermolecular recombination of the radicals D*-
Ir-A and D-Ir-A™. We could detect a strict first-order decay
with a lifetime of about 120 ps, both at 475 nm, correspond-
ing to the band of the reduced-acceptor, and at 760 nm, cor-
responding to the band of the oxidized donor (Figure 14).

4A 475 nm
— 45x10° M, 8.5mJ T, = 120 ps, T, = 200 ps
0.04 1 1.8x10° M, 85mJ ¢, =120 us
/1.8x10° 1, 1.9mJ <, =130 us
0.02 1
0.00 T T T T
0.04-
760 hm
__45x10° M, 85mJ <, = 120us
} /1.8)( 10° M, 85mJ 7, =130 us
5 B
0.024 / 1.8x10° M, 1.9mJ 7, =120 us
/
g /
4
P
0.00 : r
0.0 4.0x10* 8.0x10*

time/s

Figure 14. Decay of the bands assigned to the A~ (475nm) and D*
(760 nm) species in air-free acetonitrile and related fittings at different
concentrations of triad D-Ir-A and laser energies; the 120+ 10 ps decay is
independent of concentration and laser energy.

This lifetime, like the one of 100 us detected in air-equili-
brated solutions is unperturbed by laser energy and ground-
state concentration and therefore assigned to the intramo-
lecular decay of the charge-separated state.” Also in this
case, after the simple first-order decay of 120 ps, a residual
spectrum is left, still containing the fingerprints of the donor
cation and the acceptor anion. This slow decay occurs with a
rather complex kinetics, strongly dependent on the laser
energy and solute concentration; at extremely high laser
energy and solute concentration it becomes faster and
merges with the intramolecular decay (see Figure 13),
whereas at a low laser energy and solute concentration the
decay is exponential and has a lifetime of about 0.7 s. This
type of behavior is expected for a bimolecular reaction.

Any further determination of homogeneous kinetics de-
tails is beyond our aim. For our purposes it is sufficient to
assign the slow decay both in air-free and in air-equilibrated
solutions to intermolecular reactions occurring in triad spe-
cies having a single-radical site. These, either the D*-Ir-A
and/or the D-Ir-A~ species are formed upon diffusive reac-
tion of the excited triplet D-Ir-*A with oxygen (in air-equili-
brated solutions) or with the ground state (in air-free solu-
tions), and decay either by recombination or with some
minor contaminant of the solution, depending on the experi-
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mental conditions. It is important to establish the existence
of a strict mono-exponential decay ascribable to intramolec-
ular recombination of the charge-separated state under a
wide variety of experimental conditions.

Intramolecular photoinduced processes

Dyad Ir-A: Both components of this dyad are strong oxi-
dants in their excited states. E,,=—0.75V for the terpy-lo-
calized reduction of the Ir complex whereas the oxidation of
complex Irl was never determined within the usual potential
ranges and it was assumed to occur at potentials higher than
2 VIl Reduction of the A unit occurs at E;,=—0.44YV,
whereas oxidation can be expected above 2.5 V. Therefore
on thermodynamic grounds electron transfer is very difficult
from the excited state Ir-'A and impossible from the excited
state *Ir-A. Excitation of the acceptor in the dyad leads to
the high-energy Ir-'A excited state that decays unperturbed
and does not participate in intramolecular processes. In
principle, a spin-forbidden energy transfer assisted by the
heavy Ir' ion could take place from the Ir-'A to the °*Ir-A
state, however, as noticed above, no sensitization of the Ir
component luminescence was detected. The short lifetime of
the Ir-'A species could preclude such possibilities. Excitation
of the Ir complex unit leads very rapidly to the *Ir-A excited
state, from which energy transfer occurs to the triplet local-
ized on the acceptor Ir-*A with a AG°=—0.37 eV. From the
lifetimes of the model *Ir1, 7,=740 ns, and of the *Ir-A state,
7=180 ns, by making use of the relation k=1/r—1/7,, a rate
of 42x10°s™! can be calculated for the energy-transfer
process. The results at 77 K in a rigid matrix where the life-
time of the Irl model, much longer than at room tempera-
ture (7,=80 us™¥) is more effectively quenched than at
room temperature (see Figure S3 in the Supporting Informa-
tion), are in perfect agreement with an energy-transfer-
quenching mechanism. The rate of energy transfer is in fact
little affected by the conditions of the medium.

Dyad D-Ir:"" This dyad is made up of the D component,
which can be easily oxidized (E,;,=0.75 V), and of the iridi-
um complex that can be reduced at low potentials (E;,=
—0.75 V) yielding a charge-separated state D*-Ir~ with an
energy of 1.5 eV. This is characterized by an extra electron
localized on the metal complex, most probably on the
ligand, and a hole on the donor. An electron-transfer proc-
ess is thermodynamically possible upon excitation of either
unit and in agreement, a quenching of the luminescent
states localized on both units can be detected, Figures 2 and
3. The excited-state-quenching mechanism in the two cases
will be different; 1) When the Ir complex is excited, a reduc-
tive quenching of its excited state will occur, that is, the
electron will move from the HOMO localized on the donor
to the HOMO localized on the Ir complex; 2) When the
donor is excited, an electron will move from the LUMO lo-
calized on the donor to the LUMO on the Ir complex ac-
ceptor. The product will be the charge-separated state D*-
Ir~ in both cases. The reaction has a AG’=—0.93 eV when
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the initial state is *Ir-D and AG=—1.43 eV when the initial
state is Ir-'D, respectively. The high driving force for the
latter reaction seems to be able to promote electron transfer
also in glassy media at 77 K, whereas the former, character-
ized by a lower driving force is somehow slowed down by
the rigidification of the solvent, as testified by the steady-
state luminescence experiments at 77 K (see Figure S3 in
the Supporting Information).

Transient-absorption spectroscopy shows that at the end
of the picosecond pulse the only detectable product is the
CS state D*-Ir", indicating that the electron transfer has
taken place within the experimental resolution of 20 ps and
that excitation of both units leads to charge separation. This
allows us to place a lower-limit rate of 5x10"°s™" for the
charge-separation step that occurs with 100 % yield. The D*
-Ir™ CS species decays back to the ground state with a life-
time of 70 ps, without leaving any absorbance ascribable to
other intermediates.

Triad D-Ir-A: Similarly to the model dyad D-Ir, electron
transfer from the excited states 'D-Ir-A and D-’Ir-A also
occurs in the triad to yield the charge-separated state D*-
Ir-A characterized by an energy level of 1.56 eV. However,
in this case a further charge-separated state is present in the
energy level diagram, corresponding to the FCS state D*-Ir-
A, with an energy of 1.26 eV. This is formed from the pri-
mary charge-separated state D*-Ir™-A upon an electron-
shift from the reduced Ir complex moiety (E;,=—0.80 V) to
the nearby A unit (E,,=-0.50 V). The reaction is however
not quantitative since it has to compete with the fast charge
recombination of the D*-Ir-A species that occurs with a
lifetime of 70 ps in the model dyad to form the ground state.
In the triad the decay of the D*-Ir-A species is slightly
faster, that is 60 ps. By making use of these lifetimes, a rate
of 2.4x10°s™! and a yield of approximately 14 % can be cal-
culated for the formation of the FCS state. The yield thus
determined can be considered to be in reasonable agree-
ment with the one directly determined with the benzophe-
none actinometer in the nanosecond flash photolysis experi-
ments (see above), 7%; both determinations are in fact af-
fected by large uncertainties and the yield can be averaged
to a value of about 10%. The reason for this relatively low
yield is due to the competition by the fast charge recombi-
nation to the ground state of the D*-Ir-A species. However
the lifetime of the FCS state is remarkable; in air-purged
and air-equilibrated solutions the intramolecular recombina-
tion lifetime was measured to be 120 ps and 100 ps, respec-
tively. A low reaction rate of the FCS with O, of approxi-
mately 9x10°m™! can be calculated.” It should now be re-
called that excitation of the A component, absorbing ap-
proximately 45 % of the photons at 355 nm, does not lead to
any useful process but evolves into a triplet excited state D-
Ir-*A that leads to triad molecules with a single-radical site,
either D*-Ir-A or D-Ir-A~, the intermolecular decay of
which takes place in a bimolecular manner.

These results compare quite well with the most successful
charge-separation systems based on tetrapyrroles or fuller-
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ene derivatives!"! and are among the best results achieved so
far from different groups including our own, on metal-com-
plex-based systems.??! In particular, the modest sensitivity
of the charge-separated-state lifetime to oxygen appears
quite unique. The large 3.7-nm distance between the centers
of the donor and acceptor units bearing the charges, and the
very modest electronic coupling between the extremity com-
ponents provided by benzamide linkers and by the interposi-
tion of the iridium metal complex have proven to be quite
effective.

Conclusion

We have synthesized a triad based on an iridium(1m) terpyri-
dine-type core with an aromatic amine donor and a bisimide
electron acceptor on opposite positions, the component
models, and the simpler constituent dyad, and fully charac-
terized them from an electrochemical, spectroscopic, and
photophysical point of view. Upon excitation of the Ir and
D moiety the dyad has proven to produce a fully charge-
separated state, with the charges localized at the extremities
of the rigid linear array, with a remarkably long lifetime.
The presence of oxygen does not seem to alter the intramo-
lecular recombination rate to a great extent, since we deter-
mined a lifetime of approximately 100 ps in air-equilibrated
solutions and of approximately 120 us in air-purged solu-
tions. The complete disappearance of spectroscopic bands
assigned to the cation and anion requires times of the order
of milliseconds/seconds, and this slow process is identified as
intermolecular recombination of triad molecules bearing
either the reduced acceptor or the oxidized donors. This is
one of the most successful examples of a charge-separation
system based on a transition-metal complex if we consider
the lifetime of the charge-separated state and the stability in
the presence of air. The disadvantage of the system is the
low yield of the formation of the fully charge-separated
state, of the order of 10%. We are presently working on the
modification of the structure of the triad to slow down the
recombination of the initially formed CS state D*-Ir™-A,
with the aim of favoring the formation of the fully charge-
separated state D*-Ir-A~ with a better yield. A promising
strategy seems to be the insertion of a further spacer be-
tween the Ir complex unit and the donor moiety.

Experimental Section

General methods: Oxygen- or moisture-sensitive reactions were per-
formed by using Schlenk techniques in oven-dried glassware attached to
a vacuum line. Dry solvents were distilled from suitable desiccants under
argon. All other chemicals were purchased from commercial sources and
were used without further purification. Column chromatography was car-
ried out on silica gel 60 (Merck, 40-63 (fine) or 63-200 mesh). Thin layer
chromatography (TLC) was performed on glass plates coated with silica
gel 60 F,5, (Merck). Elemental analyses were performed by the “Service
de Microanalyse de I'Institut de Chimie” Strasbourg. '"H NMR spectra
were recorded with either Bruker WP200SY (200 MHz) or Bruker
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AVANCE 400 (400 MHz) spectrometers with the deuterated solvent as
the lock and residual solvent as the internal reference. The numbering
schemes of the protons of the Ir complexes and the reference compounds
are indicated in the Supporting Information (Figure S1). Electron spray
ionization mass spectra (ESI MS) were recorded with a Bruker Micro-
TOF instrument. UV/Vis absorption spectra were recorded with a Kon-
tron Instruments UVIKON 860 spectrometer at room temperature. Elec-
trochemical experiments were performed with a three-electrode system
consisting of a platinum working electrode, a platinum-wire counter elec-
trode, and an SCE as reference electrode. The measurements were car-
ried out under Ar gas, in degassed CH;CN at 298 K using 0.1M N-
(nBu),PF, as the supporting electrolyte. An EG&G Princeton Applied
Research Model 273A potentiostat connected to a computer was used
for the cyclic voltammetry experiments.

The D* species was generated by the addition of one drop of Br, in the
solution of compound D (6 x 107> m) in acetonitrile. The reduced acceptor
A~ was generated in air-free acetonitrile by irradiating a solution of com-
pound A (ca. 10*m) in the presence of [Ru(bpy)s](PFs), (ca. 5x107°m)
and triethanolamine: the excited state of the ruthenium complex transfer-
red an electron to the acceptor and was reduced by the sacrificial donor
triethanolamine.

For the photophysical experiments the solvents were spectrophotometric-
grade acetonitrile at 295 K and butyronitrile at 77 K. Deaerated solutions
were bubbled for 10 min with a stream of argon gas in home-modified
10 mm fluorescence cells. A Perkin—Elmer Lambda 5 UV/visible spectro-
photometer and a Spex Fluorolog II spectrofluorimeter were used to ac-
quire absorption and emission spectra. Emission quantum yields were de-
termined after correction for the photomultiplier response, with refer-
ence to air-equilibrated Ir'"'(3,5-ditertiobutylphenyl-2,2';6',2"'-
terpyridine),(PFy); with a ®,,,=0.022 in air-saturated acetonitrile.'"¥ The
photons absorbed by the unit of interest in the array (as calculated from
the molar absorption coefficients) were used to determine the emission
quantum yields (@,,,). Luminescence lifetimes (7) were obtained with an
IBH single-photon-counting instrument upon excitation at 373 nm from a
pulsed-diode source or with an apparatus based on a Nd:YAG laser
(35 ps pulse duration, 355 nm, 0.5 mJ) and a Streak Camera with an over-
all resolution of 20 ps.*”! Transient-absorption spectra and lifetimes with
picosecond resolution were determined by using a pump-probe apparatus
with 30 ps resolution based on a Nd:YAG laser (355 nm, 3-4 mJ, 35 ps,
10 Hz).’" Nanosecond laser flash photolysis experiments were performed
by a system based on a Nd:YAG laser (JK Lasers, 355 nm, 1.5-8.5 mJ,
18 ns pulse) previously described by using a right-angle analysis on the
excited sample.’!! The detection system could be operated either in “fast
configuration” with a pulsed xenon lamp as the analyzing light and an
overall resolution of about 15 ns, convenient for time ranges 15 ns—1 ps,
or in a “slow configuration” with a steady xenon lamp and an overall res-
olution from 1 ps (depending on the load resistance), convenient for de-
terminations in the range 2 us-1s. Relative yields of the various states
were derived by comparing the absorbance of the species in the models
(p=1) with the absorbance of the species detected under the same ex-
perimental conditions as in the array, by taking into consideration only
the fraction of photons absorbed by the moieties of interest within the
array. We evaluated the absolute yield of the CS state by comparing the
end-of-pulse A~ species absorbance against a benzophenone in air-free
benzene actinometer. The parameters used were for the A~ species a
molar absorption coefficient of 7000mM~'cm™ at 605 nm! and for the
benzophenone triplet a molar absorption coefficient of 7220M™"' cm™ at
530 nm, and a @;=1.°2! Experimental uncertainties were estimated to be
within 10% for lifetime determinations involving a simple exponential,
20% for lifetime determinations involving multiple exponentials or more
complex kinetics, 15% for quantum yields, 20 % for molar absorption co-
efficients, and 3 nm for emission and absorption peaks.

Syntheses: Compound D and complexes Ir, Irl, D-Ir as well as the inter-
mediate compounds 2, 4, and 5 were prepared according to literature
procedures.!'" 1!

N-(p-tBuphenyl)-naphthalene-1,8-dicarboxyanhydride-4,5-dicarboximide
(1): 1,4,5,8-Naphthalenetetra-carboxydianhydride (707 mg, 2.64 mmol)
was heated for 5min at 120°C in 5mL DMF with EDC (200 mg,
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1 mmol) under argon. p-fBu-aniline (249 mg, 1.67 mmol) was added
through the cooler. The solution was heated for 2 h at 120°C. DMF was
evaporated under vacuum and the crude was rapidly subjected to chro-
matography (SiO,, CH,Cl,/MeOH 1%). The product 1 was obtained as a
solid. Yield: 70% (490 mg). '"H NMR (CDCl,, 200 MHz): 6 =8.88 (s, 4H;
H,), 7.60 (d, 2H; H,,, J=84Hz), 726 (d, 2H; H,,, /=84 Hz),
1.41 ppm (s, 9H; rBu); elemental analysis calcd (%) for C,,H;;NOjs: C
72.17, H 4.29, N 3.51; found: C 72.32, H 438 N 3.32; MS (ES): m/z
(caled): 422.1 (422.09) [M+Na]™*.

N-(p-tBuphenyl)-N'-(p-benzoic acid)-naphthalene-1,8:4,5-tetracarboxydi-
imide (A): p-Amino benzoic acid (172 mg, 1.25 mmol) and compound 1
(467 mg, 1.17 mmol) were refluxed in 12.5 mL DMAc for 5h. Water
(10 mL) were added and the solution was placed in a fridge overnight.
The precipitate was filtered and washed with hot MeOH and hot EtOAc.
Compound A was obtained as a slightly brown solid. Yield: 80%
(485 mg). '"H NMR ([Ds]DMSO, 200 MHz): 6 =8.74 (s, 4H; H,), 8.14 (d,
*J=84Hz, 2H; H,), 7.63 (d, *J=8.6 Hz, 2H; H,,), 7.60 (d, */=8.6 Hz,
2H; H,), 7.39 (d, J=8.4 Hz, 2H; H,,,), 1.40 ppm (s, 9H; /Bu); elemental
analysis caled (%) for C;;H,,N,Oq: C 71.81, H 4.28, N 5.40; found: C
72.02, H 438, N 5.32; MS (ES): m/z (caled): 519.14 (519.15) [M+H]*.
The acid chloride derivative 3 was obtained by reaction of compound A
with the oxalyl chloride in large excess and was used without further pu-
rification.

Ir(/Butpy)(tpy-PhNHC(O)-naphthalene-1,8:4,5-tetracarboxydiimide) (Ir-
A): Compound 3 (crude prepared from 95 mg of compound A) was
added slowly to a solution of compound 2 (65 mg, 0.047 mmol) in DMAc
(2mL) and pyridine (0.5 mL). The resulting solution was stirred for 2 h.
After precipitation with water/KPFg, the crude was separated by chroma-
tography on silica with acetonitrile/H,O/KNO; from 100:0:0 to 100:5:0.5
as eluent. After anion exchange, dyad Ir-A was obtained as a yellow solid
with 46% yield (41 mg). '"H NMR (CD;CN, 400 MHz): 6=9.29 (s, 1H;
NH), 9.11 (s, 2H; AzAy), 9.04 (s, 2H; H;Hjy), 8.80-8.74 (m, 4H; H,),
8.67 (s, 4H; H,), 8.30-8.20 (m, 10H; H,H,,H,,H,,,), 7.99 (d, /=1.7 Hz,
2H; H,), 7.87 (t, J=1.7Hz, 1H; H,), 7.75-7.71 (ddd, *J=102 Hz, /=
5.7Hz, °J=0.9 Hz, 4H; Hy), 7.64 (d, °’J=8.5Hz, 2H; H,,), 7.62 (d, /=
8.4 Hz, 2H; H,,), 7.54-7.49 (m, 4H; Hy), 7.33 (d, 2H; H,,,), 1.53 (s, 18H;
Bu), 1.40 ppm (s, 9H; rBu’); MS (MALDI-TOF): m/z (calcd): 1438
(1438) [M—3PF]*, 1583 (1583) [M—2PF,*, 1727 (1728) [M—PF,]*;
UV/Vis (CH;CN): 253 (68900), 280 (69200), 340 (40700), 358 (49600),
379 nm (58000m ' cm™!).

Tpy-C¢H,-NHC(0)-C¢H,-N(C{H,OMe), (6): DMAP (353 mg, 2.73 mmol,
3.2 equiv) and EDC (281 mg, 1.47 mmol, 1.7 equiv) were added to a solu-
tion of compound 4 (450 mg, 1.28 mmol, 1.5 equiv) in distilled CH,Cl,
(4 mL). After few minutes stirring, the solution became yellow. Tpy-
C¢H,-NH, (5) (275 mg, 0.85 mmol, 1 equiv) was added and the solution
was protected from light and stirred under argon for 24 h. Then DMF
(1.5mL) was added and the CH,Cl, was removed under reduced pres-
sure. Water (S mL) and saturated NaHCO; solution (5 mL) were added
resulting in a bright yellow precipitate which was filtered off and washed
with water. Alumina chromatography with CH,Cl, afforded compound 6
as a bright yellow solid. Yield: 92% (514 mg, 0.78 mmol). 'H NMR
([De]DMSO, 300 MHz): 6 =10.15 (s, 1 H; NH), 8.74 (dt, */=4.7 Hz, /=
0.8 Hz, 2H; Hy), 8.70 (s, 2H; Hys), 8.65 (d, *J=8 Hz, 2H; Hj;), 8.04-7.89
(m, 6H; HHH,,;), 7.81 (d, >’=8.9 Hz, 2H; H,,), 7.50 (ddd, *J=7.4 Hz,
*J=5.8Hz, J=09 Hz, 2H; Hs), 7.10 (d, */=9.0 Hz, 4H; H,), 6.94 (d,
’J=9.0 Hz, 4H; H,), 6.73 (d, *J=89Hz, 2H; H,,), 3.72 ppm (s, 6H;
CH;); "CNMR ([D(]DMSO, 75 MHz): d=165.5, 156.9, 156.4, 156.0,
152.1, 149.6, 149.2, 139.6, 139.5, 137.0, 133.8, 128.4, 128.0, 127.7, 124.7,
123.9, 121.5, 120.3, 118.5, 117.8, 115.0, 55.6 ppm; elemental analysis calcd
(%) for C,H33NsO5: C 76.96, H 5.07, N 10.68; found: C 76.74, H 5.15, N
10.32; MS (ES): m/z (caled): 65626 (656.26) [M+H]*.
[Ir{tpy-CiH,-NHC(0)-C(H,-N(CcH,OMe),}ICl;  (7):  Compound 6
(442 mg, 0.67 mmol) was dissolved at reflux in a mixture of EtOH
(50 mL) and THF (2mL). A solution of IrCl; (201 mg, 0.67 mmol) in
EtOH (50 mL) was added dropwise over 15 min. The suspension was re-
fluxed for 4 h protected against light. The mixture was evaporated to dry-
ness and dissolved in DMSO/CH,Cl,. Fe’* salts were added and the
crude was separated by chromatography on an alumina column eluted
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with CH,Cl,/MeOH from 0 to 8%. Compound 7 was obtained as an
orange-red solid in 30% yield (191 mg, 0.20mmol). 'HNMR
([Dg]DMSO, 300 MHz): §=10.25 (s, | H; NH), 9.20 (d, *J=5.1 Hz, 2H;
Hy), 9.07 (s, 2H; Has), 8.89 (d, *J=7.6 Hz, 2H; H;), 8.28 (dd, /=7.6 Hz,
*J=6.9 Hz, 2H; H,), 8.22 (d, */=8.4Hz, 2H; H,), 8.06 (d, >J=8.5 Hz,
2H; H,,), 7.95 (1, 7 =6.9 Hz, 2H; Hy), 7.82 (d, 3/=8.7 Hz, 2H; H,,), 7.13
(d,’J=8.8 Hz, 4H; H,), 6.97 (d, *J=8.8 Hz, 4H; H,), 6.74 (d, >J=8.8 Hz,
2H; H,4), 3.73 (s, 6H; CH;); MS (ES): m/z (caled): 976.11 (976.12)
[M+Na]*, 918.16 (918.15) [M—CI]*.
[Ir(tpy-CsH,-NHC(0)-CH,-N(C{H,OMe),)(tpy-C{H,-NH,) | (PF(); (8): A
mixture of compound 7 (94 mg, 0.098 mmol) and tpy- CH,-NH, (5)
(32 mg, 0.099 mmol) in ethylene glycol (30 mL) was sonicated for 20 min.
It was degassed by using three vacuum/argon cycles and was heated from
room temperature to 160°C under argon, at which temperature it re-
mained for 20 min. The solution was allowed to cool to room tempera-
ture and water and a saturated solution of KPF, were added. The precipi-
tate was filtered off and taken up with acetonitrile. Chromatography on a
silica column (eluted with MeCN/water/KNO; from 100:0:0 to 100:10:1)
gave an almost pure fraction of the desired product. This fraction was pu-
rified on TLC plates (SiO,, 20x20 cm, 0.5 mm) and was eluted with
100:18:1.8 MeCN/water/KNO;. Compound 8 was obtained as a bright
red solid in 42% yield (67 mg, 0.042mmol). 'HNMR (CD;CN,
400 MHz): 6=9.08 (s, 2H; Dss), 8.98 (s, 1H; NH), 8.96 (s, 2H; Hys),
8.72 (td, *J=8.6 Hz, “/=0.6 Hz, 2H; H;D;), 8.27-8.20 (m, 6 H; H,D,H,;),
8.16 (d, /=89 Hz, 2H; H,,;3), 8.08 (d, */=8.8 Hz, 2H; H,y), 7.84 (d, *J =
89 Hz, 2H; H,,), 7.74-7.69 (2dd, *J=11.7 Hz, /=0.8 Hz, 4H; HD,,),
7.53-7.46 (m, 4H; HiDs), 7.21 (d, *J=9 Hz, 4H; H,), 6.99 (d, *J=9.0 Hz,
4H; H,), 6.89 (d, *J=9.0 Hz, 2H; H,,), 6.84 (d, */=8.8 Hz, 2H; H,,),
5.10 (s, 2H; NH,), 3.81 ppm (s, 6H; CH3); MS (ES): m/z (calcd): 390.8
(390.7) [M—3PF,**, 658.8 (658.5) [M—2PF|**.

Triad D-Ir-A: Compound D-Ir-A (30 mg, 0.018 mmol) dissolved in
DMAc (2.5mL) was added to a suspension of compound 3 (prepared
from 50 mg, 0.098 mmol of compound A) in DAMc (1 mL) and a few
drops of pyridine. The mixture was stirred for 4 h at room temperature
under argon. H,O and a saturated solution of KPFg in water were added.
The precipitate was filtered off and taken up with acetonitrile. The crude
was purified on a silica column eluted with MeCN/H,O/KNO; from
100:0:0 to 100:9:0.9. Triad D-Ir-A was obtained as an orange-yellow solid
with 45% vyield (18 mg, 0.008 mmol). 'H NMR (CD,CN, 400 MHz): 6=
9.37 (s, 1H; NH,), 9.14 (s, 2H; Hjs), 9.11 (s, 2H; Ds5), 9.01 (s, 1H;
NHp), 8.82-8.74 (m, 4H; H;D;), 8.78 (d, *J=1.7 Hz, 4H; H,), 8.30 (d,
3J=9.0 Hz, 2H; H,,), 8.28-8.22 (m, 10H; H,D,H,;H, H,,), 8.16 (d, /=
8.8 Hz, 2H; H,;), 7.8 (d, */=9.0 Hz, 2H; H,,), 7.75-7.73 (m, 4H; H,Dy),
7.66 (d, °’J=8.8 Hz, 2H; H,,,), 7.64 (d, *J=8.7Hz, 2H; H,,,), 7.53-7.49
(m, 4H; HyDy), 7.34 (d, */=87Hz 2H; H,,), 7.19 (d, ’/=9.0 Hz, 4H;
H,), 6.99 (d, *J=9.0 Hz, 4H; H,), 6.83 (d, >J=8.9 Hz, 2H; H,,,), 3.82 (s,
6H; CH;), 1.42 ppm (s, 9H; Bu); MS (ES): m/z (calcd): 1673.7 (1673)
[MH—3PF,]".
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