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Abstract: “Chemistry-on-the-complex” synthetic methods
have allowed the selective addition of 1-ethynylpyrene appen-
dages to the 3-, 5-, 3,8- and 5,6-positions of Ir'-coordinated
1,10-phenanthroline via Sonogashira cross-coupling. The
resulting suite of complexes has given rise to the first ration-
alization of their absorption and emission properties as
a function of the number and position of the pyrene moieties.
Strong absorption in the visible region (e.g. 3,8-substituted Ir-
3: duy =481 nm, £=52400m"'cm™') and long-lived triplet
excited states (e.g. 5-substituted Ir-2: tr=367.7 us) were
observed for the complexes in deaerated CH,Cl,. On testing
the series as triplet sensitizers for triplet—triplet annihilation
upconversion, those Ir'"" complexes bearing pyrenyl appen-
dages at the 3- and 3,8-positions (Ir-1, Ir-3) were found to give
optimal upconversion quantum Yyields (30.2% and 31.6 %
respectively).

-rriplet—triplet annihilation (TTA) upconversion has
attracted considerable attention in recent years due to its
potential to demonstrate radical improvements in photo-
voltaics,"*) bioimaging,[**! and photocatalysis.”"*! It is a light-
driven process that involves the combination of two triplet
excited state energies (from molecules acting as photosensi-
tizer and acceptor) and an anti-Stokes delayed fluorescence
from the singlet state of the carefully chosen annihilator.
Effective triplet sensitizers for use in upconversion processes
require efficient intersystem crossing (ISC), strong absorption
in the visible region and relatively long-lived triplet excited
state lifetimes.”) While these criteria are widely recognized,
the design of potential triplet sensitizers has proven to be
a considerable challenge, requiring a more thorough under-
standing of the relationship between the photophysical
properties and molecular structure of the photosensitizer.
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In recent years, It complexes have been investigated as
triplet photosensitizers for TTA upconversion applica-
tions.">*l To date only limited numbers of literature exam-
ples exist that demonstrate the requisite intense visible light
absorption and long excited-state lifetimes.'*!*1] As a result
an exciting opportunity remains for synthetic chemists to
optimize the properties of Ir'' centers in a manner that
furthers our understanding of and enhances their potential for
use in, this field.

Herein, we report a family of novel cyclometalated Ir
complexes based on 1,10-phenanthroline (phen). Each
member of the family has an extended m-backbone generated
from 1-ethynylpyrene (1-EP) appendages placed strategically
in systematically varied sites. This was achieved synthetically
through the selective bromination of the phen moiety and
subsequent “on-the-complex” syntheses. The appropriately
brominated phen was reacted with dichlorotetrakis(2-(2-
pyridinyl)phenyl)diiridium(III), to generate the respective
precursor mononuclear complexes. The 1-EP moieties were
then attached via Sonogashira cross-coupling reactions to the
3-, 5-, 3,8- and 5.,6-positions. The four novel Ir'"™ complexes
formed in the successful cross-coupling reactions are pre-
sented in Scheme 1. The complexes including precursors were
characterized by 'H and *C NMR spectroscopy (Figures S1-
S14 in the Supporting Information).

Their molecular masses were confirmed by mass spec-
trometry. Single crystals of Ir-4 suitable for single-crystal X-
ray analyses were obtained by the slow evaporation of

111

DPA

Scheme 1. Structures of the Ir'"' complexes (Ir-1, Ir-2, Ir-3 and Ir-4) as
triplet photosensitizers and the triplet annihilator 9,10-diphenylanthra-
cene (DPA).
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a CH,Cl, solution. Its molecular structure and relevant
packing diagrams are presented in Figure S15.

The photophysical properties of each system were inves-
tigated (Table 1). The emissive states of Ir-1, Ir-2 and Ir-3
demonstrated long-lived excited state lifetimes at room
temperature (RT). Ir-4, as the only complex exhibiting dual
emission, had the lowest upconversion quantum yield of

Table 1: Photophysical data of Ir'"" complexes.

s [nm]® ex10* M em P A [nm]@ - D, (%] 7, [us] (RT)
Ir-1 414/440  2.94/3.07 672/747 1.0 136.14
Ir-2 410/434  3.01/2.86 678/751 0.1 21311
Ir-3 454/481  4.87/5.24 682/757 1.3 73.1¢
Ir-4 445/485  2.82/2.45 600/738 0.5 1.31/90.8!f

[a] In CH,Cl, (1x107°m). [b] Molar absorption coefficient. [c] Phos-
phorescence quantum yields, [Ru(bpy);]-2 PFg in CH;CN (@, =9.6%)
was used as standard."” [d] Average lifetime value of the structured
emission profile. [e] Fitted with monoexponential equation. [f] Fitted with
biexponential equation (1.5x39% +147.9x61%).

7.9%. Ir-2 exhibited an intermediate upconversion quantum
yield (®ye=20.9%) and Ir-1 and Ir-3 had optimal upconver-
sion quantum yields (®yc=30.2% and 31.6%) (Table 2). To
our knowledge, the latter are amongst the highest reported
for Ir'™ complexes upon excitation at a low power density.
The UV-vis absorption spectra of the complexes are
presented in Figure 1a. In all cases the absorptions in the
region 250-350 nm are virtually superimposable with those
observed in the combined spectra of the precursor Ir'™"
complex and free 1-EP. Significant new absorptions however
are apparent in the visible region of the spectra. Ir-1 displays

Table 2: Photophysical properties of Ir'' complexes.?!
7y [us]® Ksy (10°) [m ] kq (1 0°) (m's7 Dyc [96]"
Ir-1 157.2 629.9 5.03 30.2
Ir-2 367.7 847.4 4.68 20.9
Ir-3 85.8 227.9 3.34 31.6
Ir-4 2471 30.7 0.15 7.9

[a] In deaerated CH,Cl, (1.0x107° M, 20°C). [b] Triplet lifetime (7).
[c] Stern—Volmer quenching constants (Ks,). [d] Bimolecular quenching
constants (k,). [e] Upconversion quantum yields (®y).
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Figure 1. a) The UV-vis absorption spectra and b) normalized emission
spectra of Ir-1, Ir-2, Ir-3 and Ir-4 in deaerated CH,Cl, for comparison
(c=1x107>M, RT). Ao, =440 nm for Ir-1, Ir-2 and Ir-4, and

Aex="480 nm for Ir-3.
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a moderately intense absorption in the range of 414-441 nm.
A similar profile is observed for Ir-2 with the absorption
maxima showing a small hypochromic shift (Table 1). In
comparison, Ir-4 shows a much broader absorption at A,,,"™ =
445 nm, due to the presence of an additional 1-EP unit. Ir-3,
also containing two 1-EP groups exhibits significantly stron-
ger and red-shifted absorptions in the visible range (A, =
481 nm, £ =52,400M 'cm™"). Overall, the visible absorptions
of these Ir'™ complexes have been successfully tuned by
changing the number and position of their pyrene moieties.

The photoluminescence spectra were measured under an
Ar atmosphere at RT. Normalized emission spectra are shown
in Figure 1b. Significant vibrational progression is apparent.
A peak centered at A,,=672nm was observed for Ir-1,
followed by a small shoulder at A.,=747 nm. Similar
emission profiles were observed for Ir-2 and Ir-3. Interest-
ingly, although the absorption of Ir-3 is much more intense
than that of Ir-1, their T, energy levels (as indicated in their
emission spectra) are very similar. This is an attractive result.
It means that the structural changes have improved the
absorption in the visible region, but also maintained a high T,
energy level. Molecules in which the energy level at T, state is
very low, are unlikely to have a practical use in TTA
upconversion, as an appropriate triplet acceptor would be
difficult to find.

In support of the photophysical analyses, TDDFT calcu-
lations (see later) showed that the spin density in Ir-1, Ir-2 and
Ir-3 is not distributed across the entire molecule but only on
the ligand, or as in Ir-3, part of the ligand. Long luminescence
lifetimes (Table 1) were obtained for Ir-1, Ir-2 and Ir-3 (7, =
136.1 ps, 213.1 us and 73.1 ps, respectively at the chosen
emission maxima), with Ir-2 clearly possessing the longest.
Unlike the other three Ir'™ complexes, a highly blue-shifted
emission peak at A.,=600nm was observed for Ir-4 (Fig-
ure 1b), which is typical of the *MLCT emission peak of Ir"
complexes in the literature. This peak is also accompanied by
a small peak at a much longer wavelength (1., =738 nm).
Interestingly, the lifetimes of these two emissive states are
independent of each other (4.,=600nm, 7,=1.3 ps; A,,=
738 nm, 7,=90.8 ps). Long lifetimes are generally indicative
of radiative decay from °IL excited states, whilst shorter
lifetimes usually suggest radiative decay from *"MLCT excited
states. Thus, we tentatively assign the emission of Ir-1, Ir-2 and
Ir-3 to °IL, and the emissive states of Ir-4 to a mix of ‘"MLCT
and *IL excited states. Low phosphorescence quantum yields
were obtained for these Ir'"" complexes, suggesting that the
deactivation of the excited states is dominated by non-
radiative processes.

The emission of Ir-1, Ir-2 and Ir-3 are effectively quenched
when exposed to air (Figure S16). Although the emission of
Ir-4 at A, = 737 nm is totally quenched by air, the emission at
Aem =600 nm did not show efficient quenching. This observa-
tion further suggests different characters for the two emission
bands in Ir-4 which were further investigated in terms of their
solvent dependency and excitation wavelengths (Figure S18).

Low-temperature emission spectra at 77 K were also
measured (Figure S17). Small hypochromic shifts were
observed for Ir-1 (732cm™), Ir-2 (198.4cm™') and Ir-3
(196.1 cm ') when compared to the emission spectra at RT.
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For Ir-4, the emission at 4., =600 nm shows a large Stokes
shift (AE, 628.4 cm™'), while the emission at A, =738 nm
disappears. This may be due to the decreased polarity of the
frozen glass, or due to the thermal inaccessibility of the *IL
energy level. A similar phenomenon has been previously
observed for pyrene-containing Ru" complexes.'! A large
AE, value typically indicates *MLCT emissive states, whereas
a small AE, suggests *IL emissive states.'”*l In summary we
attribute *IL character to the excited states in Ir-1, Ir-2 and Ir-
3, and mixed *MLCT and ’IL character to those of Ir-4.

In nanosecond time-resolved absorption studies, Ir-1 and
Ir-2 show similar profiles with bleaching peaks around 410 nm
(Figure S19) due to ground-state depletion. Transient absorp-
tion is detected in all complexes above 460 nm. As expected
the populated triplet excited states upon excitation were
determined as *IL, however Ir-3 and Ir-4 show some super-
position of their bleaching bands and excited-state absorption
bands. These eventually form quite different transients
(Figure 2). Ir-3 displays two significant bleaching peaks at

899.9 us
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400 500 600 700
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400 500 600 700
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Figure 2. Nanosecond time-resolved transient difference absorption
spectra of a) Ir-3 (A,,=481 nm) and b) Ir-4 (A,,=434 nm), in deaerated
CH,Cl,, RT.

350 and 480 nm followed by transient absorption above
515 nm. The first two features (A =350 nm and A =480 nm)
are in agreement with the absorption spectrum of Ir-3
(Figure 1). The transient absorption over 515 nm is character-
istic of the ligand-localized T, excited state. Intense bleaching
is also observed at shorter wavelengths (1 =360 nm), along
with two transient absorption peaks at longer wavelength (1 =
450 and 670 nm) in Ir-4. We therefore propose that the earlier
assignment of the emissive states of Ir-4 to a mix of "MLCT
and *IL emissive states to be appropriate (Figure S20).
TDDFT calculations were carried out to rationalize the
photophysical properties of the four Ir'™ complexes. The
HOMO (H) of the four Ir'™ complexes are found to be mainly
localized on the pyrene units (Figure S22). In contrast, the
LUMO (L) resides on the 1,10-phenanthroline moiety in all
cases. The calculated UV-vis absorption is in good agreement
with the experimental results (Table S1). The S; in Ir-
1 originates from H-1—L and H-1—L + 2, but the intensity
of the state is very weak (f=0.0075). The S, results from H—
L excitation which implies a intra-ligand charge transfer (IL)
from the pyrene moiety to the central 1,10-phenanthroline
unit. Ir-2 and Ir-4 have their lowest singlet excited states from
H—L, which can be ascribed to *IL. This is not observed for

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ir-3, where the S, state was assigned as having both 'MLCT
(H-2—L) and 'IL (H—L) character.

The lowest-lying triplet states (T,) of all the complexes
result from a mixing of pyrene —phen and pyrene —pyrene
excitations. In line with the photophysical studies, the
TDDFT calculations indicate that the lowest-energy emis-
sions in the four Ir'™" complexes take place from triplet states
localized on the large coordinating ligands. These results were
further supported by the spin-density surfaces of the triplet
states of the complexes (Figure 3). The spin density is found

Ir-4 °

Figure 3. Spin density distribution of the lowest triplet state of arrays
Ir-1, Ir-2, Ir-3 and Ir-4. Calculated at the DFT/PBEH1PBE/6-31(g)/
LANI2DZ level with Gaussian 09W.

to be distributed equally across both pyrene and phen in Ir-
1 and Ir-2. In Ir-3, it is mainly confined to the central 1,10-
phenanthroline and one pyrene unit, which may explain its
similar *IL energy level to Ir-1. The contribution of the metal
center and coordinated phenylpyridine (ppy) ligands appears
to be minimal in these three complexes. In the case of Ir-4,
however where the two 1-EP are in the 5,6- as opposed to the
3,8-positions on the coordinated phen, the spin density is
distributed through the Ir'™ center and across the entire phen
ligand. Here the contribution from both pyrene units to the
1,10-phenanthroline center dominates the spin density calcu-
lation and due to the increased electron delocalization effects,
the energy gap between H and L is narrowed. This is most
likely to be due to a lowering of the L energy, an effect that is
seen in the emission from °IL appearing at a much longer
wavelength.

Strong absorption in the visible region, coupled with long-
lived triplet excited state lifetimes make these Ir™ complexes
potential candidates as triplet photosensitizers for TTA
upconversion. 9,10-Diphenylanthracene (DPA) was selected
as an appropriate triplet annihilator due to its high fluores-
cence quantum yield (95 % in ethanol) and the position of its
lowest-lying triplet energy level (1.77 eV). All of the com-
plexes were excited at A, =473 nm under a 70.3 mWcm >
power density laser excitation. The resulting upconverted
fluorescence can be observed by the naked eye (Figure 4 and
Figure S20).

Angew. Chem. 2016, 128, 1490814912
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Figure 4. Upconversion spectra of Ir-1 and Ir-3 as triplet sensitizers in
the presence of DPA (blue) and emission spectra of Ir'' complexes
alone (black). The insets show photographs of triplet sensitizers with
DPA and without DPA. 4,,=473 nm, 70.3 mWcm 2, in deaerated
CH,Cl,, RT.

Ir-1 and Ir-3 show similar high upconversion quantum
yields of 30.2% (DPA: 6 equiv) and 31.6% (DPA: 14 equiv),
respectively. The results were repeated and confirmed.
Complexes with such high upconversion efficiency are
rarely observed in the literature. For Ir-2, efficient upconver-
sion was also observed (®yc=20.9%; DPA: 6 equiv) (Fig-
ure S21). We propose that the long °IL triplet lifetimes
significantly contribute to the high upconversion quantum
yields observed for each of the complexes Ir-1, Ir-2 and Ir-3.
For Ir-4, a much lower upconversion quantum yield was
obtained even in the presence of considerable amounts of
DPA (20 equiv) (Pyc=7.9%). Although Ir-4 also posseses
a long-lived *IL excited state, the energy level of the lowest-
lying *IL excited state is calculated as 1.68 eV, which is lower
than that of the T, energy level of DPA (1.77 V). Most
probably this results in the triplet-triplet energy transfer
(TTET) process being less efficient. This supposition is
supported by the fact that the phosphorescence lifetime of
the higher *"MLCT energy emissive (2.07 eV) is quite short.

The validity of these results were further examined
quantitatively by the quenching of the phosphorescence of
the Ir™" complexes with DPA. By detecting the triplet lifetime
of each Ir™ complex after each addition of DPA, the Stern—
Volmer quenching plots were obtained (Figure 5).

In each case, quenching by Foster energy transfer was not
found. This is most likely due to unmatched excited state

161
124
N
e 8
4
0. .
1.0x10° 2.0x10°
C /M

Figure 5. Stern—Volmer plots generated from quenching lifetime of
Ir-1 (A,=420 nm), Ir-2 (A, =416 nm), Ir-3 (1, =481 nm) and Ir-4
(Aex=434 nm) measured as a function of DPA (triplet quencher)
concentration in CH,Cl,, RT.
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energy levels between donor and acceptor in solution. The
TTET processes are attributed therfore as being the result of
Dexter energy transfer. Sensitizers with extended excited
state lifetimes usually generate an increased probability of
encounter with the acceptor molecule, resulting in a more
efficient TTET process.

Ir-1, Ir-2 and Ir-3 gave optimal Stern—Volmer quenching
constants, with Ir-2 demonstrating the most significant
quenching effect (Ksy_847.4x10°m™") in the presence of
DPA (Table 2). This result is in good agreement with the
trend in the triplet excited state lifetimes of the complexes.
Although Ir-2 has a much longer lifetime and also a higher
Ky value, it possesses a slightly lower upconversion quantum
yield which we attribute to its weaker absorption at the
excitation wavelength compared to Ir-1 and Ir-3.

The bimolecular quenching constants were calculated
giving very similar values for each Ir™ complex however, as
expected Ir-4 clearly displays the lowest quenching constant.
Although the triplet lifetime of Ir-4 is quite long, the
unmatched T, energy levels of Ir-4 and DPA are resulting in
an inefficient TTET process.

In conclusion, Ir'™ complexes based on pyrene-function-
alized 1,10-phenanthrolines (phen) were successfully synthes-
ised via a “chemistry-on-the-complex” method. Tunable
visible absorption and emission wavelengths were achieved
by controlling the number and the position of the pyrene
moieties. Structured emission profiles were observed for Ir-1,
Ir-2 and Ir-3. These are the Ir™ phen complexes with 1-
ethynylpyrene (1-EP) in 3-, 5- and 3,8-positions, respectively.
Their long-lived *IL excited states were studied. The T,
excited states were confirmed by nanosecond time-resolved
transient absorption spectra and DFT calculations. A com-
parison between 3,8- and 5,6-substituted phen complexes, Ir-3
and Ir-4, show that these triplet lifetimes are regioisomer-
specific. Unusually dual emission was observed for the 5,6-
substituted Ir-4, and could be attributed to radiative decay
from both *MLCT and °IL excited states. TTA upconverted
blue fluorescence in the presence of DPA was observed for Ir-
4 (Pyc=79%), Ir-1 (Pyc=30.2%), Ir-2 (P =20.9%) and
Ir-3 (®yc=31.6%). The upconversion quantum yields of Ir-
1 and Ir-3 are, to the best of our knowledge, the highest
reported to date for Ir'™ complexes when excited using a low-
power density laser.

The introduction of a second 1-EP at the 8-position of the
phen (Ir-3 compared to Ir-1) gave rise to more intensive
absorption in the visible region without decreasing the T,
energy level. This result, along with the outstanding upcon-
version quantum yields, offers promise in the search for triplet
photosensitizers with the potential for practical application in
photovoltaics and photocatalysis.

Experimental Section

General methods for the syntheses, structural, optical and
electrochemical characterizations of the numbered compounds are
available in the Supporting Information. CCDC 1501155 (Ir-4)
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre.
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