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ABSTRACT: A set of conjugated oligo- and polyfluorene-tethered fac-Ir(ppy); complexes were synthe-
sized. In addition to steady-state absorption and emission, time-resolved emission spectroscopy was used to
systematically study the correlation of photophysical properties with chemical structures. A chain length
dependency study showed that both radiative and nonradiative triplet decay rates, as well as the phosphor-
escence quantum yield, decreased with increasing chain length of the appended oligofluorene. Notably, the
complex with oligofluorene tethered to the pyridine para to phenyl ring possessed a substantially higher
phosphorescence quantum efficiency and shorter lifetime than those of an isomeric complex with the
oligofluorene linked to the phenyl ring para to pyridine. Nonetheless, both these two oligomer complexes
exhibited an excited state of mixed MLCT (metal-to-ligand charge transfer) and LC (ligand-centered)
transitions, whereas another isomeric complex having an oligofluorene appended to the phenyl ring para to
the iridium ion exhibited a particularly long triplet lifetime (> 100 us), indicative of a *LC excited state. A
moderately high quantum yield (~0.5) was displayed by this *LC-featured phosphor. DFT calculations
substantiated the proposition that the attachment of oligofluorene to Ir(ppy); at different positions resulted
in varied molecular orbitals, with different relative contribution of MLCT to the emissive excited state.
Hence, photophysical properties such as radiative decay rate, lifetime, and quantum yield, etc., were all
influenced by the substitution isomerism. As these results indicated that if short lifetime and fast radiative
decay were desired, among different substitution patterns appending the conjugated chain to the pyridine unit
was the most favorable. Thus, star-shaped complexes with an oligo- or polyfluorene tethered to each of the
three pyridine units of Ir(ppy)s were prepared. In such a structure, the tris-cyclometalated iridium effected
nearly complete intersystem crossing (ISC) in all three ligands across three fluorene units, without compromis-
ing the phosphorescence quantum yield. But the study showed that further extending the conjugated ligand

resulted in partial ISC or even complete loss of capacity for ISC beyond a certain distance.

Introduction

Triplet emitting cyclometalated iridium(IIT) complexes have
been extensively studied for various applications such as organic
light-emitting diodes (OLED), solid-state lighting,' sensing
devices,>* biological labeling agents,” etc. Particularly, incorpor-
ating heavy-metal complexes with strong spin—orbital coupling
(SOC) interaction into the emissive layer of OLEDs enables
effective intersystem crossing (ISC) and hence harnessing of both
singlet and triplet excitons for light emitting, thereby improving
the internal quantum efficiency of the devices.® This research area
has attracted great interests in the past few years. Among different
metallophosphors, cyclometalated iridium(IIT) complexes excel
with their high ghosphorescence quantum yield,” broadly tunable
emission color,” and optimal lifetime.”'° For fabrication of large-
area devices, solution-processed polymer-based LEDs lends a
more viable and economical technique compared to the costly
vacuum deposition method.!' Incorporation of small-molecule
triplet emitting molecules into polymer matrices can be accomplished
by physical blending (i.e., doping). However, this procedure
would normally cause phase separation between the dopant and
polymer host over time, which has greatly curtailed the device
performance.

Covalently tethering organometallic phosphors to conjugated
polymers or oligomers, either into the main chain or via side
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chains, has proven an effective and convenient protocol for
alleviating phase segregation.'>'® The backbone-modification
approach maximally exploits the SOC of the heavy metal and
amplifies the phosphorescence through m-conjugation. Pre-
viously, Holmes and co-workers studied a series of solution-
processable phosphorescent oligo- and polyfluorenes that were
covalently linked to Ir(ppy).(acac) (ppy = 2-phenylpyridyl and
acac = acetoacetonate) at the chain terminal.'”> More recently,
neutral fac-Ir(ppy); has attracted great attention due to its good
thermal and chemical stability, rapid radiative decay, and, most
importantly, an impressive phosphorescence quantum yield.’
Bryce and co-workers reported the photophysical and electro-
luminescent properties of a series of homoleptic oligofluorenyl-
pyridine—iridium complexes, which were prepared via ligand
exchange reactions of Ir(acac); with oligomer ligands.'** Hold-
croft et al. studied the photophysics of some polyfluorenes with
Ir(ppy); incorporated in the backbone.'® Cao et al. investigated
the electroluminescence of a triplet-emitting polyfluorene elec-
trolyte containing Ir(ppy); units in the main chain.'*® An Ir(ppy);
derivative with a 5-bromo-2-(4-bromophenyl)pyridine ligand
was employed as a comonomer in synthesizing polymers in
the two systems. In addition to linear-chain ligands, a variety
of dendritic ligands have also been designed and tethered to
Ir(ppy)s, which effectively reduced detrimental intermolecular
aggregation and triplet—triplet annihilation.'” Recently, Miillen
et al. reported a series of very large polyphenylene dendrimer
decorated Ir(ppy)s.>°
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Chart 1. Studied Oligofluorene-Tethered fac-Ir(ppy); Complexes
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In addition to being applied in OLEDs, Ir(ppy)s-containing
polymers have recently been implemented in organic photovol-
taics (OPV).'® The longer lifetime of the triplet excited state
compared to the singlet excited state is expected to influence both
exciton migration distance and charge separation process. An
increased external quantum efficiency was reported, attributed to
the incorporation of a polyfluorene—Ir(ppy); complex into the
active layer of the device.

Although a number of Ir(ppy)s-derived polymers and oligo-
mers have been investigated, more detailed information and
comprehensive understanding about the structure—property
correlation of Ir(ppy)s-based polymeric phosphors are yet to be
acquired, as relevant knowledge is of great importance for
rational design of molecules to suit varied applications. For
example, for all different applications an optimal density of metal
center bound to the polymer chain is necessarily to be identified,
in order to most efficiently utilize the SOC effect. Overdosed
metal centers will induce triplet—triplet annihilation, but an
insufficient incorporation will result in incomplete ISC. More-
over, although the substituent effect has been investigated with
small-molecule fac-Ir(ppy)s derivatives, complexes with conju-
gated chain structures tethered to different positions of ppy
ligand have not been systematically compared and studied. Such
structural variations should pronouncedly alter the photophysi-
cal properties, including the lifetime, quantum yield, decay rate,
etc. These are critical factors governing the material properties
and device performance. For example, in OLED a rapid radiative
decay of the triplet exciton is preferred, but for sensing and
imaging purposes a longer lifetime may be desired for higher
sensitivity and convenient operation. In OPVs, a longer lifetime is
also likely favorable for a longer exciton diffusion length and
more effective charge separation.

The current contribution thus reports on a systematic investi-
gation of the photophysical properties of fac-Ir(ppy); tethered
with oligofluorene at different positions of ppy (Chart 1). The
system was selected because polyfluorene—Ir(ppy)s-based mate-
rials are frequently used triplet phosphors in optoelectronics. Our
study shows that not only the chain length of the oligofluorene
but also, more importantly, the position at which the oligomer is
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tethered greatly alters the photophysics of the system. The
phosphorescence lifetime can be tuned in the range of a few to
tens of microseconds by simple substitution variation. Moreover,
although the number of tethered oligomer chains does not
considerably change the color of the emission, a brighter phos-
phorescence (per metal center) can be attained with a larger
number of the oligomer ligands, resulting from greater absorb-
ability of the oligomers and potent SOC of the iridium center.
Another accomplishment of the work is the attainment of a
number of different bromo-substituted fac-Ir(ppy); derivatives.
With these newly acquired molecules, through various transition-
metal-catalyzed coupling protocols, Ir(ppy); units may now be
conveniently incorporated to a variety of polymer chains in
different substitution fashion. In the current report, the oligomer
complexes were prepared via Suzuki cross-coupling of these
bromo-substituted fac-Ir(ppy); with oligofluorenylboronic acids.
Other types of coupling reactions are also feasible with these
bromo-substituted fac-Ir(ppy)s; intermediates.

Results and Discussion

Syntheses of Oligomer Complexes. The syntheses of
oligofluorene-tethered fac-Ir(ppy); complexes are outlined in
Schemes 1 and 2. First, five different Ir(ppy); derivatives with
mono- or dibromo-substituted ppy ligand(s) were prepared from
corresponding chloride-bridged dimers via ligand exchange
reactions facilitated by silver trifluoroacetate (Scheme 1). Dur-
ing the preparations of asymmetric complexes, Ir(BrpBrpy),
Ir(Brppy), Ir(pBrpy), and Ir(m-Brppy), undesired ligand ex-
change was observed to occur with the ppy ligand originally
present in the chloride-bridged dimer, in addition to that with the
chloride anion. Hence, the target heteroleptic complexes had to
be separated from byproducts using flash column chromatog-
raphy. Initially, syntheses of brominated Ir(ppy); derivatives
without the ferz-butyl substituents were attempted, but such
compounds were difficult to purify due to the low solubility.
The tert-butyl group was thus introduced for improving the
solubility."” The rert-butyl-substituted complexes, exhibiting a
better solubility, also allowed the ligand exchange reaction to be
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Scheme 1. Syntheses of Bromo-Substituted fac-Ir(ppy); Complexes
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Scheme 2. Syntheses of Oligofluorenyl Ir(ppy); Complexes
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accomplished at a lower temperature, thereby minimizing the
undesired ligand exchanges. The addition of silver trifluoroace-
tate further facilitated the reaction by forming AgCl preci-
pitate.”® Furthermore, the presence of the rert-butyl groups
simplified the "H NMR spectra and helped identification of
the product structures with NMR spectroscopy.

The homoleptic complex Ir(pBrpy)s; was prepared following
a similar procedure as those of the heteroleptic ones. Because of
the C; symmetry, its facial configuration was easily identified
by the simple appearance of the 'H NMR spectrum (Figure
1).1° The facial configuration of three heteroleptic complexes,
Ir(BrpBrpy), Ir(Brppy), and Ir(pBrpy), was unambiguously
verified by single crystal X-ray analyses (Figure 2).”' The
crystal structures revealed that substitution of hydrogen atom
with bromine and/or tert-butyl groups did not significantly
distort the molecular structure, as no pronounced deviation
was observed with bond angle or bond length in substituted
complexes from those of Ir(ppy)s.>

All five bromo-substituted complexes, Ir(BrpBrpy), Ir-
(Brppy), Ir(pBrpy), Ir(m-Brppy), and Ir(pBrpy);, were then
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applied to Suzuki cross-coupling conditions to react with
oligofluorenylboronic acid® to afford the oligomeric complexes.
The structures of all seven obtained oligomer complexes
(Chart 1) were characterized by '"H NMR, MALDI-TOF,
and elemental analyses (see the Supporting Information).

Absorption of the Oligomeric Complexes. UV —vis absorp-
tion spectra of all seven oligofluorenyl Ir(ppy)s; were re-
corded in toluene at room temperature (Figure 3) and
summarized in Table 1. Generally, the absorbance could
be dissected into three parts: absorption of the oligomer
ligand-centered (LC), spin-allowed Sq—S; (7—x*) transi-
tion, with the shortest wavelength and largest extinction
coefficient, that of the '"MLCT (metal—ligand charge trans-
fer) transition around 400—420 nm with a medium extinc-
tion coefficient, and that of the spin-forbidden SMLCT
transition at ca. 450 nm with the smallest extinction coeffi-
cient. These absorption assignments are in accordance with
those of a related set of oligomer complexes previously
reported in the literature.'**

Compared with the prototype complex Ir(ppy)s, the ab-
sorption of all oligomer complexes was dominated by the
w—ar* transition of the oligomer ligand. Not surprisingly, as
the number of the attached fluorene unit increased from one
to three in Ir(Fppy), Ir(DFppy), and Ir(TFppy), the absorp-
tion of this LC m—x* transition exhibited a progressive
bathochromic shift, and the extinction coefficient escalated
nearly in a linear correlation with the number of fluorene
units (Figure 3a). Complexes Ir(TFppy) and Ir(pTFpy)
displayed similar absorption features (Figure 3b), except
for the slightly higher absorbability of the MLCT states for
the latter. In spite of the meta linkage between the trifluo-
renylphenyl and pyridine unit in Ir(m-TFppy), it possessed
slightly longer absorption wavelength than Ir(TFppy) and
Ir(pTFpy). This indicated effective electronic coupling of
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Figure 2. ORTEP drawings of Ir(Brppy), Ir(pBrpy), and Ir(BrpBrpy). The thermal ellipsoids represent 50% probability limit.

oligofluorene with the metal center (Figure 3b). Furthermore,
Ir(pTFpy); displayed very similar absorption band shape
with that of Ir(pTFpy) except for the more than doubled
extinction coefficient (Figure 3c). As expected, Ir(TFpTFpy)
demonstrated the lowest 7—m* absorption energy of all
studied complexes, for it possesses the longest effective
conjugation length in the oligomer ligand.

Steady-State and Time-Resolved Photoluminescence. Be-
cause of the very large SOC constant of iridium,** the rate of
ISC is very rapid (typically <100 fs) for small-molecule
cyclometalated iridium complexes.”> However, the question
remains equivocal how effectively (far away) the SOC imparted
by iridium ion could enable ISC in extended z-conjugated
ligands. To obtain relevant information, the photolumines-
cence (PL) of the designed oligofluorenyl Ir(ppy); complexes
were systematically examined. All collected PL characteriza-
tions, including both steady-state and time-resolved data, are
summarized in Table 1.

All the emission spectra were recorded in toluene by excit-
ing at the absorption maximum, which corresponded to the
spin-allowed LC z—s* transition of the oligomer complexes.
Thus, singlet excitons should be generated initially in this
process. Nonetheless, PL spectra revealed that phosphores-
cence dominated the emission for all the oligomer complexes,
with negligible high-energy fluorescence emission (Figure 3).
It thus indicated that nearly quantitative ISC took place in
these systems. The emissions of all oligomer complexes were
bathochromically shifted relative to that of Ir(ppy)s. Notably,
although the m—x* absorption maxima of Ir(DFppy) and
Ir(TFppy) differed by 8 nm, these oligomers manifested very
similar emission energy, which was lower than that of Ir-
(Fppy). This result verifies that triplet excitons are more
localized compared to singlet excitons,'?!32 a5 their energy
is no longer affected by the ligand chain length upon reaching
two fluorene units. Nonetheless, Ir(TFppy) displayed no
evident fluorescence, indicating that SOC interaction influ-
enced at least three fluorene units. Alternatively, this may be
explained by the fact that the singlet exciton initially generated

in the system delocalizes over more than three fluorenyl units,
which is evidenced by the continued bathochromic shift of
the oligofluorene emission as the chain extends up to eight
units long.?’

Additionally, it was found that the phosphorescence
quantum yield (®,,) dropped with the number of appended
fluorene units increasing from 0 to 2 and then stabilized at
0.67, as Ir(DFppy) and Ir(TFppy) exhibited such an identical
®,, value. With the time-resolved emission spectra, the
phosphorescence lifetimes of Ir(Fppy), Ir(DFppy), and Ir-
(TFppy) were determined to be 4.1, 8.0, and 12 us, respec-
tively. In conjunction with @, values, radiative and nonra-
diative decay rates from the triplet excited state were esti-
mated for these oligomer complexes (Table 1). It was noted
that, as the number of fluorene units attached to the phenyl
ring (para to pyridine) increased from 1 to 3, both radiative
and nonradiative decay rates (k, and k,,) attenuated. Speci-
fically, the radiative decay was slower in these oligomer
complexes than that in Ir(ppy);, but the nonradiative decay
was faster than that in Ir(ppy)s.

It is known that the HOMO of Ir(ppy); comprises an
admixture of the d orbital of the metal ion and 7 orbital of
ppy, and its LUMO is mainly the s* orbital of ppy with a
major contribution from the pyridine moiety.?® Thus, the T,
state of the complex displays a nature of mixed MLCT and
LC states. In Ir(Fppy), Ir(DFppy), and Ir(TFppy), the
influence of the oligofluorene group over the ligand field
strength should be insignificant, considering the meta linkage
of the oligomer with respect to the C—Ir bond; therefore, the
energy level of d orbitals should only be slightly affected by the
presence of the oligofluorene. However, as the oligomer chain
extended, the energy of LC 7—sr* transition decreased notice-
ably, with energy levels of 7 orbital increasing and * orbital
decreasing due to more extended m-conjugation. With
an elevated s orbital, the relative contribution from LC to
the MLCT-LC mixed transition increased, resulting from a
more effective mixing of the sr-orbital with d orbital.*” Accor-
dingly, the relative contribution from MLCT was diminished.



Article Macromolecules, Vol. 43, No. 20, 2010 8483
Table 1. Absorption and Photoluminescence Properties of Oligofluorenyl Ir(ppy); in Toluene
absorption photoluminescence

compd Aabs/nm £/10°M ' em™! Aem’/nm D¢ /us keoJus™! kenyfus™! D, x e/10° M Tem™!
Ir(ppy)s 378 0.14 510 0.97¢ 1.5 0.65 0.020 0.13
Ir(Fppy) 337 0.63 550 0.81 4.1 0.20 0.046 0.51
Ir(DFppy) 358 1.09 558 0.67 8.0 0.084 0.041 0.73
Ir(TFppy) 366 1.34 559 0.67 12 0.056 0.027 0.89
Ir(pTFpy) 364 1.26 568 0.82 42 0.20 0.043 1.03
Ir(m-TFppy) 370 1.03 524 0.50 114/ 0.004 0.004 0.52
I(TFpTFpy) 378 2.31 591 0.64 4.9 0.13 0.073 1.48
Ir(pTFpy)s 363 2.75 571 0.86 45 0.19 0.031 2.37

@ Absorption maximum wavelength. ” Emission maximum wavelength; the steady-state spectra were recorded by excitation at the absorption
maximum, A,ps. “Photoluminescence quantum yield measured with intersystem crossing efficiency assumed to be near unity, since negligible
fluorescence was detected for the complexes; precision for @, was ~5%. ¥ Lifetimes were measured by time-correlated single-photon counting using
NanoLED of 339 or 369 nm as the excitation source.  From ref 7a and this value was used as the standard for subsequent @, measurements.” This long
lifetime was determined by fitting phosphorescence decay curves generated by a pulsed Xe lamp to a single-exponential decay curve.
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Figure 3. Absorption and normalized photoluminescence spectra of
oligofluorenyl Ir(ppy); complexes in toluene (absorption spectra were
recorded at concentrations of ca. 1 x 10> M; emission spectra were
recorded in degassed toluene solutions, excited at absorption maximum
with O.D. of ca. 0.1).

This explains the decreased k, with increasing oligofluorene
chain length.

On the other hand, Ir(Fppy) exhibited a larger k,, value
compared to Ir(ppy)s. This likely resulted from the decreased
emission energy, as the energy gap law states that In(k,,) is
inversely proportional to the emission energy.*® Additional

motional relaxation entailed by the attachment of a fluorene
unit perhaps also contributed to the larger k.. However,
further extension of the oligofluorene gave rise to decreased
ku. This apparently was inconsistent with the energy gap
law. A more plausible explanation is that the nonradiative
decay is influenced by the same MLCT component as that
governing the radiative transition, and thus the magnitude
of k,, showed a consistent trend with k,.>!

Subsequently, the regioisomeric effect was scrutinized
regarding the position at which oligofluorene is attached to
the ppy ligand. The PL maximum of Ir(pTFpy) is bath-
ochromically shifted by about 10 nm relative to that of
Ir(TFppy). Remarkably, a shorter lifetime (4.2 us) and larger
®,, (0.82) were manifested by Ir(pTFpy) than those of Ir-
(TFppy). Further examination unraveled the cause of such
results was that k, was more than tripled in Ir(pTFpy)
compared with that in Ir(TFppy), while k,,, was less than
doubled. The larger k., as well as k,,, of Ir(pTFpy) is
tentatively explained as follows. The pyridine unit plays a
key role in accepting charge in the MLCT transition, which is
reflected in the LUMO of Ir(ppy); by showing a larger
contribution from pyridine than from the phenyl moiety.
The negative charge was likely better stabilized by delocali-
zation when the trifluorenyl was tethered to pyridine com-
pared to being tethered to the phenyl ring. Thus, the energy
level of the MLCT state was lowered more pronouncedly in
Ir(pTFpy), bringing about a larger contribution of MLCT to
T, than that in Ir(TFppy).*?

Interesting results also emerged from comparing the prop-
erties of Ir(m-TFppy) and Ir(TFppy). The structural varia-
tion in this pair of reigioisomers is that the trifluorenyl was
switched from being para to the pyridine ring to para to
iridium. A number of peculiar phenomena occurred from
this structural alteration. First, although the absorption
maximum of Ir(m-TFppy) displayed a slightly longer wave-
length than that of Ir(TFppy), its phosphorescence maximum
was hypsochromically shifted relative to that of Ir(TFppy)
by 35 nm. More impressively, the phosphorescence lifetime
of Ir(m-TFppy) reached over 100 us. Its radiative decay was
only 0.004 us~ ', more than an order of magnitude smaller than
that observed in Ir(TFppy). Such a lifetime value strongly
suggests that, unlike those of Ir(TFppy) and Ir(pTFpy), the
triplet excited state of Ir(m-TFppy) is of a dominant "LC
feature, with a minimal contribution from MLCT, rendering
particularly small k. and k. The origin of this LC-dominated
excited state (rather than a mixed MLCT and LC state) in the
chemical structure was analyzed. Since the trifluorene chain
was tethered to the phenyl ring meta to pyridine, the s*
orbital of the oligomer was electronically decoupled from the
pyridine moiety. But the MLCT transition intrinsically relies
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on the electronegative pyridine unit to accept charge (electron)
from the d orbital of the metal ion. Namely, in Ir(m-TFppy)
the wave function of the MLCT state is localized on ppy unit,
decoupled from the LC x* orbital located on the oligo-
fluorene chain, due to the meta linkage. Hence, the MLCT
wave function was unable to perturb the *LC wave function,
resulting in highly a spin-forbidden T, with a predominant
3LC feature and slow radiative and nonradiative decays. The
higher emission energy of Ir(m-TFppy) also served as sup-
portive evidence for ineffective mixing of LC and MLCT
wave functions. Ir(TFppy), with a more effectively mixed LC
and MLCT, possessed a better stabilized T, and hence lower
emission energy.

Such a long lifetime is rather rare for tris-cyclometalated
Ir(I1T) complexes. With comparable &, and k, values, Ir(m-
TFppy) exhibited a phosphorescence quantum yield of ca.
0.5. A long lifetime in combination with a moderately high
quantum efficiency, Ir(m-TFppy) may be a useful prototype
molecule for designing phosphorescence sensors.

The photophysical properties of complex Ir(TFpTFpy)
basically reflected mixed influences of the two trifluorenyl
segments attached to the phenyl and pyridine rings. Although
the emission energy became insensitive to ligand chain length
in Ir(TFppy) and Ir(DFppy), further bathochromic shift emerged
when another trifluorenyl was appended to the pyridine side
(Figure 3c). Furthermore, complex Ir(TFpTFpy) manifested
a k. of an intermediate value between those of Ir(TFppy) and
Ir(pTFpy). But k,,; was larger than those of both Ir(TFppy)
and Ir(pTFpy), likely due to the lowered emission energy.
This led to a slightly lower phosphorescence quantum yield
in Ir(TFpTFpy) than that of Ir(TFppy).

Comparing the properties of Ir(TFppy), Ir(pTFpy), Ir(m-
TFppy), and Ir(TFpTFpy), one may conclude that Ir(pTFpy)
exhibited the most attractive features for application as electro-
luminescent materials, such as the shortest lifetime and highest
®,,. Thus, a three-armed star-shaped, homoleptic oligomer
complex Ir(pTFpy); was subsequently synthesized by reacting
homoleptic tribromo-substituted Ir(ppy)s, Ir(pBrpy)s, with a
trifluorenylboronic acid. This oligomer complex, with a C3
symmetry factor, had a total of nine fluorene units tethered
around the iridium center and hence possessed a particularly
enhanced absorbability. Moreover, it exhibited a similar k,
value with that of Ir(pTFpy) but a slightly slower nonradia-
tive decay, resulting in a slightly longer lifetime but a
higher quantum yield of 0.86.

As the extinction coefficient, &, represents the ability of a
molecule to absorb light at a given wavelength and @,
reflects its efficiency at converting the absorbed exciton into
phosphorescence, & times @, may thus be used as an index to
evaluate the capacity of a molecule at harvesting exciton and
converted it into radiative energy (per iridium center). From
the data shown in Table 1, it is evident that all of the
synthesized oligomer complexes possess a larger value of
(e x @) than that of Ir(ppy)s;. Ir(pTFpy); exhibits the largest
value of (¢ x @), which is ca. 18 times that of Ir(ppy)s.
Accordingly, the extended “arms” will be useful for collect-
ing excitons in electroluminescence devices. In combination
with its optimal lifetime, high quantum yield, and potentially
good compatibility with host matrices, such a three-armed
star-shaped complex structure is particularly advantageous
for being applied as a triplet emitting dopant in OLED.
Additionally, its unique Cz-symmetric star shape shares the
structural advantage of dendron-decorated Ir(ppy)s in that
the emissive center is relatively shielded by the extended
ligands, thereby minimizing the detrimental quenching effect
of nonemissive intermolecular aggregate formation in the
condensed state.”>!”
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Calculation of the Molecular Orbitals. Theoretical calcula-
tions were carried out to examine the molecular orbitals
(MO) of these oligomer complexes in order to gain more in-
depth understanding about the correlation of photophysical
properties with the chemical structures. DFT calculations
were conducted using Gaussian03.>* Molecular geometry
optimization and MO energies were calculated using the
B3LYP hybrid functional® with 6-31G** basis set for C, H,
and N atoms®” and the “double-&” quality LANL2DZ basis
set for Ir atoms.?®3® In the calculations the hexyl groups at
the 9-position of fluorenes were replaced with methyl groups
for saving calculation time. The calculation results were very
informative and consistent with our above speculations
about the influences of MOs over the photophysical proper-
ties (Figure 4).

First, the trend of bandgap variation upon oligofluorene
attachment, based on the calculated energy levels of frontier
orbitals, qualitatively agreed with the experimentally observed
emission energy. Specifically, of the three regioisomers, Ir-
(TFppy), Ir(m-TFppy), and Ir(pTFpy), Ir(pTFpy) exhibited
the narrowest bandgap (i.e., energy difference between
HOMO and LUMO), whereas Ir(m-TFppy) displayed the
largest bandgap of all. Additionally, among different com-
plexes LUMOs varied in energy to a much greater extent than
HOMO:s. Ir(pTFpy) showed a lower LUMO compared to
that of Ir(TFppy), while Ir(m-TFppy) displayed a LUMO of
highest energy.

Examining the configurations of frontier orbitals of Ir-
(TFppy) and Ir(pTFpy) in comparison with that of Ir(ppy)s,
it was found that only a very limited extent of delocalization
to the tethered fluorenyl units occurred to HOMO, but a
substantial portion of the LUMO was delocalized onto the
oligomer part, which explains why the calculated energy of
HOMOs showed minimal variation but LUMO exhibited
much greater disparity in energy. Since the HOMO was
relatively localized in Ir(TFppy) and Ir(pTFpy), the d orbital
of the metal ion remained a major component of the HOMO.
This ensured a significant contribution of MLCT to the
admixture with LC, which is consistent with the fast decay
rates observed with Ir(TFppy) and Ir(pTFpy). A much lower
LUMO of Ir(pTFpy) relative to that of Ir(TFppy) confirmed
our previous hypothesis that a more significant mixing of
MLCT with LC occurred in this complex. This larger mixing
was attributed to a more pronouncedly lowered MLCT state
of Ir(pTFpy) (vide ante), which brought about a better
stabilized T, with a greater component of MLCT.*? Evi-
dently, compared to the phenyl unit, being more electroneg-
ative and making a greater contribution to the LUMO, the
pyridine unit in ppy is more critical in determining the
stabilities of the MLCT transition and T, state.

Compared with those of Ir(TFppy) and Ir(pTFpy), the
frontier orbitals of Ir(m-TFppy) displayed much distinct
characteristics. The HOMO of Ir(m-TFppy) is significantly
delocalized, with a considerable contribution from the oligo-
fluorene portion. This difference in HOMO necessarily re-
sulted from the fact that in Ir(m-TFppy) the trifluorene is
attached to the iridiuim ion via a p-phenylene linker, which
effected stronger electronic coupling. The calculation also
indicated that Ir(m-TFppy) possessed a more elevated HOMO
than Ir(TFppy) and Ir(pTFpy). This prediction was confirmed
by electrochemical characterizations (Table S1), which re-
vealed an evidently lowered oxidation potential of Ir(m-
TFppy) relative to those of Ir(TFppy) and Ir(pTFpy). Ima-
ginably, compared to Ir(TFppy) and Ir(pTFpy), the HOMO
of Ir(m-TFppy) contains a smaller d orbital component due to
such a greater extent of delocalization. Unlike the LUMO of
Ir(TFppy) and Ir(pTFpy), the pyridine unit made hardly any
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Scheme 3. Synthesis of Star-Shaped Polyfluorene-Substituted Ir(ppy)3

1) Ir(pBr,
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i 2) PhB(OH),

contribution to the LUMO of Ir(m-TFppy). This necessarily
resulted from the fact that in Ir(m-TFppy) the trifluorenyl is
attached to the phenyl ring meta to pyridine. This meta position
is a nodal point in the LUMO of Ir(ppy);. Conceivably, the
LUMO of such an oligomer-tethered complex could either
resemble the LUMO of Ir(ppy)s, localized on ppy, or the *
orbital of the oligofluorene, depending on which is lower in
energy. The latter case was adopted by Ir(m-TFppy), suggesting
a lower energy level of the sr* orbital of trifluorene in this
complex. This calculation result well explained the experimental
observation that T, of Ir(m-TFppy) manifested a particularly
long lifetime and fairly low radiative decay rate, reflectinga LC-
dominated T, state. Because of the lack of participation of the
electronegative pyridine moiety, the LUMO of Ir(m-TFppy)
was much higher energy in comparison with those of Ir(TFppy)
and Ir(pTFpy), causing a hypsochromic shift of the emission.

Although Ir(TFpTFpy) exhibited a slightly lower LUMO
(Figure S8) than that of Ir(pTFpy), it may not necessarily
result from a more stabilized MLCT state. More likely, it was
caused by a considerably lowered s* orbital of the bis-
(trifluorenyl)-substituted ppy ligand. Correspondingly, this
complex exhibited a slower radiative decay rate, in compar-
ison with that of Ir(pTFpy), consistent with a T; comprising
a relatively smaller contribution of MLCT.

Synthesis and Photophysical Characterizations of a Star-
Shaped Polyfluorene—Ir(ppy)s Complex. Since the three-
armed star-shaped oligomer complex Ir(pTFpy); exhibited
desirable properties such as short lifetime, rapid radiative decay,
and high quantum yield, a star-shaped polyfluorene-tethered
homoleptlc Ir(ppy); complex was subsequentlzy synthesized,
using a modified procedure from the literature.'** A monomer
bearing both aryl bromide and boronic acid functional groups,
2-(4' 4,55 -tetramethyl-1',3’,2'-dioxaborolan-2'-yl)-7-bromo-
9,9-dihexylfluorene, was treated with Ir(pBrpy); under condi-
tions that facilitate Suzuki cross-coupling reaction (Scheme 3).

Pd(PPh),, NaOH, H,0
O O, 2

Iy

Ir(pPFpy);

30 equiv of bromofluorenylboronic acid relative to Ir(pBrpy);
(10 equiv per bromopyridyl unit) was added to the polymeriza-
tion system. The polymer chain end was terminated with a
phenyl group by adding an excess amount of phenylboronic acid
to the reaction system after the polymerization proceeded for 3
days. The molecular weight (MW) of the resultant polymer
complex was first characterized by gel permission chromatog-
raphy (GPC), calibrated with monodispersed polystyrene stan-
dards. Number-averaged MW (M,)) was estimated to be 19.5
kDa for the obtained polymer (PDI = 2.1). The M,, was also
evaluated using "H NMR spectroscopy by calculating the
integration ratio of the resonance assigned to the aromatic
hydrogen at the para position of C—Ir bond (6 = 7.0 ppm) to
that of the first CH, unit in the hexyl side chains on the fluorene
moieties (0 = 2.2 ppm). The number of fluorene units appended
to each arm was thus estimated to be ~7. The discrepancy in the
MWs calculated using GPC and NMR techniques may be
ascribed to the fact that the polyfluorene-tethered Ir(ppy)s
complex has a rigid structure, rather than being a flexible chain
molecule.

The absorptions of Ir(pPFpy); recorded in both solution
and drop-cast thin film (Figure 5) were dominated by a band
at ca. 380 nm, corresponding to the spin-allowed, LC 7—*
transition. Relative to this strong absorption, the MLCT
band subsided to near the baseline. The PL spectrum of the
polymer recorded in toluene showed two major bands. The
one of higher energy (around 420 nm) was ascribed to the
fluorescence emission, since its intensity was insensitivity to
oxygen and lifetime was of the order of nanoseconds. The
other emission band of lower energy was sensitively quenched
by oxygen and attributed to triplet excited state emission. Its
wavelength (550—700 nm) and lifetime were similar to those
of the phosphorescence emitted by Ir(pTFpy)s. Time-resolved
emission spectroscopy revealed a biexponential decay of the
fluorescence at 414 nm, with two lifetime components being
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Figure 5. Normalized absorption and emission spectra of Ir(pPFpy); in
degassed toluene (solid lines) and drop-cast film (dashed lines).

Table 2. Photophysical Characterizations of Ir(pPFpy);

Aabs/nm (e/L g~ em™!) 380 (87)

Aem/nm (in aerated toluene) 414

Aem/nm (in degassed toluene) 414, 570¢

Aem/nm (drop-cast film) 423, 575
“Lifetimes: 0.44 ns (45%) and 0.14 ns (55%) at 414 nm; 4.6 us at 570 nm.

0.44 ns (45%) and 0.14 ns (55%) (Table 2). The longer
lifetime component agrees well with the lifetime of the
fluorescence from a free oligofluorene.’” The existence of a
shorter lifetime component suggested a partial quenching of
the singlet excited state. Presumably, ISC to the triplet state
accounts for the major cause of this quenching. In conjunc-
tion with the observation that a nearly complete quenching
of the fluorescence was observed with Ir(pTFpy)s, such a
biexponential decay of the fluorescence implied a dual singlet
exciton decay pathway. Namely, when the ligand chain is short,
the singlet excitons are always generated near the iridium ion
where the SOC s effective; thus, rapid and complete ISC ensues.
When the chain extends to a medium length, the influence of
SOC subsides, and only a certain portion of the singlet excitons
undergo ISC, giving rise to a partially quenched fluorescence
with a reduced lifetime. Particularly, singlet excitons are able
to migrate a certain distance within its inherent lifetime, and
the direction of migration is random. Hence, some of the
excitons migrated close to the iridium ion and underwent
ISC, while others did not and decayed either radiatively or
nonradiatively from S;. If the chain length extends further,
singlet excitons that are generated far away from iridium ion
will have no chance to migrate to the vicinity of iridium
within its lifetime; consequently, they may decay through
fluorescing with an inherent lifetime.

Compared with the emission in solution, in drop-cast films
the intensity of the phosphorescence of Ir(pPFpy); was
found to increase relative to that of the fluorescence. This
could result either from a partial quenching of the fluores-
cence in the film or from the intermolecular energy transfer in
thin films that assisted more singlet excitons to experience
SOC and emit phosphorescence upon ISC, or perhaps from
both. Imaginably, the phosphorescence intensity is sensitive
to the film thickness. Thicker films emit stronger phospho-
rescence due to the limited oxygen permeability into the films.

Conclusion

A set of conjugated oligo- and polyfluorene-tethered Ir(ppy);
derived complexes were synthesized and studied regarding the
correlation of photophysical properties with structural variation,
using both steady-state and time-resolved spectroscopies. Im-
portant conclusions were drawn from comparing the properties
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of analogous oligomer complexes. First, the chain length depen-
dence study confirmed that triplet excitons were more localized
compared to singlet excitons. Both radiative and nonradiative
decay rates decreased with increasing fluorene chain length,
giving rise to an increased lifetime. Phosphorescence quantum
yield also decreased with increasing chain length. More impor-
tantly, it was found that the oligomer complex having a trifluor-
ene tethered to the pyridine ring gave substantially higher
phosphorescence quantum yield and shorter lifetime than those
of the isomeric complexes with oligofluorene tethered to the
phenyl ring. Additionally, distinct properties were exhibited by
regioisomers with an oligofluorene chain attached to different
positions of the phenyl ring. When the trifluorene was appended
to the phenyl ring para to the iridium ion, the lifetime of the tri}plet
excited state prolonged to over 100 us, characteristic of a "LC
transition, while a moderate quantum yield was maintained. To
our best knowledge, this is the longest lifetime so far reported for
an Ir(ppy); derivative. Calculated frontier orbitals of these
oligomer complexes provided further insight into the photophy-
sical features and their correlations with the chemical structures.
Essentially, attachment of oligofluorene to different positions of
ppy altered the relative contribution of MLCT to the T, state,
mainly by modulating the 7 and 7* orbitals of the -conjugated
ligand(s). Moreover, a star-shaped oligomer complex with a
trilfuorenyl appended to each of the pyridine units showed a
higher phosphorescence quantum yield and shorter lifetime than
an analogous complex with trifluorene tethered to both phenyl
and pyridine rings of a ppy ligand. Finally, a polydispersed, three-
armed star-shaped polymer complex was synthesized, which
emitted both fluorescence (from the 7—s* transition of the
polyfluorenyl ppy ligand) and phosphorescence. On the basis of
the detected biexponential decay of the fluorescence, a dual
deactivation mechanism was proposed for the singlet excited
state. Depending on the ligand chain length and the position the
singlet exciton is generated at, it may or may not be affected by
the SOC induced by iridium ion. In summary, appending the
conjugated chains to the pyridine unit is favorable, compared to
substituting the phenyl ring, if short lifetime and rapid radiative
decay are desired. On the other hand, extending the conjugation
by substituting the phenyl ring para- to iridium ion offers
materials of a LC-dominated triplet state with a particularly long
lifetime, while maintaining a moderately high quantum yield.
These results are of great values for designing various Ir(ppy)s-
based triplet-emitting polymers.
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