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The emitting triplet state of fac-Ir(ppy)s (fac-tris(2-phenylpyridine)iridium) is studied for the first time on the basis of
highly resolved optical spectra in the range of the electronic 0—0 transitions. For the compound dissolved in CH,Cl,
and cooled to cryogenic temperatures, three 0—0 transitions corresponding to the triplet substates I, Il, and Il are
identified. They lie at 19693 cm ™" (507.79 nm, | — 0), 19712 cm ™" g507.31 nm, Il —0), and 19863 cm ™' (503.45 nm,
[l — 0). From the large total zero-field splitting (ZFS) of 170 cm™ ", the assignment of the emitting triplet term as a
SMLCT state (metal-to-ligand charge transfer state) is substantiated, and it is seen that spin—orbit couplings to higher
lying "*MLCT states are very effective. Moreover, the studies provide emission decay times for the three individual
substates of 7;=116 us, 7,,=6.4 us, and ;=200 ns. Further, group-theoretical considerations and investigations under
application of high magnetic fields up to B=12 T allow us to conclude that all three substates are nondegenerate and
that the symmetry of the complex in the CH,Cl, matrix cage is lower than Cs. It follows that the triplet parent term
is of ®A character. Studies of the emission decay time and photoluminescence quantum yield, ®py, of Ir(ppy)s in
poly(methylmethacrylate) (PMMA) in the temperature range of 1.5 < T < 370 K reveal average and individual
radiative and nonradiative decay rates and quantum yields of the substates. In the range 80 < T < 370 K, ®p is as
high as almost 100%. The quantum yield ®p__drops to ~88% when cooled to T=1.5 K. The investigations show further
that the emission properties of Ir(ppy)s depend distinctly on the complex’s environment or the matrix cage according to
distinct changes of spin—orbit coupling effectiveness. These issues also have consequences for optimizations of the

material’s properties if applied as an organic light-emitting diode (OLED) emitter.

1. Introduction

Organo-transition metal compounds are of increasing interest
in scientific research as well as for applications. These mate-
rials are used in dye-sensitized solar cells,'* oxygen sensors,*°
biological labels,” and especially, as emitters in organic light-
emitting diodes (OLEDs).® The pioneering investigations by
Thompson and Forrest et al.,”'®introducing Ir(ppy); already
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more than one decade ago as an electro-phosphorescent emitter,
strongly stimulated the experimental''~>* and theoretical> >
research in this field. The green light emitting Ir(ppy)s
exhibits a very bright phosphorescence with a quantum
yield of almost 100% (see below and refs 13 and 18).
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Moreover, the emission decay time at ambient temperature
of about 1.5 to 2 us,” representing almost the radiative
decay time, is relatively short for spin-forbidden triplet—
singlet transitions, though an even shorter (radiative) decay
time would be advantageous to restrain the roll-off of efficiency
due to triplet—triplet annihilation and saturation effects.
These become particularly pronounced for hi%h-brightness
OLED applications at higher current densities.”* > Further,
Ir(ppy); is stable even at temperatures up to at least 7 =
385 °C?? and thus is well suited for vacuum deposition.
Moreover, the HOMO and LUMO levels of 3.0 and
5.6 eV,*" respectively, fit well to frequently applied hole
and electron transporting matrices. This makes Ir(pPy)3
highly attractive for applications in OLEDs.%!0-2672831734
Indeed, Kido et al. reported a device incorporating Ir(ppy)s
with an external quantum efficiency of 29% and with a
luminous efficacy of 133 Im/W at 100 cd/m>*® (compare
also ref 395).

Most applications of Ir(ppy)s are related to its emission
properties. Hence, it is important to work out a detailed under-
standing of the behavior of the emitting state and the related
transitions to the electronic ground state. The lowest excited
state is a triplet, and thus the emission to the singlet ground
state is strictly forbidden without the influence of spin—orbit
coupling (SOC). This important quantum mechanical effect
is induced by the 5d electrons of the heavy Ir(III) metal
center. The emitting state is assigned as a *MLCT (metal-to-
ligand charge transfer) state, which involves to a large extent
occupied Ir 5d and unoccupied ppy 7* orbitals,'#2023723-36-37
This situation is particularly advantageous for efficient SOC
and thus for favorable emission properties.'>***3 Especially,
SOC is responsible not only for the emission decay time and
the photoluminescence quantum yield, but also for intersys-
tem crossing (ISC) from higher lying singlets to the emitting
triplet state, independently from excitations by means of
optical or electron—hole recombination processes.”!%:12404!
For compounds with substantial "MLCT character of the
emitting state, the ISC time has been determined indirectly
to be on the order of 50 fs** and recently also directly for
Ir(ppy); to be faster than 100 fs." SOC is also crucial for another
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less well-known effect. The *MLCT state usually splits into
three substates, the so-called zero-field splitting (ZFS). All
substates are responsible for the emission properties, even at
ambient temperature. For example, a large splitting shows
that SOC is very effective and thus can result in a favorably
short (radiative) emission decay time. On the other hand,
a very large ZFS leads to a reduction of the thermal popula-
tion of the highest substate and therefore might represent a
limiting factor for this shortening of the decay time. Effective
ISC between excited singlet(s) and the emitting triplet is also
required for the triplet harvesting effect'®'>*° and the recently
discovered singlet harvesting effect,** which are the basis for
high OLED efficiencies.

In the present investigation, we want to study properties
of the emitting *MLCT state including the corresponding
radiative and nonradiative transitions of Ir(ppy); in some
detail. This is reasonable, although we already proposed an
energy level diagram for the triplet substates and reported
individual decay dynamics.® These primary results were
based on measurements of Ir(ppy)s dissolved in THF, for
which highly resolved optical spectra could not be obtained
due to large inhomogeneity and strong electron—phonon
coupling effects. Thus, the reported conclusions were drawn
indirectly from the emission decay behavior at different temper-
atures. However, we found recently that a series of Ir(III)
complexes, dissolved in CH,Cl,, allowed us to obtain highly
resolved spectra at cryogenic temperatures, in particular, in
the range of the electronic 0—0 transitions.'>¥**%~47 Sych
detailed spectroscopic information gives direct insight into
the electronic structures of the compound. Moreover, inves-
tigations of the photoluminescence quantum yield in combi-
nation with emission decay time measurements as a function
of temperature can display radiative and nonradiative prop-
erties of the individual triplet substates. Therefore, these new
challenging prospects led us to reinvestigate Ir(ppy); in order
to set a firmer basis and to obtain a deeper understanding of
its properties.

2. Experimental Section

2.1. Synthesis. Ir(ppy); was provided by Merck KGaA
(Darmstadt) and was prepared with a purity degree of 99.9%
according to a modified Procedure (WO 02/060910), originally
reported by Watts et al.”’

2.2. Sample Preparation. Ir(ppy); was studied in CH,Cl, and
THF (tetrahydrofuran), respectively, at a concentration of about
2% 107> mol/L and doped in PMMA (poly(methylmethacrylate))
at a concentration well below 0.1 wt %. Solutions were degassed
by several successive freeze—pump—thaw cycles applying a turbo-
molecular pump (p ~ 10~® mbar). Doped films were prepared
by spin-coating and measured under nitrogen or helium atmo-
sphere and provide well-reproducible data. PMMA as host is
suitable, since it does not display any significant absorbance
in the visible and near-UV range and since its glass transition
temperature lies at about 378 K,*® which permits one to carry
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out measurements in the large temperature range from 1.5 to
~370 K.

2.3. Spectroscopy. For absorption measurements, a Varian
Cary 300 double beam spectrometer was used. Emission and
excitation spectra at ambient temperature and 77 K, respectively,
were measured with a Fluorolog 3-22 (Horiba Jobin Yvon)
spectrophotometer. For investigations at different temperatures, a
sample holder for cooling and heating, respectively, was adapted to
the Fluorolog. In the range between 260 and 370 K, the sample
temperature can be adjusted with an accuracy of £0.5 K. The
measurements were carried out under nitrogen atmosphere. For
cryogenic temperatures, different He cryostats (Cryovac Konti
Kryostat IT and Oxford Instruments cryostat) with controlled
He gas flow and heating were used. Experiments under high
magnetic field application were carried out with a superconducting
magnet (Oxford MD 10). The spectra were recorded with an
intensified CCD camera (Princeton PIMAX) or a cooled photo-
multiplier (RCA C7164R) in conjunction with a triple spectrograph
(S&I Trivista TR 555) and a Spex 1404 double monochromator,
respectively. For measurements at cryogenic temperatures and
nonselective excitation, a pulsed Nd:YAG laser (Adexe = 355 nm,
pulse half-width <8 ns) or a cw diode laser (Aexc = 372 nm) was
used, while site-selective emission and excitation spectra were
obtained by use of a dye laser (Scanmate 2C, Lambda Physik)
operating with Coumarin 307 and equipped with a Nd:YAG laser
(Apump = 355 nm) as excitation source. Emission decay measure-
ments were carried out using a FAST ComTec multichannel scaler
PCI card with time resolution of 250 ps.

2.4. Quantum Yield Measurements. Absolute photolumines-
cence quantum yield measurements at ambient temperature
were carried out with an integrating sphere (Labsphere with
Spectralon inner surface coating) attached to the spectrophoto-
meter Fluorolog 3-22 and with a Hamamatsu system for quan-
tum yield measurements (C9920-02), respectively. In addition,
for T'= 77 K measurements of the absolute quantum yields, the
Hamamatsu system® was equipped with a nitrogen Dewar.

The temperature dependence of the quantum yield was deter-
mined by applying a technique giving relative quantum yield
data. This means that the integrated emission intensity, being
proportional to the photoluminescence quantum yield, ®py,
was measured at different temperatures. Subsequently, these
data were calibrated by use of the absolute ®p; values measured
at ambient temperature and at 77 K. In this respect we note that
the absorbance of Ir(ppy); in PMMA is almost temperature
independent at the excitation wavelength (Aex. = 372 nm). This
is supported by the measurement of the absolute quantum yields
at 300 and 77 K and the observation that the excitation spectra
measured at these temperatures do not show significant changes
in the band shapes.

3. Results and Discussion

3.1. Spectroscopic Introduction. Figure 1 shows absorp-
tion, excitation, and emission spectra measured at ambient
temperature and at 77 K of Ir(ppy); in CH,Cl,. The absorp-
tion bands observed are assigned similarly as in ref 36. In the
range below about 300 nm, the intense bands are related to
spin-allowed s—s* transitions (corresponding to ligand
centered states, 'LC) of the cyclometalated ppy ligands.
The broad and unresolved absorption band at lower energy,
peaking at 376 nm, is assigned to spin-allowed d—s* tran-
sitions (corresponding to metal-to-ligand charge transfer
states, 'MLCT states), whereas absorptions at wavelengths
between about 430 and 500 nm involve *MLCT states. The
classifications as 'LC, '"MLCT, or *MLCT states should only
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2010, 39, 282-283.
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Figure 1. Emission, absorption, and excitation spectra of Ir(ppy); in
CH,Cl, (¢~ 2 x 107> mol/L) measured at ambient temperature and 77 K.
Emission spectra: Aex. = 373 nm. Excitation spectrum: A4, = 530 nm.

be taken as guidelines, since mixings between the different
states by configuration interaction or spin—orbit coupling
can be significant, in particular, due to the high density of
states within corresponding ranges (compare refs 12 and
23-25).

The emission at ambient temperature is broad and
unresolved and shows a maximum at 519 nm (~19270cm ™).
The photoluminescence quantum yield of Ir(ppy); in
degassed CH,Cl, solution amounts to @p;. = (90 £+ 5)%
and the emission decay time is 1.6 us. Cooling to 77 K
leads to a slightly structured spectrum with a dominating
peak at 514 nm (~19460 cm ') and a satellite peak at
541 nm (~18 480 cm™"). The excitation spectrum at 77 K
overlaps with the emission spectrum in the range of the
transitions between the electronic singlet ground state, Sy,
and the emitting triplet state, "MLCT, representing the
T, state. The Stokes shift at 77 K between the correspond-
ing bands amounts to ~600 cm ™', which we ascribe to the
involvement of low-energy vibrational/phonon modes
(see below).

In this study, we aimed to assign the emitting triplet
state (T term) in detail. It consists of triplet substates,
which exhibit individual radiative and nonradiative prop-
erties. However, these data are not directly accessible from
“high-temperature” measurements due to the smearing
out of the spectral details according to the relatively
strong host (CH,Cl,)—guest (Ir(ppy)3) electron—phonon
interactions.'>>" Therefore, investigations at cryogenic
temperatures under site-selective excitation of the com-
pound being isolated (doped) in a suitable matrix were
carried out.

3.2. Triplet Substates and Symmetry Considerations. In
a neat crystalline environment, the Ir(ppy); complex has a
C5 symmetry”! or in a recently discovered modification
a symmetry close to C3. When doped into a lower-
symmetry host material, the site symmetry is necessarily
also lowered. However, the extent of the distortion depends
on the individual situation, and the question arises, whether
the resulting effects are easily observable under a limited
spectral resolution. This issue is addressed on the basis of
group-theoretical considerations.
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Figure 2. Emission and excitation spectra of Ir(ppy); in CH,Cl, (¢ ~ 2 x
10~ >mol/L): (a) Highly resolved spectra in the range of the electronic 0—0
transitions on an enlarged scale (excitation spectrum vge = 19 000 em™ !
emission spectrum vexe = 19 863 cm ™ !). Three narrow lines can be observed.
They represent 0—0 transitions between the three triplet substates I, 11,
and III of the emitting triplet term T, and the ground state Sy. (b) The
usually observed broad emission spectra at different temperatures (Aexe =
375 nm).

In analogy to the discussions carried out for [Ru(bpy);]*"
(see ref 52, p 175, and refs 53 and 54), the lowest triplet
parent term can, in principle, result from a state of an
orbitally degenerate E or a nondegenerate A representa-
tion, resulting in a °E and a >A term, respectively. Under
inclusion of SOC and at a C; complex symmetry, the *E
term splits into four triplet substates of E, E, A, and A
representation. If the symmetry of the complex is lowered,
for example, induced by the host cage or by (nonoriented)
high magnetic fields, the E substates split and *E results in
six nondegenerate triplet substates. On the other hand,
the A term splits due to SOC and at a C; complex symmetry
into just two triplet substates E and A. Under symmetry
reduction, the E substate will further split into two sub-
states. Thus, at a lower symmetry than Cs, *A gives three
triplet substates. Moreover, under application of high
magnetic fields, possible E states, being present at a Cs
symmetry, split by about 1 cm™'/T. Thus, the occurrence
or nonoccurrence of B-field-induced splittings give addi-
tional insight into the properties of the triplet state.

In summary, using the information based on high-
resolution studies, in particular, the number of electronic
0—0 transitions with and without application of high
magnetic fields, it will be possible to classify the triplet
term with respect to the relevant complex symmetry and
the orbital character of the parent term. Moreover, under
inclusion of further, more general systematics concerning
SOC paths, it will be possible to classify the emitting
triplet term also with respect to its "MLCT/’LC character.

3.3. Low-Temperature Emission and High-Resolution
Spectra. The emission of Ir(ppy); dissolved (doped) in
CH,Cl, is, even at T = 1.5 K, strongly dominated by
broad emission bands (Figure 2b). However, under selec-
tive excitation at 19 863 cm ™' (503.45 nm), weak but well-
resolved electronic 0—0 transitions can be observed at the
high-energy side of the broad band emission spectrum
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Figure 3. Emission spectra in the region of the electronic 0—0 transitions
of Ir(ppy)s in CH,Cl, (¢ ~ 2 x 107> mol/L) at different temperatures and
at a magnetic field of B = 0 T. The sample was excited resonantly into
substate ITT (19863 cm™"). With temperature increase from 1.5 to 15 K,
for example, the emission intensities of the lines at 19712 cm ™' (I — 0)
and at 19693 cm ™' (I— 0) are strongly redistributed. The asterisks denote
I—0and II — 0 0—0 transitions of a different, weakly emitting site.

(Figure 2a). Also the excitation spectrum shows resolved
peaks. In the subsequent sections, we will first discuss
properties of the electronic 0—0 transitions (section 3.3.1)
and then show how these are related to the broad band
emission spectra (section 3.3.2).

3.3.1. Electronic 0—0 Transitions: Temperature and
Magnetic Field Dependence. The combined studies of
emission and excitation spectra allow us to identify three
sharp electronic 0—0 transitions, which are assigned to
three triplet T, substates I, II, and III. At 7' < 3 K, only
substate I emits. The I — 0 0—0 transition lies at 19 693
cm™ ! (Figures 2a and 3). This transition is only very
weakly allowed. For example, the decay time of substate I
isaslongas 7y = 116 us (section 3.4.1). This explains, why
the corresponding excitation peak could not be detected.
With temperature increase, for example, to 7= 4.2 K,
another sharp line growsin at 19712 cm ™' in the emission
spectrum, lying 19 cm ™' higher in energy than the line
corresponding to the I — 0 transition (Figure 3). This line
is assigned to the 0—0 transition between substate 11 and
the electronic ground state 0. The corresponding transi-
tion is significantly more allowed than the transition
involving substate 1. Hence, the line I — 0 appears
already at relatively low temperature, for example, at
T = 4.2 K, although a thermal population via an activa-
tion energy of 19 cm ™' is required. Moreover, the corre-
sponding absorption is high enough to allow us to register
the excitation peak (Figure 2a). As expected, it lies exactly
(within limits of +1 cm™") at the same energy as the
corresponding emission line. The higher allowedness
of the IT — 0 transition is also displayed in the much
shorter emission decay time of 7y; = 6.4 us of substate II
(see below). This explains why the emission line II — 0
dominates the region of the electronic origins, for example,
at 7= 10 K (Figure 3).

With additional temperature increase, the spectrum is
smeared out, and above about 25 K, the resolved structure



9294 Inorganic Chemistry, Vol. 49, No. 20, 2010
506 507 508 509 nm

I1~0 10

T=10K

Emission intensity

19712 19693 cm’”

19750 19700  19650cm’”

Figure 4. Emission spectra in the region of the two lower electronic 0—0
transitions of Ir(ppy)s in CH,Cl, (¢ ~ 2 x 107> mol/L) at different
magnetic fields and at 7' = 10 K. The sample was excited resonantly into
substate ITI (19863 cm™"). Under application of a magnetic field, the 0—0
transition Iy — 0 is red-shifted by 4 cm ' up to B = 12 T and gains
intensity with increasing field. The 0—0 transition Iz — 0 shows a blue-
shift of about 2cm ' upto B = 12 T.

disappears. This behavior is ascribed to an increasing
(homogeneous) coupling of the electronic structures of
the doped complex to low-energy vibrational modes involv-
ing mainly modes of the complex in its matrix cage (local
phonons). This so-called electron—phonon coupling is
frequently responsible for the disappearance of sharp 0—0
transitions at higher temperatures. (For example, com-
pare ref 12, p 84, and refs 50 and 55.) Therefore, the 0—0
transition corresponding to a significantly higher lying
substate cannot be detected directly in an emission spec-
trum, if the temperature required for a thermal popula-
tion of that state is higher than about 20 K. However, the
corresponding transition can be observed in a low-
temperature excitation spectrum. Figure 2a shows a line at
19863 cm™ ', which is assigned to the 0—0 transition 0 — IIL.
It is a relatively strong transition. Its radiative allowed-
ness is displayed in the short emission decay time of only
7 = 200 ns. (See section 3.4.1) No other transition that
might be ascribable to an additional 0—0 transition can be
observed in the energy range up to about 500 cm™ ' from
substate III. Therefore, we assign the splitting between
triplet substates I and III of 170 cm ™' as total zero-field
splitting (ZFS) of the emitting T; term.

Application of high magnetic fields leads to further
important information about the emitting triplet term T}.
Figure 4 reproduces the emission spectra in the region of
the electronic 0—0 transitions. These resolved spectra were
recorded by applying selective excitation at 19863 cm™'
(0 — III transition). Hence, Figure 4 displays only the
emission in the range of the two lower lying electronic
0—0 transitions. The temperature of 7= 10 K was chosen
to provide sufficient thermal energy for a population also
of the higher lying triplet substate II (or IIg under B-field
application). At B=0T and 7' = 10 K, the emission from
substate II strongly dominates. With increasing field

(55) Rebane, K. K. In Zero-Phonon Lines in Spectral Hole Burning and
Photochemistry; Sild, O., Haller, K., Eds.; Springer: Berlin, 1988.
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strength (magnetic flux density B), typical Zeeman effects
are observed.'?*"°°7%2 Dye to field-induced mixings of
the wave functions of the substates, substate Iy gains
allowedness with respect to the transition to the electronic
ground state and is red-shifted (Figure 4). For example, at
B = 12T, the 0—0 transition Iz — 0 dominates the region
of the electronic origins, the emission decay time is short-
ened fromtB =0T, T=15K)=116ustor(B=12T,
T = 1.5K) = 31 us, and the 0—0 transition is red-shifted
by 4 cm ™. Substate I shows a slight blue-shift of about
2 cm ™!, while transition 0 — III, as monitored in an
excitation spectrum at 7' = 1.5 K, does not exhibit any
detectable shift up to B = 12 T (not shown). These
properties are typical for compounds with large zero-field
split triplet terms.>>

Importantly, none of the three electronic 0—0 transi-
tions exhibits any splitting under application of a high
magnetic field of B =12 T (see Figure 4 for substates I and
I1, the high-field excitation spectrum for transition 0 — I1I
is not reproduced). Consequently, all three substates are
assigned to be nondegenerate. Thus, according to the
group-theoretical considerations presented in section 3.2,
it can be concluded that the Ir(ppy); complex at the
investigated site in CH,Cl, is distinctly distorted from a
C; symmetry and that the three triplet substates stem
from a >A parent term.

In summary, the results discussed above allow us to
present an energy level diagram for the emitting triplet
substates of Ir(ppy)s in a CH,Cl, matrix (Figure 5). In
particular, the amount of total ZFS is very large with
AE(ZFS) = 170 cm ™. This demonstrates efficient spin—
orbit coupling to higher lying "*MLCT states. Especially,
the importance of a '"MLCT admixture is displayed in
the relatively short emission decay time of ;7 = 200 ns.
According to section 3.5, this decay is almost purely
radiative. Moreover, it is concluded that the emitting
term is largely of MLCT character (see below and refs 12,
20, 38—40, and 42). This assignment fits also to the results
from theoretical investigations.>> ™%

For completeness, we will mention that the specific
data presented above are primarily valid for the investi-
gated site of Ir(ppy); doped into CH,Cl,. On the other
hand, nonselective excitation of Ir(ppy); in CH,Cl,, giv-
ing information about the distribution of sites, shows that
these exhibit almost identical photophysical data as
found for the selected site. However, as will be discussed
below for Ir(ppy); doped in PMMA and THF, respec-
tively, the triplet properties are frequently not indepen-
dent of the environment of the complex (Compare also
refs 46, 47, and 63).

(56) Czerwieniec, R.; Finkenzeller, W. J.; Hofbeck, T.; Starukhin, A.;
Wedel, A.; Yersin, H. Chem. Phys. Lett. 2009, 468, 205-210.

(57) Braun, D.; Gallhuber, E.; Yersin, H. Chem. Phys. Lett. 1990, 171,
122-126.

(58) Dijk, N. V.; Noort, M.; Voelker, S.; Canters, G. W.; van der Waals,
J. H. Chem. Phys. Lett. 1980, 71, 415-423.

(59) Chen, W.-H.; Rieckhoff, K. E.; Voigt, E.-M. Chem. Phys. 1985, 95,
123-133.

(60) Gallhuber, E.; Hensler, G.; Yersin, H. J. Am. Chem. Soc. 1987, 109,
4818-4822.

(61) Yersin, H.; Kratzer, C. Chem. Phys. Lett. 2002, 362, 365-372.

(62) Rausch, A. F.; Yersin, H. Chem. Phys. Lett. 2010, 484, 261-265.

(63) Wiedenhofer, H.; Schiitzenmeier, S.; von Zelewsky, A.; Yersin, H.
J. Phys. Chem. 1995, 99, 13385-13391.
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Figure 5. Energy level schemes and emission decay times for Ir(ppy)s; in
CH,Cl, (¢~2 x 107> mol/L) for magnetic fieldsof B = 0 Tand B = 12T.
The individual decay times result from investigations as presented in
section 3.4. Representative Franck—Condon (FC) and Herzberg—Teller
(HT) vibrational energy levels are also depicted.

3.3.2. Broad Band Spectra. For completeness, we briefly
discuss properties of the broad band emission, although
trends of the temperature dependence have already been
discussed in ref 20. Figure 2b shows the corresponding
spectra of Ir(ppy)s dissolved in CH,Cl, at different temper-
atures under nonselective excitation into the 'MLCT bands
(Aexc = 375 nm) and at a lower experimental resolution than
presented in the previous section. In this situation, the very
weak and narrow lines are not resolved. The spectrum at
1.5 K, resulting from the lowest substate I, shows an emission
band with its maximum at about 529 nm (~18900 cm ™).
Due to the relatively long decay time of 7; = 116 us, it is
indicated that the transition I — 0 is largely forbidden. This
is further supported by the excitation spectrum depicted in
Figure 2a. The 0—0 transition I — 0 could not be detected in
contrast to the 0—0 transitions II — 0 and I — 0. It has
been proposed in ref 20 that the emission process from
substate [ is induced by vibronic coupling (Herzberg—Teller
(HT) coupling), in particular, by spin—vibronic coupling.
This process opens the radiative paths to the ground state
only by the involvement of specific vibrational modes. These
induce couplings to higher lying singlet states, and this results
in an occurrence of vibrational satellites, even when the
purely electronic 0—0 transition is forbidden.'%4*%62:64:63
Frequently, in this case, the vibrational satellite lines are
also smeared out by overlapping satellites, low-energy local
phonon modes, and strong (homogeneous) electron—phonon
coupling to the matrix. Thus, the corresponding band maxi-
mum appears at 529 nm. With temperature increase, sub-
states II and III are thermally populated (Figure 5). These
substates carry significantly more allowedness with respect
to their 0—0 transitions to the electronic ground state than
substate I. Thus, the corresponding emission is dominated
by electronic 0—0 transitions and Franck—Condon active
vibrational modes.'##*%%%55 Gince the vibrational ener-
gies of HT- and FC-active modes are usually different,
an emission band with a blue-shifted maximum grows in
near 514 nm (~19 460 cm™ ") (compare the 30 K spectrum in
Figure 2b).

The explanation given above is further supported by
the observed spectral changes under application of high

(64) Albrecht, A. C. J. Chem. Phys. 1963, 38, 354-365.
(65) Fischer, G. Vibronic Coupling; Academic Press: London, 1963.
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magnetic fields. According to the B-field induced mixings
of the three triplet substates, as described in section 3.3.1,
the 0—0 transition from the perturbed substate Iy to the
electronic ground state becomes allowed (Figures 4 and 5).
Consequently, the emission spectrum changes due to the
involvement of FC-active modes and becomes almost
identical to the spectrum recorded at about 30 K and B =
0 T. (Compare also ref 20 and refs 61 and 62 for back-
ground information concerning changes of vibronic coupling
properties under application of high magnetic fields).
3.4. Emission Decay Dynamics. The temperature de-
pendence of the (thermalized) emission decay time pro-
vides valuable information about the individual triplet
substates. At 7= 1.5 K, only substate I is populated.
Therefore, the corresponding decay time can be deter-
mined directly. With increasing temperature, the triplet
substates are populated according to the Boltzmann
distribution. This prevents a direct measurement of the
individual decay times of substates II and III. However,
for a determination of the lifetimes of these substates,
an indirect method can be applied that makes use of the
temperature dependence of the experimentally accessible
thermalized (averaged) emission decay time, 7. Fora szystem
of three excited substates, one obtains the expression”*¢¢”

1 1+~ AE,u/(keT) o= AL, m/(ksT)

E — kl+k[l e_AEI,II/<kBT> +klll e_AEl,lll/(kBT)
(1)

where ki, k1, and kypp represent the individual decay rates
of the triplet substates I, II, and III, and AEy ;; and AEy 111
are the energy separations between the states; kg is the
Boltzmann constant.

3.4.1. Decay Properties of the Site-Selectively Excited
Ir(ppy)s- The decay behavior of Ir(ppy); in CH,Cl, was re-
corded in the temperature range from 1.5 to 300 K after site-
selective excitation of the transition 0 — IIT at 19863 cm ™
(Figure 6). The emission displays a monoexponential decay
for all temperatures. This shows that spin—Ilattice relaxation
processes between the substates, responsible for the thermal
equilibration, are much faster than the emission decay times
even at low temperatures.”**® Recently, the time constant of
the thermal equilibration at ambient temperature was deter-
mined to about 3 ps.'” Accordingly, the experimental decay
times measured at different temperatures can be used for a
fitting procedure applying eq 1. By carrying out this fit with
fixed energy separations of AE; = 19 em ! and AE =
170 cm™"', known from the highly resolved spectra, and with a
fixed decay time of 7y = 116 us recorded at 1.5 K, the two
remaining free fit parameters are determined to 7j; = 6.4 us
and 7y;p = 0.2 us. The resulting information is summarized in
the Figures 5 and 6.

For completeness, we note that at a temperature near 176 K
a crystalline/fluid phase transition occurs for the CH,Cl,
matrix. This may explain that the calculated average decay
time at 7"= 300 K according to eq 1 of 7,, = 1 us deviates
from the measured decay time at 300 K of 7 = 1.6 us.

Tay =

(66) Hager, G. D.; Crosby, G. A. J. Am. Chem. Soc. 1975, 97, 7031-7037.

(67) Azumi, T.; O’Donnell, C. M.; McGlynn, S. P. J. Chem. Phys. 1966,
45,2735-2742.

(68) Yersin, H.; Strasser, J. Coord. Chem. Rev. 2000, 208, 331-364.
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Figure 6. Temperature dependence of the emission decay time of Ir(ppy);
doped in CH,Cl, (¢ & 2 x 107 mol/L) recorded after site-selective exci-
tation at 19863 cm™!' (0—0 transition 0 — IIT) and detection at 540 nm
(~18520 cm™ ). The decay at 300 K was measured in a deaerated
CH,Cl, solution. The decay times for the substates II and III of the
T, state of 71 = 6.4 us and 7117 = 0.2 us result from a fit of eq | to the
measured decay times. Energy splittings of AEy; = 19 cm™'and AEy =
170 cm ™" as well as the decay time of 7; = 116 us, measuredat 7= 1.5K,
are kept fixed. The inset shows the decay at 1.5 K. It is monoexponential
over more than 5 decay times. These data are also summarized in Figure 5.

3.4.2. Matrix Dependence of Emission Decay Times
and Zero-Field Splittings of Ir(ppy)s. The zero-field split-
ting of 170 cm™', determined for Ir(ppy); in CH,Cl,
(Figure 5), is significantly larger than the value of AEy 1y =
83 cm ™! reported earlier® for Ir(ppy)s; in THF. There-
fore, we reinvestigate the emission properties of Ir(ppy)s
dissolved in a THF matrix. In this situation, highly
resolved spectra could not be obtained. Therefore, only
the indirect method, as described above, can be applied.
However, a monoexponential decay, as expected to occur
for complexes with fast relaxations between the different
triplet substates, was not found. A typical decay curve is
reproduced as inset of Figure 7. At the low concentration
of the Ir(ppy); dopant, an energy transfer between the
different complexes, potentially causing a deviation from
the monoexponential decay, is not very probable. On
the other hand, a similar multiexponential behavior was
observed and discussed recently for the blue light emitting
Ir(4,6-dFppy)a(pic) complex (FIrpic, iridium(I1)bis[2-
(4,6 -difluorophenyl)pyridinato-N,C(2')]-picolinate) also
dissolved in THF.** According to this report, it is pro-
posed that the Ir(ppy)s; complexes experience different
environments, which modify the triplet state properties.
This leads to an inhomogeneous distribution of sites
with different ZFS values and different emission decay
times.1246:47:39-63 Therefore, the measured emission decay
represents a superposition of different decay times that
result from different sites. In a very rough approximation,
one can estimate a range of ZFS parameters and of
individual emission decay times simply by using a short
and a long decay component, respectively, as shown in the
inset of Figure 7. The corresponding values are deter-
mined for a large temperature range, and the resulting
plots are fit according to eq 1. Thus, limiting data for the
inhomogeneous site distribution of Ir(ppy)s are obtained.
These characterize the relevant ranges for the triplet state
properties. In particular, one finds a spread of ZFS
energies of 13 < AE;; < 14 cm” ' and of 85 < AE;m <
150 cm ™" and a spread of decay times of 135 < 7; < 155 us,
10 < 71y < 14 us, and of 0.2 < 711 < 0.6 us. (Table 1) Thus,
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Figure 7. Temperature dependence of the emission decay time of Ir(ppy)s
in THF (c~2 x 107> mol/L). The inset shows, as an example, the decay
behavior at 30 K. Long and short components were approximated from
the measured decay curves and used for the fit procedure according to
eq 1. The resulting fit parameters are given in the text and in Table 1.
They characterize the spreads of the inhomogeneous distributions.

Table 1. Ranges of Inhomogeneous Distributions of Zero-Field Splittings and
Emission Decay Times of Ir(ppy); in Two Different Matrices Compared with
Photophysical Data as Found for Ir(ppy); in CH,Cl,

CH,Cl," THE® PMMA®
71 [us] 116 135—155 151—158
7y [us)] 6.4 10—14 13—18
T [us] 0.2 0.25-0.6 0.32—0.34
AEpy [em™] 19 13—14 12—12.4
AEppy [em™!] 170 85—150 114—135

“Site-selective excitation at vexe = 19863 cm ™! (503.45 nm). * Non-
selective excitation at Ve = 28170 cm ™! (355 nm).

the ZFS values determined in ref 20 for the splitting of
the T, term can be considered as lower limit of the ZFS
range.

Furthermore, the decay behavior of Ir(ppy)s; was also
studied in PMMA. PMMA allows an investigation at an
extended temperature range up to about 370 K without
any phase transition.*® In this matrix and at low tempera-
ture, the emission decay behavior is similar to that found
for the THF matrix. In particular, the decay curves are
not monoexponential. Hence, an analogous fit procedure,
as described for Ir(ppy); in THF, was applied. Table 1
shows the resulting ZFS values and individual decay
times. As discussed above, the long and the short decay
components allow us to estimate the ranges of inhomo-
geneous distributions of these parameters. One notices
that the variation of the ZFS parameters of Ir(ppy)s in
PMMA is less distinct than that in THF. In PMMA, the
total ZFS AEyy varies from 114 to 135 cm” !, whereas
AE;  is nearly constant amounting to ~12 cm

The variation of photophysical properties of the differ-
ent sites of Ir(ppy)s in THF or PMMA can be explained by
slight shifts of the metal d orbitals and changes of the 7—d
separations, for example, due to matrix cage-induced
geometry variations. This alters SOC strengths and thus
the ZFS values and emission decay times.'>3%39:46:47.63 1¢
is of particular interest that the decay time of substate I1I
varies in THF by the large factor of about 3. Obviously,
the effect of mixing of singlet character to this state via

(69) For completeness, it is mentioned that the decay curves used for the
fitting procedure as carried out in ref 20 were only detected up to three or
four decay times. Consequently, the long decay components were lost.
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SOC is exceptionally sensitive to the environment. Espe-
cially, the emission of this triplet substate III crucially
determines the OLED performance due to the substate’s
high radiative rate of the transition to the electronic
ground state. Therefore, it is suggested to optimize the
system emitter complex/matrix in order to maximize the
radiative rate.

3.5. Emission Quantum Yield and Radiative and Non-
radiative Decay Rates. In this section, we investigate the
emission quantum yield and the radiative and nonradia-
tive decay rates of Ir(ppy)s in the temperature range of
1.5 = T < 370 K. For this extended range, CH,Cl, and
THEF are not suitable as matrices, since they undergo phase
transitions near 7 = 178 K and T = 165 K, respectively.”
Therefore, we applied PMMA as host material.

For a deeper understanding of the emission properties
of Ir(ppy)s, it is desirable to have information about the
radiative and nonradiative rate constants for the indivi-
dual transitions from the different triplet substates I, II,
and III to the singlet ground state. Corresponding data
can be determined from emission quantum yield measure-
ments for the whole temperature range and by use of
emission decay time constants according to the expres-
sions given in eqs 2 and 3.

1 1

- 2
ki K+ kT @)

T =

k;, kj, and k}'* represent the total rate constant and the radi-
ative and the nonradiative rate constants, respectively. The
index i denotes the specific triplet substate i=1, II, or IIL

LS Y 3)

T ek T kT
k" and k" are the sums of the individual rate constants
ki and &}, respectively, weighted by Boltzmann factors that
take the individual thermal populations of the triplet substates
into account. By use of eqs 1—3, an expression for the tem-
perature dependence of emission quantum yield involving the
three individual triplet substates is obtained (compare also
ref 66):

k{ T klI‘I e—AEl,n/(kBT) + k{II e—AEl,m/(kBT)
T Kyt kg e AL/ T) | oy o= AFm/ e T)
(4)

Similarly as discussed with respect to eq 1, this equation
implies that the relaxation between the emitting triplet sub-
states is much faster than the individual decay times.?*%~¢®
Furthermore, since usually higher lying singlet '"MLCT states
are excited, eq 4 is only valid under assumption of fast
intersystem crossing to the emitting triplet with an efficiency
0f 100%. The validity of this latter condition has recently been
proven experimentally,'>!-"!

Figure 8 shows the temperature dependence of the
emission quantum yield. Interestingly, the quantum yield
is almost constant and amounts to 96—97% from about

Dpy(T)

(70) CRC Handbook of Chemistry and Physics, 83rd ed.; Lide, D. R., Ed.;
CRC Press: Boca Raton, FL, 2002.

(71) Tang, K.-C.; Liu, K. L.; Chen, 1.-C. Chem. Phys. Lett. 2004, 386,
437-441.
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Figure 8. Temperature dependence of the emission quantum yield of
Ir(ppy); in PMMA (0.01 wt %). The experimentally determined data are
calibrated using the measured absolute photoluminescence quantum
yields of (96 & 4)% at 300 K and (97 + 3/— 4)% at 77 K, respectively.
The solid line represents the fit according to eq 4.

80 up to 370 K. For the temperature range of ~80 < T' <
300 K, this result is in accordance with the data reported
by Adachi et al.'"® However, below 80 K, our results differ
from those of ref 18.

The quantum yield decreases from 96—97% to about
88% at 1.5 K. Between 12 and 22 K, there is a “plateau”
with ®@p; & 90%. This behavior can be explained by the
individual and different radiative and nonradiative rate
constants of the three T triplet substates. At 7= 1.5 K,
only substate I is populated. Its quantum yield amounts
to @pp ~ 88%. Temperature increase leads to a popula-
tion of substate Il and at higher temperatures also of
substate III. Between 12 and 22 K, the emission stems
dominantly from substate II with a quantum yield of
about 90%. At temperatures above 80 K, the emission
from substate III dominates and a plateau at about
96—97% is found up to about 7" = 370 K. It is stressed
that the ambient-temperature value of ®p; = 96% at an
emission decay time of 1.4 us (givingk = 7.1 x 10°s™ ' and
K" = 6.9 x 10° s") represents an averaged emission
stemming from all three triplet sublevels.

The measured temperature dependence of the emission
quantum yield ®py (7) (Figure 8) can be used to determine
the radiative and nonradiative rate constants for the tran-
sitions of the individual triplet substates to the electronic
ground state by applying eq 4. This equation contains
eight independent variables. However, this number can
be reduced. The energy splittings (AEy 11, AEy ;1) and the
rate constants ky, kyp, and kypp of Ir(ppy); in PMMA are
known from Table 1. Since there, only ranges of ZFSs and
emission decay times are given, we choose values lying in
the center of these ranges. Thus, we can reduce the
number of independent variables in eq 4 from eight to
three. With the mean values of AEy j;, = 12.2 cm !, AE =
125em ™" ky=1/155us = 6.5x 10° s kyy = 1/15.5 us =
6.5x 10*s™ ! and kyyy = 1/0.33 us = 3.0 x 10° s, the fit
procedure applying the data of Figure 8 and using eq 4
results in the radiative decay rates of the individual triplet
substates. By application of eqs 2 and 3, the correspond-
ing individual nonradiative rate constants and quantum
yields can be calculated. These data are summarized in
Table 2.

Table 2 shows that the radiative rates of the three triplet
substates are strongly different. The radiative process of the
substate I to the singlet ground state with kf = 5.7 x 10° s~
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Table 2. Individual Rate Constants and Decay Times of the T| Substates (with
i = 1, 1L, and III) of Ir(ppy); in PMMA.¢

triplet substate, i

I 11 11

7; [us) 155 15.5 0.33

ki[s™Y 6.5 x 10° 6.5 x 10* 3.0 x 10°

ks (5.740.3) x 10> (5.8 4+0.3) x 10* (2.9 +0.1) x 10°
gl (8 +3) x 10° (7+3) x 10° (1+1)x10°

Dpr (i) [%] 88+4 90 + 4 97 +3

“The individual radiative (k) and nonradiative (k;'") rate constants
and emission quantum yields (®py (i) result from a fit of the measured
emission quantum yield ®p; (7) according to Figure 8 and eq 4 by use of
mean values for the triplet substate decay times (7; = 1/k;) and the energy
separations. These mean values are deduced from Table [ (see the text).

displays an almost forbidden transition. In this con-
text, it has been taken into account that the broad
band emission intensity, as is applied for the estimate
of the rate constants, is not carried by the electronic
transition but dominantly by vibronic (HT) processes
(see section 3.4.2). Therefore, substate I can be re-
garded as a relatively pure triplet state with very little
direct SOC to higher lying singlets. On the other hand,
the substates II and III exhibit radiative rates with
respect to the transitions to the ground state that are
greater than the rate of substate I by a factor of about 10
and 500, respectively. This is a consequence of distinctly
stronger SOCs of the substates II and III to higher lying
'"MLCT states.'>*-%3 The sequence of the radiative
rates ki < kii < ki1, as calculated by Nozaki* for a
simplified model system of Ir(ppy)s, is in accordance with
the sequence as determined in this work, but the indivi-
dual values differ distinctly.

The nonradiative rates of the three substates are also
very different from each other. The nonradiative rate of
substate I is almost one order of magnitude smaller than
the nonradiative rate of substate II. This behavior is
ascribed to the spin-forbiddenness of the nonradiative
process from substate I to the ground state (compare
refs 72 and 73). Such spin-dependent restrictions are also
well-known for intersystem crossing processes in purely
organic molecules.”?> With increasing singlet admixture,
as is present for the substates II and III, these restrictions
become less confining and thus the nonradiative pro-
cesses are also more probable. However, concerning the
strong increase of the calculated values of kj} to kjj, as
given in Table 2, care is advisible. In particular, the value
of kijt depends on the accuracy of the ®p; calibration.
For example, for the upper limit of the experimental
error, the emission quantum yield could be as large as
almost 100%. In this case, the nonradiative rate corre-
sponding to substate I1I would become negligible. There-
fore, k{f; can vary from 0 to 2 x 10° s~ .

The individual quantum yields of the triplet substates
display a behavior according to the individual radiative
rates. Substate III exhibits the highest radiative rate and
therefore the highest quantum yield among the triplet
substates followed by substate II. The lowest individual
quantum yield shows substate 1.

(72) Hager, G. D.; Watts, R.J.; Crosby, G. A. J. Am. Chem. Soc. 1975, 97,
7037-7042.

(73) Turro, N. J. Modern Molecular Photochemistry; University Science
Books: Sausalito, CA, 1991.
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For completeness, we note that above 370 K, the
quantum yield and the emission decay time decrease
(not depicted). This behavior may be due to a phase transi-
tion of PMMA, since the glass transition takes place near
378 K* and therefore nonradiative processes are more
likely.

In summary, the emission decay time and the photo-
luminescence quantum yield can be well described for the
large temperature range from 1.5 < 7' < 370 K by three
triplet substates and the singlet ground state.

4. Assignments and Conclusion

Ir(ppy); represents one of the most attractive green light
emitting compounds for OLED applications. Among several
reasons, this is due to the compound’s thermal stability, the
exceptionally high emission quantum yield of almost 100% over
the large temperature range of ~80 < 7' < 370 K, and the
relatively short emission decay time at ambient temperature.
This behavior is related to the high transition probability
between the emitting triplet term T; and the electronic
ground state. For example, the decay time of Ir(ppy); doped
in PMMA amounts to 1.4 us at 300 K. However, these
properties describe only an average behavior of the com-
pound’s features. A detailed investigation allows us to develop
a much deeper understanding of the T, state properties.

For Ir(ppy); in CH,Cl,, it is for the first time possible to
resolve the 0—0 transitions of the three triplet substates I, II, and
III. The splitting between the substates I and III, representing
the total zero-field splitting (ZFS), is as large as 170 cm ™' and
thus is one of the largest values measured for this kind of
compounds. Apglyin an empirical classification, developed by
Yersin et al.,'>¥ %42 it can be concluded that the emitting
triplet term is largely of "MLCT character. This assignment is
also stated by theoretical investigations.” > The large ZFS isa
consequence of effective spin—orbit coupling (SOC) between
the three different triplet substates and substates of higher
lying '*MLCT states. According to the extensive discus-
sions concerning effective SOC interactions,'****- these
ISMLCT states have to involve other d-orbitals than that
giving the emitting triplet state. Importantly, all three triplet
substates experience different spin—orbit induced admixtures
to higher lying singlets and, therefore, exhibit different radia-
tive decay rates for the transitions to the electronic ground
state. The corresponding rates are summarized in Table 2.
For example, the radiative rate of substate III of Ir(ppy);
doped in PMMA s as large as kq; =~ 2.9 x 10° s, which
corresponds to an emission decay time of 7y &~ 330 ns.
Obviously, SOC is very effective with respect to substate
III. Furthermore, the results show that the rate of non-
radiative processes is by a factor of about 30 smaller than
the radiative rate for the transition involving this state I11.
In particular, because of these properties of substate III,
Ir(ppy)s attains its attractive emission behavior under
ambient conditions. On the other hand, for the long-
lived substate I with 7; &~ 155 us (mean value in PMMA)
and only little SOC to higher lying singlets, the situa-
tion concerning the nonradiative deactivation is slightly
different. The radiative decay rate of kf ~ 5.7 x 10> s~ is
only about seven times larger than the nonradiative rate.
Hence, with temperature decrease below 7'= 80 K, the
emission quantum yield drops, and at very low temperature

(74) Yersin, H.; Humbs, W. Inorg. Chem. 1999, 38, 5820-5831.
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(T = 1.5 K), the quantum yield decreases to Pp; ~ 88%
(in PMMA). A drop of emission quantum yield at ver
low temperature has also been reported for [Ru(bpy)s]*"*
and can be described similarly.

The possibility of resolving the electronic 0—0 transitions
between the three triplet substates and the singlet ground
state allows us to assign the emitting triplet term further.
Group-theoretical considerations together with measure-
ments at high magnetic fields up to B = 12 T show, because
of the absence of any B-field-induced splitting, that the
symmetry of Ir(ppy); in CH,Cl, is lower than C3 and that
the three "MLCT substates result from a A parent term.

A general consideration seems to be of particular impor-
tance for applications of organo-transition metal com-
pounds, as emitters in OLEDs, including Ir(ppy)s;. These
emitters should exhibit an emission decay time as short as
possible to reduce an efficiency drop (roll-off) induced by
triplet—triplet annihilation or saturation effects at a high-
brightness use or at high current densities.”®~>® This requires
a high MLCT character of the emitting triplet state to allow
for efficient SOC to higher lying "MLCT states. On the other
hand, strong SOC is connected with a large ZFS. Moreover,
mostly the energetically highest triplet substate I11 carries the
largest radiative rate with respect to the transition to the
singlet ground state. Since the emission decay, for example at
T = 300 K, represents an averaged Boltzmann-weighted
decay of all three triplet substates (compare eq 1), even a very
short-lived substate III contributes only with a weakened
importance due to its energy separation from the two other
substates. This is displayed in the population ratio for the
three states, amounting to I = 40%, II = 38%, and I1I = 22%
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(Ir(ppy)s in PMMA at 300 K). The two lower lying substates
represent a reservoir of about 78% of the total population
and thus are responsible for the relatively long decay time
of T = 1.4 us at ambient temperature, although substate III
decays in only ~330 ns (in PMMA). Obviously, it is a challenge
to overcome this general quandary. A very promising
approach in this respect represents the application of the singlet
harvesting strategy, as recently proposed by Yersin et al.*

Finally, our investigations show that the emission proper-
ties of Ir(ppy); depend distinctly on the direct environment,
that is, on the matrix cage of the emitter. For example, for
Ir(ppy); in THF, the total ZFS varies inhomogeneously
distributed over a range of about 85to 150 cm ™' and becomes
as large as 170 cm ™' in CH,Cl,. Accordingly, the emission
decay time of substate III, representing the most important
substate for the radiative properties, varies between 200 and
600 ns. This behavior can be rationalized by matrix cage-
induced variations of the complex’s geometry, which can
alter energy separations between occupied d-orbitals and
d- or m-orbitals. These effects lead to shifts of the d-orbital
energies and alter the d—x mixings (compare ref 46). Thus,
the SOC strengths are distinctly changed, and therefore,
modifications of crucial photophysical properties result.
Consequently, an optimization of the OLED performance
should take the immediate environment, that is, the matrix
material, into deeper consideration.
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