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ABSTRACT: This study highlights the potential benefits of using
terdentate over bidentate ligands in the construction of organometallic
complexes as organic light-emitting diode (OLED) emitters offering better
color purity, and explores in detail the molecular origins of the differences
between the two. A pair of closely related platinum(II) complexes has been
selected, incorporating a bidentate and a terdentate cyclometallating ligand,
respectively, namely, Pt(4,6-dFppy)(acac) (1) {4,6-dFppy = 2-(4,6-
difluorophenyl)pyridine metalated at C* of the phenyl ring} and Pt(4,6-
dFdpyb)Cl (2) {4,6-dFdpyb = 4,6-difluoro-1,3-di(2-pyridyl)benzene,
metalated at C* of the phenyl ring}. The emission properties over the
range of temperatures from 1.2 to 300 K have been investigated, including
optical high-resolution studies. The results reveal a detailed insight into the
electronic and vibronic structures of the two compounds. In particular, the
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Huang—Rhys parameter S that serves to quantify the degree of molecular distortion in the excited state with respect to the
ground state, though small in both cases, is smaller by a factor of 2 for the terdentate than the bidentate complex (S = 0.1 and
~0.2, respectively). The smaller value for the former reflects the greater degree of rigidity induced by the terdentate ligand,
leading to a lesser contribution of intraligand Franck—Condon vibrational modes in the green spectral range of the emission
spectra. Consequently, an enhanced color purity with respect to blue light emission results. The high rigidity and the short Pt—C
bond in Pt(4,6-dFdpyb)Cl also serve to disfavor nonradiative decay pathways, including those involving higher-lying dd* states.
These effects account for the greatly superior luminescence quantum yield of the terdentate complex in fluid solution, amounting
to ¢ppp, = 80% versus only 2% found for the bidentate complex.

1. INTRODUCTION

In the past decade, organo-transition metal compounds
showing efficient phosphorescence at ambient temperature
have attracted much attention, driven especially by the
applicability of these materials as emitters in organic light-
emitting diodes (OLEDs).'”” Because of strong spin—orbit
coupling (SOC), an internal electroluminescence quantum
efficiency of unity can be achieved with such materials, since
both the singlet and triplet excitons generated by electron—hole
recombination (of which the proportions are 1:3) can be
induced to emit (triplet harvesting).®”'

Many efficient green- and red-emitting organo-transition
metal compounds have been discovered. However, materials
exhibiting blue phosphorescence of high quantum yield, and
with a color purity sufficient for device applications, are still
rare. Nonradiative deactivation via higher-lying metal-centered
dd* states,"' ™" and even degradation due to bond-breaking
processes,'"'* become important competitive pathways as the
excited-state energy increases to that required for good blue
emission. Both mechanisms are consequences of the population
of highly antibonding metal d*-orbitals, which can lead to
severe geometrical distortions of the molecules."

Strategies to achieve blue emission and to avoid these
problems make use of, for example, C"C coordinating
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16718 NAC coordinating phenyltriazolates,'® or N*N

carbenes,
coordinating pyridylpyrazolates’® and pyridyltriazolates*' as
chromophoric ligands. Alternative approaches focus on
ancillary ligands with high ligand-field strengths, such as CO,
CN~,>*7** or pyrazolylborates.”® Very recently, efficient blue-
light emission has been realized with Cu(I) complexes.'**°
Currently, most blue-emitting materials are based on Ir(III)
as the central metal ion. On the other hand, a number of Pt(II)
compounds that exhibit blue phosphorescence are also
known.'®*” 7% These materials offer additional possibilities
for light generation, since their square-planar coordination
geometry favors intermolecular interactions in concentrated
solutions, doped films, or neat samples, leading to exci-
mers>* ™ or aggregates.33_36 Such interacting species may
themselves display efficient emission, which usually is broad
and red-shifted with respect to the monomer emission. A
balanced combination of blue-green monomer and yellow-to-
red aggregate/excimer emission can be utilized for the
generation of white electroluminescence using a single dopant
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In 2002, a series of heteroleptic Pt(II) compounds based on
N”C-coordinating phenylpyridine-type ligands were reported,
several of them showing blue monomer emission.”®* However,
these complexes exhibit only relatively low quantum efficiencies
in fluid solutions at ambient temperature and, despite the high
energy of the emitting triplet state T}, not a deep blue but a
turquoise luminescence due to intense vibrational satellite
bands in the green spectral range. A representative example is
Pt(4,6-dFppy)(acac) (1) (for photophysical studies of this
compound see refs 41—43). On the other hand, it has been
reported that complexes of terdentate, N*C"N-coordinating
dipyridylbenzene (dpyb) ligands exhibit significantly higher
quantum yields when compared to related materials with
bidentate N*C-coordinating ligands.*"**** Pt(dpyb)Cl itself is
a highly efficient green emitter (¢bp, = 0.60 in deoxygenated
CH,CI, at 298 K).** As for the bidentate class, introduction of
electron-withdrawing substituents, such as fluorine, into the
central phenyl ring of the terdentate ligand, meta to the C—Pt
bond, significantly increases the T state energy, allowing blue-
emitting materials to be obtained.”®*® Pt(dpyb)Cl and its
derivatives have also been studied theoretically”’* and have
been apg)lied, for example, as OLED emitters,>”>! sensors for
oxygen>” and metal ions,”> and in time-resolved live-cell
imaging.54

In this work, we present a detailed comparative study of the
blue light-emitting terdentate Pt(4,6-dFdpyb)Cl (2), and the
structurally related bidentate Pt(4,6-dFppy)(acac) (1) (Figure
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Figure 1. Structures of Pt(4,6-dFppy)(acac) (1) and Pt(4,6-dFdpyb)-
ClL (2).

1). Beside investigations of emission properties at ambient
temperature and at 77 K, techniques of high-resolution laser
spectroscopy at cryogenic temperatures were applied to gain
information on the electronic structures of the emitting triplet
states, the zero-field splittings, and the individual decay times of
the T, sublevels of both materials. This allows us to evaluate
the efficiency of SOC."**! Furthermore, we will focus on the
color purity of blue light emission and elucidate how this is
related to the different molecular structures of the materials,
which significantly affect the couplings of intraligand vibrational
modes to the purely electronic transitions. The intensities of
the resulting Franck—Condon induced vibrational satellites,
which are related to the so-called Huang—Rhys parameters,
crucially determine the color of the emitted light both at
cryogenic temperatures and at 300 K. Moreover, we also
consider differences in the radiative and nonradiative
deactivation processes of the two compounds, since their
suitability for OLED applications is strongly related to the

emission quantum yields.
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2. EXPERIMENTAL SECTION

Pt(4,6-dFdpyb)Cl was synthesized according to the procedures
described in refs 31 and 44, and Pt(4,6-dFppy)(acac) as reported in
ref 28.

For spectroscopic measurements at 300 K, the compounds were
dissolved in CH,Cl, at a concentration of about 10> mol/L. Doped
PMMA films were prepared by dissolving the compounds (=~ 1
weight-%) together with PMMA in CH,Cl,. Subsequently, the
solutions were spin-coated on a quartz plate. Absorption spectra
were recorded with a Varian Cary 300 double beam spectrometer.
Emission spectra at 300 and 77 K were measured with a steady-state
fluorescence spectrometer (Jobin Yvon Fluorolog 3). Absolute
luminescence quantum yields were determined with a commercially
available system using an integrating sphere (Hamamatsu Photonics
C9920-02). The estimated relative error of the quantum yields is about
10%. Fluid solutions were degassed by at least three freeze—pump—
thaw cycles with a final vapor pressure at 77 K of ~107°> mbar. A
pulsed diode laser (PicoQuant PDL 800-B) with an excitation
wavelength of 372 nm and a pulse width of about 500 ps or a pulsed
Nd:YAG laser (IB Laser Inc, DiINY pQ 02) with a pulse width of
about 7 ns, using the third harmonic at 355 nm, were applied as
excitation sources for lifetime measurements. Decay times were
registered using a FAST Comtec multichannel scaler PCI card with a
time resolution of 250 ps.

For investigations at cryogenic temperatures, Pt(4,6-dFppy)(acac)
(1) and Pt(4,6-dFdpyb)Cl (2) were dissolved in n-octane and n-
decane, respectively, at concentrations of about 5 X 107 mol/L. The
measurements were carried out in a helium cryostat (Cryovac Konti
Cryostat IT), in which the heating, the He gas flow, and the pressure
were controlled. Magnetic-field experiments were performed in an
Oxford Instruments MD10 cryostat equipped with a 12 T magnet. For
recording site-selective emission and excitation spectra, a pulsed dye
laser (Lambdaphysik Scanmate 2C) pumped by a frequency-tripled
Nd:YAG laser was operated. The spectra were measured with an
intensified CCD camera (Princeton PIMAX) or with a cooled
photomultiplier (RCA C7164R) attached to a triple spectrograph
(S&I Trivista TR 555).

3. RESULTS AND DISCUSSION

3.1. Photophysical Properties at Room Temperature.
The absorption spectra of Pt(4,6-dFppy)(acac) (1) and Pt(4,6-
dFdpyb)Cl (2) in CH,Cl, at ambient temperature are shown in
Figure 2. For both compounds, intense absorptions below 300
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Figure 2. Absorption spectra of Pt(4,6-dFppy)(acac) (1) (dashed
lines) and Pt(4,6-dFdpyb)Cl (2) (solid lines) dissolved in CH,Cl, (c
~ 107> mol/L) at 300 K.

nm (g > 10* M~ cm™) can be assigned to transitions to singlet
states which are largely centered at the chromophoric ligands
4,6-dFppy or 4,6-dFdpyb ('LC states).””*"** The bands at
lower energy are absent in the absorption spectra of the free
ligands, indicating that they represent transitions to states with
metal-to-ligand charge-transfer (MLCT) parentage.
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At wavelengths above ~425 nm, weak absorptions from the
ground state to the lowest triplet states can be observed for
both compounds. For Pt(4,6-dFppy)(acac) (1), the electronic
S, — T, transition lies at 459 nm (21790 cm™, ¢ = 90 M™*
cm™") and for Pt(4,6-dFdpyb)Cl (2) at 467 nm (21410 cm™, &
= 140 M cm™"). The higher extinction coefficient for the
singlet — triplet absorption of 2 already indicates that SOC to
higher lying '"MLCT states is slightly more effective in the
terdentate compound.

Figure 3 shows normalized emission spectra of 1 and 2 at
ambient temperature in deaerated CH,Cl, solution (compare
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Figure 3. Emission spectra of Pt(4,6-dFppy)(acac) (1) (Aex. = 360 nm,
dashed line) and Pt(4,6-dFdpyb)Cl (2) (A = 370 nm, solid line)

dissolved in CH,Cl, (c & 107 mol/L) at ambient temperature.

also ref 27). Both spectra are structured; the high-energy
emission maxima corresponding to the respective electronic T
— S, transitions lie at 467 nm (1) and at 472 nm (2),
respectively. The Stokes shift of 2250 cm™" for the terdentate
compound is significantly smaller than for the bidentate
complex, for which the corresponding shift is about 400
cm™". The smaller Stokes shift found for 2 may be ascribed to
the higher molecular rigidity of Pt(4,6-dFdpyb)Cl as compared
to Pt(4,6-dFppy)(acac).

The intensities of the bands at lower energy, corresponding
to vibrational satellites of ground state modes as well as to
combinations and/or progressions of these modes, are
distinctly lower for Pt(4,6-dFdpyb)Cl than for Pt(4,6-dFppy)-
(acac). This has important consequences for the color of the
emitted light. Thus, despite the high emission energy of the
electronic T} — S, transition, lying in the deep blue spectral
range, Pt(4,6-dFppy)(acac) exhibits a turquoise luminescence
due to the contribution of these intense vibrational bands in the
green spectral range. The corresponding (x; y) CIE color
coordinates™ are (0.22; 0.41). For Pt(4,6-dFdpyb)Cl, the
intensities of the low-energy vibrational bands as compared to
the intensity of the electronic origin are much smaller and thus
a sky-blue emission results (CIE coordinates: 0.18; 0.38), even
though the electronic T; — S, transition actually lies at a longer
wavelength than that of Pt(4,6-dFppy)(acac). These color
differences are also related to the different molecular structures
(rigidities) of the two compounds; a detailed discussion follows
below. For completeness, it may be noted that, apart from a
very slight blue shift of ~#2 nm, the emission spectra of both
materials when doped into a PMMA (polymethylmethacrylate)
host are essentially identical to those in fluid CH,CL,.

The emission properties of Pt(4,6-dFppy)(acac) and Pt(4,6-
dFdpyb)Cl at ambient temperature are summarized in Table 1.
Pt(4,6-dFdpyb)Cl is highly emissive in deaerated CH,Cl,

314

Table 1. Emission Properties of Pt(4,6-dFppy)(acac) (1)
and Pt(4,6-dFdpyb)Cl (2) at Ambient Temperature in
CH,Cl, and Doped into PMMA

Pt(4,6-dFppy)(acac) (1)  Pt(4,6-dFdpyb)Cl (2)

CH,Cl, PMMA CH,Cl, PMMA
Amae [nM] 467 465 472 473
Tem LH5] 0.25 53 6.4 6.3
Pp1. 0.02 0.50 0.80 0.85
K [s7 7.7 x 10* 7.0 x 10*  12x 10° 1.3 X 10°
ky® [s7'] 3.8x10° 70x10* 3.6x10* 25x10*
CIE coordinates 0.22; 0.41 0.18; 0.38

()

“Radiative and nonradiative rate constants are calculated from the
quantum yields and emission decay times according to ¢p, =k, - 7,,,, =

k./(k, + k).

solution, exhibiting a quantum yield ¢pp of 0.80 and a decay
time of 6.4 ys. In contrast, the phosphorescence quantum yield
of Pt(4,6-dFppy)(acac), ¢bp;, = 0.02, is very low and the decay
time of 250 ns is very short.”*' Evidently, this behavior can be
ascribed to a high nonradiative decay rate. Because of the high
emission energy, both the quantum efficiency and the decay
time of Pt(4,6-dFppy)(acac) in fluid solution are severely
reduced by the thermally activated population of a relatively
close-lying dd* state, which is strongly distorted with respect to
the ground state and undergoes efficient radiationless
decay.zg'41 On the other hand, as discussed below, the
activation energy of a corresponding state in Pt(4,6-dFdpyb)
Cl is significantly higher, reducing its thermal population at 300
K. As a consequence, a high quantum yield in fluid ambient
temperature solution results. A dominant reason for the
distinctly higher activation energy in Pt(4,6-dFdpyb)Cl is likely
to be the significantly shorter platinum—carbon bond of ~1.91
A* as compared to ~2.0 A’ in the bidentate compound.
Consequently, a higher ligand-field strength results for the
N"C"N ligand, which destabilizes the quenching metal-
centered states. Additionally, the T, state of the terdentate
compound lies about 250 cm™' lower than that of the
bidentate material, which will also contribute to a reduction of
the quenching efficiency of dd* states in 2.

Moreover, the emission properties are crucially determined
by the different molecular rigidities of the compounds. Unlike
the relatively rigid Pt(4,6-dFdpyb)Cl, Pt(4,6-dFppy)(acac) can
more easily undergo geometrical distortions upon excitation
such as bond elongations or torsional distortions away from
square planarity toward a tetrahedral symmetry, at least in
“soft” fluid solution. This can lead to a stabilization of the dd*
state(s) and consequently further increase their thermal
population. However, in a more “rigid” environment, like in a
PMMA host, such distortions or related energy stabilizations of
the quenching states are largely prevented or are at least less
distinct. Consequently, the nonradiative decay rate of the
bidentate compound is much smaller in PMMA than in fluid
solution and a distinctly higher emission quantum yield of ¢p;,
= 0.5 is found. Similar models have also been applied to explain
the relatively high emission quantum yields of Ru(II)
polypyridine compounds in rigid host media, such as zeolites,>’
glasses,*® or polymeric matrixes®® when compared with fluid
solutions. For Pt(4,6-dFdpyb)Cl, being intrinsically more rigid,
these effects are less important, since the excited molecule is
much less affected by geometrical distortions and stabilizations
of the quenching dd* states. Thus, the emission quantum yield
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is only slightly different if measured in fluid solution (0.80) as
compared to PMMA (0.85) (Table 1).

The radiative rate constants of the compounds at ambient
temperature are nearly independent of the host environment,
with that of Pt(4,6-dFdpyb)Cl (2) being higher than that of
Pt(4,6-dFppy)(acac) (1). This is in accordance with the higher
extinction coefficient of the electronic S; — T transition found
for 2 than for 1 (see Figure 2) and supports the assumption of
stronger SOC in the terdentate compound. However, a more
detailed understanding of the influence of SOC on the
photophysical properties of the materials is not feasible on
the basis of the broad and relatively unresolved spectra
measured at ambient temperature. Therefore, we decided to
make a comparative study of the two complexes with methods
of high-resolution optical spectroscopy at cryogenic temper-
atures. This procedure will allow us to gain a deeper insight into
the properties of the emitting triplet states,*6076

3.2. Vibrational Satellite Structures and Excited State
Distortions. For studies at liquid helium temperatures, the
compounds were dissolved in n-alkanes at low concentration
and rapidly cooled. In the polycrystalline alkane matrixes, the
guest molecules (dopants) substitute host molecules and thus
lie at defined positions. In suitable cases, the application of the
so-called Shpol'skii®® or matrix isolation technique results in
highly resolved spectra with line widths of only a few
em 139442456062 Thege widths are smaller, by a factor of
the order of 100, than those usually obtained with amorphous
or glassy host materials. The resulting spectra mostly represent
superpositions of spectra that stem from different sites,
corresponding to dopant molecules with slightly different
local environments in the polycrystalline host. However, using a
tunable dye laser, one specific site can be excited selectively and
studied individually.

Figures 4 and S show the emission spectra of Pt(4,6-
dFppy)(acac) (1) and Pt(4,6-dFdpyb)Cl (2) at different
temperatures in n-octane and n-decane, respectively. These
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Figure 4. Emission spectra of Pt(4,6-dFppy)(acac) (1) in n-octane at
various temperatures. The excitation wavelengths were 360 nm for the
300 and 77 K spectra, and 451.12 nm (22167 cm™, 0—0 transition 0
— II/III + vibrational energy of 706 cm™) for the selectively excited
20 K spectrum.
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Figure S. Emission spectra of Pt(4,6-dFdpyb)Cl (2) in n-decane at
various temperatures. The excitation wavelengths were 375 nm for the
300 and 77 K spectra, and 454.52 nm (22001 cm™, 0—0 transition 0
— 11 + vibrational energy of 866 cm™) for the selectively excited 20 K
spectrum.

hosts proved to be most suited for the respective compounds.
For both materials, the emission spectra at ambient temper-
ature are similar to those measured in CH,Cl, and depicted in
Figure 3. However, because of the much lower polarity of the n-
alkanes, some additional structures are resolved. In the 77 K
spectra, this effect is even more pronounced. The improvement
of resolution becomes drastic when the samples are cooled with
liquid helium. For example, the selectively excited emission
spectra at 20 K show a series of narrow lines with halfwidths of
only a few cm™. Contributions of dopant molecules located in
other sites, or of inhomogeneously distributed emitter
molecules, can largely be neglected.

For both compounds, an intense high-energy line can be
observed, representing the respective 0—0 transitions from the
higher-lying T substates II (and III) to the singlet ground state
So- This will be discussed in more detail in section 3.3. The lines
of minor intensity at lower energy correspond to vibrational
satellites involving ground state modes, which couple to the
purely electronic transitions II — 0 and III — 0. Low energy
modes (with energies up to ~100 cm™' relative to the
electronic 0—0 transition) are largely determined by vibrations
of the dopant in its matrix cage, representing so-called local
phonon modes.***® Overlapping with this energy range up to
about 600 cm™!, metal—ligand (M-L) vibrations are found,*>*°
while fundamentals higher than ~600 cm™' can usually be
assigned to internal ligand modes.®*>*”%® For the most
intense satellites, second members of progressions can be
observed for both compounds. Representative satellites of the
intraligand modes with vibrational energies of 1497 cm™" {for
Pt(4,6-dFppy)(acac)} and 1313 cm™" {for Pt(4,6-dEdpyb)CI}
are marked in Figures 4 and 5, respectively. The occurrence of
progressions clearly shows that these vibrational modes stem
from Franck—Condon activity.*”**”° Presumably, this is also
valid for all other fundamental modes that are prominent in the
20 K spectra. However, because of the low intensities of most
fundamental satellites, the second members of the Franck—

dx.doi.org/10.1021/ic201664v | Inorg. Chem. 2012, 51, 312—319
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Condon progressions are too weak to be distinguished from the
spectral background.

For those modes showing second members of vibrational
progressions, one can determine the so-called Huang—Rhys
parameter S, which is specific for each vibrational mode and
depends on the shift AQ of the equilibrium positions of the
involved electronic states for the corresponding vibrational
coordinate.”>*7° For example, a Huang—Rhys parameter of
zero would correspond to equal geometries of the excited state
and the ground state. In this case, the whole emission intensity
is carried by the electronic 0—0 transition. With an increase of
the displacement AQ and thus an increase of S, the intensity of
the electronic 0—0 line decreases and the vibrational satellites
of the respective Franck—Condon progression grow in. In the
low-temperature limit, the Huang—Rhys parameter for a
specific Franck—Condon progression does not depend on the
vibrationalsgxélgeg%y and can be determined by using the simple
expression "’

(1)

wherein v is the vibrational quantum number and I, is the
intensity of the respective progression member.

At T = 20 K, the Huang—Rhys parameter for the most
intense fundamentals of Pt(4,6-dFppy)(acac) amounts to
S ~ 0.2, which is depicted for the 1497 cm™' intraligand
mode in Figure 4. Interestingly, the maximum Huang—Rhys
parameter for the vibrational modes of Pt(4,6-dFdpyb)Cl at 20
K is only half as large and amounts to S ~ 0.1, as shown for the
1313 cm™" fundamental (Figure S). Values of that magnitude
show that, for both compounds, only very small geometry
changes between the singlet ground state and the emitting T
state occur, at least in the rigid n-alkane matrixes at cryogenic
temperatures. However, the decrease from 0.2 to 0.1, being as
large as 50%, is enormous and can be ascribed to the different
structures of the two compounds. In the Pt(N"C) system, the
displacements AQ of the potential energy surfaces of the
involved states along the vibrational coordinate of the
corresponding high-energy intraligand modes are evidently
larger than in the rigid Pt(N*C"N) system.

With temperature increase from 20 to 77 K and then to 300
K, the spectral resolution is lost and the vibrational satellites
strongly overlap (Figures 4 and S). Consequently, “exact”
Huang—Rhys parameters for specific modes cannot be
determined any more. However, the spectra clearly show that
the intensities of the vibrational satellite bands relative to the
electronic origin become distinctly larger with increasing
temperature. In principal, the temperature dependence of
Huang—Rhys parameters can be considered by introducing a
so-called effective Huang—Rhys parameter,” since eq 1 is
strictly valid only for a temperature of 0 K. However, for high-
energy vibrations, the temperature dependence of S is
negligibly small. For example, for a vibrational mode with an
energy of 1500 cm™', a low-temperature Huang—Rhys
parameter of 0.1 increases only marginally to 0.1001 at 300
K. Thus, the observed temperature dependent intensity
increase of the vibrational bands has another origin. Most
likely, the n-alkane matrixes become less rigid with increasing
temperature. Presumably, this is related to an anisotropic
increase of the cell parameters, as suggested in ref 72. At 300 K
in a “soft” fluid environment, an even more pronounced
displacement of the involved potential energy surface upon
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excitation is possible. As a consequence, the Huang—Rhys
parameters further increase, and the vibrational bands become
more intense (compare Figures 4 and S).

Interestingly, the trends observed at 20 K are also reflected in
the emission spectra at 77 K and at 300 K. In particular, for
Pt(4,6-dFdpyb)Cl], the intensities of the overlapping vibrational
satellite bands (as compared to the electronic origin) are
significantly weaker than for Pt(4,6-dFppy)(acac). Conse-
quently, the much better color purity of the terdentate
compound with respect to blue emission, as discussed in
section 3.1, is largely independent of temperature.

3.3. Electronic Structures of the Emitting Triplet
States. In this section, we focus on the electronic 0—0
transitions between the T, substates and the singlet ground
state S,. Figures 6 and 7 show site-selective emission and

Pt(4,6-dFppy)(acac)
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Figure 6. Site-selective excitation and emission spectra of Pt(4,6-
dFppy)(acac) (1) in n-octane at different temperatures and magnetic
fields in the range of the electronic 0—0 transitions (T; < S,
transitions). Detection energy for the excitation spectra: 21012 cm™
(I-0-441 cm™, T=12K, B=0T) and 20723 cm™! (Ill; — 0—
743 em™, T = 5 K, B = 12 T). Excitation energy for the emission
spectra: 22167 cm™ (0 — II/III + 706 cm™"). The index B denotes
transitions which are shifted by the applied magnetic field. (Compare
refs 42, 43.).

excitation spectra of Pt(4,6-dFppy)(acac) (1) in n-octane and
Pt(4,6-dFdpyb)Cl (2) in n-decane in the range of the electronic
origins at different conditions. For both materials, the three
substates of the emitting triplet state T can be identified.
For Pt(4,6-dFppy)(acac) in n-octane, only two lines
corresponding to electronic 0—0 transitions can be observed
in excitation and emission at zero magnetic field, lying at 21453
and 21461 cm™’, respectively (Figure 6). The high-energy
transition carries a distinctly higher oscillator strength. Applying
a high magnetic field, the line at 21461 cm™" splits into two
lines, as depicted in the excitation spectrum at B = 12 T. Thus,
it follows that the substates II and III are almost energetically
degenerate with respect to our experimental resolution at zero
magnetic field and therefore are hidden under one line.** In
summary, the zero-field splitting of Pt(4,6-dFppy)(acac) in n-
octane amounts to AE;_; &~ AEy_; = AE(ZFS) = 8.3 cm™.
Pt(4,6-dFdpyb)Cl allows us to observe all three triplet
substates in excitation; the lines lie at 21129 (0 — I), 21135 (0
— II), and 21140 cm™" (0 — III), respectively (Figure 7). An
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Pt(4,6-dFdpyb)Cl
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Figure 7. Site-selective excitation and emission spectra of Pt(4,6-
dFdpyb)Cl (2) in n-decane at different temperatures in the range of
the electronic 0—0 transitions (T; < S, transitions). Detection energy
for the excitation spectrum: 20681 cm™ (I — 0-448 cm™).
Excitation energy for the emission spectra: 22001 ecm™ (0 — II +
866 cm™).

intensity ratio of Int(0 — II)/Int(0 — III)/Int(0 — I) =
15/10/1 is found, which displays the ratio of the oscillator
strengths (allowednesses) of the corresponding transitions.
According to its low allowedness, the very weak transition I —
0 can be observed in emission only at low temperatures below
42 K. At higher temperature, emission from substate II
dominates, while the 0—0 transition III — 0 occurs, because of
its somewhat lower allowedness, only as a shoulder. The spectra
depicted in Figure 7 allow us to determine the zero-field
splitting parameters of Pt(4,6-dFdpyb)Cl in n-decane to be
AE;_; = 5.8 cm™! and AEy,_; = AE(ZFS) = 11.3 cm™.

Temperature dependent measurements of the thermalized
emission decay time provide additional information. Such
studies are well-established in the literature and can be applied
to determine the decay times of the individual T, substates by
fitting a Boltzmann-weighted function for the depopulation of
the three thermally equilibrated sublevels to the emission decay
time at different temperatures (see, for example, refs 41, 73, 74,
and 75 for details of this approach). For both compounds, the
zero-field splitting parameters, which are known from highly
resolved spectra as discussed above, were kept fixed during the
fitting procedure.”® The resulting decay times of the individual
T, substates and the zero-field splitting parameters are
summarized in the energy level diagrams shown in Figure 8
(compare also refs 41, 42). For both compounds, the substates
IT and III exhibit distinctly shorter individual decay times than
substate I, showing that the respective transitions from the
higher lying substates to the singlet ground state carry distinctly
more allowedness than the transition from substate I.

4. ASSIGNMENTS AND CONCLUSION

A comparison of the triplet state properties of Pt(4,6-
dFppy)(acac) and Pt(4,6-dFdpyb)Cl reveals total zero-field
splittings of AE(ZFS) = 83 and 11.3 cm™', respectively.
According to an empirical ordering scheme,”'¥**° which
relates the magnitude of AE(ZFS) to the orbital nature of the
emitting triplet state, the T states of both compounds can be
classified as largely ligand centered (LC) states with moderate
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Figure 8. Energy level diagrams of the emitting triplet states and
individual emission decay times of the T, substates of Pt(4,6-
dFppy)(acac) (1) in n-octane (top, adapted from refs 42, 43) and
Pt(4,6-dFdpyb)Cl (2) in n-decane (bottom).

metal-to-ligand charge-transfer (MLCT) admixtures. The
MLCT contributions are displayed in distinct S, — T,
absorptions (Figure 2) and are in accordance with the relatively
short individual decay times of the higher lying T, substates II
and III, which mainly govern the emission properties at
ambient temperature. It has been derived that emitting states
that are largely of *LC character cannot couple via direct SOC
to higher lying singlet and triplet MLCT states.'>*"”” However,
an admixture of such states to the T state is obviously present.
A corresponding coupling can proceed via a two-step
mechanism involving configuration interaction of the °LC
substates with the substates of higher lying *MLCT states. The
latter can mix via direct SOC with other” MLCT states, which,
however, have to involve different central-metal d-orbitals (for
details see refs 13, 41, 60, 77, 78).

On the other hand, a comparison of the total zero-field
splittings indicates that the AE(ZFS) of 11.3 cm™" for Pt(4,6-
dFdpyb)Cl is about 40% larger than the value of 8.3 cm™ for
Pt(4,6-dFppy) (acac). Interestingly, this trend is also reflected in
the averaged radiative decay rate determined at ambient
temperature, which is larger for the former compound (Table
1). However, the distinctly higher quantum vyield of the
terdentate material in fluid solution is mainly a consequence of
the significantly lower nonradiative rates as discussed in section
3.1. In summary, it can be concluded that SOC to both singlet
and triplet MLCT states (via configuration interaction) is
slightly more effective in the terdentate than in the bidentate
complex. In particular, the singlet admixtures govern the
radiative rates, while the *MLCT contributions probably mainly
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cause different energy stabilizations of the three substates,
leading to the zero-field splitting.'>*"*°

In conclusion, the drastic photophysical differences between
the two studied compounds can be mainly traced back to the
different molecular rigidities. Pt(4,6-dFdpyb)Cl exhibits a less
pronounced distortion of the molecular geometry in the
emitting triplet state with respect to the singlet ground state
than Pt(4,6-dFppy)(acac). As a consequence, Franck—Condon
activity is higher for the bidentate compound. This behavior
can be quantified by the observed Huang—Rhys parameters,
which govern the intensities of the low-energy vibrational
satellite bands.

Moreover, the distinctly shorter Pt—C bond length observed
for Pt(4,6-dFdpyb)Cl than for Pt(4,6-dFppy)(acac) results in a
higher ligand field strength for the former compound. Thus, the
activation energy for quenching via metal centered dd* states
increases. Together with the higher rigidity of the terdentate
compound, preventing distortions and bond elongations even
in “soft” environments like fluid solutions, this effect is
responsible for the drastically higher emission quantum yield
at ambient temperature for the terdentate emitter. In a rigid
PMMA host, a medium more relevant to OLED applications
and which also contributes to suppress geometrical distortions
of the dopants upon excitation, the differences in the emission
quantum vyields between the two compounds are less
pronounced. However, the terdentate complex still exhibits a
higher quantum yield than the bidentate material, and the
spectral color purity of the former is substantially superior even
in this more rigid medium.

The average radiative decay rate of Pt(4,6-dFdpyb)Cl at
ambient temperature (1.2 X 10° s™") is significantly lower than
the values reported for many Ir(III) compounds (up to 7 X 10°
s71)'M1379782 because of generally less efficient SOC in square-
planar complexes as compared to octahedrally coordinated
materials.">*"”® Nevertheless, the terdentate Pt(I) compound
with its high quantum yield at 300 K represents a very
interesting blue-light emitting OLED material. In particular, the
strategy to increase the molecular rigidity in Pt(4,6-dFdpyb)Cl
has proven to be very successful in reducing the intensities of
the vibrational satellite bands in the green spectral range. As a
consequence, a remarkable improvement of the color purity
with respect to blue emission as compared to the less rigid
Pt(4,6-dFppy)(acac) is achieved, even though the emitting
triplet state of the latter compound lies at slightly higher
energy.

These significant differences in photoluminescence between
the bidentate and the terdentate complex also translate to the
electroluminescence behavior. For example, OLEDs prepared
using the two emitters, having otherwise identical device
architectures, have been reported to display CIE coordinates of
(0.24; 0.37) (1) and (0.18, 0.32) (2), respectively.””®
Moreover, the high color purity of 2, with low contributions
from the vibrational components in the green range of the
spectrum, is retained in related terdentate complexes in which
the emission is shifted yet further to the blue. Thus,
introduction of electron-donating methoxy substituents into
the pyridyl-4-position raises the excited state energy, leading to
CIE coordinates of (0.18, 0.27) in a similarly constructed
OLED;** an external quantum efficiency of 6.1% photons/
electron has been reported in that case.*’

In summary, this study has highlighted the potential benefits
of using terdentate over bidentate ligands in the construction of
OLED emitters offering high color purity. The results provide
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insight into the molecular origins of the differences between the
two, which may guide the future design of efficiently emitting
materials for light-emitting device applications.
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