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Abstract

Luminescence quenching studies of a cyclometalated complex, platinum(IN§2eiluorophenyl)pyridinatdN,C? )(2,4-pentanedionato-
0,0) (FPt), in solution at room temperature are reported. HRt complex undergoes efficient self-quenching in solution at room tem-
perature that can be successfully modeled by a monomer/excimer phosphorescence mechanism with a diffusion limited rate constant
(4.2+£0.3x 10° M~ s™1). The emission lifetimes fdFPt monomer and excimer in 2-methyltetrahydrofuran at room temperature are 330 ns
(+£15ns) and 135 ns#{10 ns), respectively. The excited state propertieERf were also investigated. A triplet ener@y of 2.8eV and
excited-state reduction potentE(FP{’~) of 0.81 V versus SCE were determined from quenching studies in agreement with values estimated
from emission spectra and a thermochemical cycle. The excited-state oxidation p&giil ) cannot be determined from electrochemical
data sincéPt undergoes irreversible oxidation. However, a valug(@@P{"™*) = —1.41 V versus SCE was established from an electron transfer
quenching study and thus, a ground state oxidation potenti&Fbcan be estimated to be 1.30V versus SCE.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction portant, since such knowledge will enable the best materials

to be chosen in order to eliminate luminescent quenching by
Square planar platinum complexes have attracted consid-electron transfer between the excited dopant and the other

erable interest for their potential use in a wide range of appli- materials in the device, processes that lead to a decreased

cations such as optical chemosengaisphotocatalysi§?], OLED efficiency.

and molecular photochemical devices for solar energy con-  In this paper, we present a number of photophysical stud-

version[3]. Platinum complexes have also been applied suc- ies of FPtin solution at room temperature. The concentration

cessfully as phosphorescent emitters in organic light-emitting dependent luminescent behaviolFdft was studied by static

diodes (OLEDs]4]. OLEDs fabricated with platinum com-  and transient spectroscopy. TR&t complex was found

plexes can exhibit high emission efficiency, as the strong to undergo luminescent self-quenching at near diffusion

spin-orbital coupling of platinum allows for efficient phos- controlled rates from monomer/excimer phosphorescence

phorescence at room temperat{ig Efficient phosphores-  kinetic analysis. Energy transfer and electron transfer

cent dopants are important components in OLEDs since thequenching studies of the compldéPt were also carried

hole—electron recombination process leads to a mixture of out to estimate the redox properties of et ground and

singlet and triplet excited states in the deVig Recently, excited statg12].

white OLEDs have been prepared with an organometallic Pt

complex, platinum(ll) (2-(46-difluorophenyl)pyridinato-

N,C?)(2,4-pentanedionat®,0) (FPt), with emission that 2. Experimental

originates from both isolated Pt complexes and excimers or

aggregates of the same comp[&% The devices utilized a  2.1. Materials

very simple device structure since only a single dopant is

used in the emissive layer and were highly efficient. In order Al of the neutral organic quenchers used here were com-

to better understand the excited state propertielSRif we mercially available and used as received. The pyridinium
have carried out an extensive photophysical quenching studysalts were prepared by refluxing the corresponding sub-
of this complex and report it herein. stituted pyridine with appropriate alkylating reagent in an

Self-quenching of platinum complexes has been well acetone—methanol mixture overnight, followed by metathesis
known since Che and co-workers reported concentration de-in water with NH;PFs. The solvent 2-methyltetrahydrofuran
pendence of the emission intensity for the complex P¥5,5 (2-MeTHF) was distilled under Nafter being refluxed over
dimethyl-2,2-bipyridine)(CN) [8a]. Other researchers have sodium prior to use. The acetonitrile used was EM Science
reported similar self-quenching for related square planar plat- DriSolv solvent and used as receivE®t was prepared by a
inum complexes, as well as the observation of weak excimer literature procedurgs].
emission at high platinum complex concentratif$)9]. The
self-quenching mechanism used to explain this concentra-2.2. Physical measurements
tion dependent quenching process involves initial formation
of the excited complex, M followed by association with a The UV-vis spectra were recorded on an Aviv model
ground state complex to give a weakly emissive excimer, [M, 14DS spectrophotometer (a re-engineered Cary 14 spec-
M]". The latter process is clearly dependent on the concen-trophotometer). Photoluminescent spectrawere measured us-
tration of the metal complex. The model is identical to one ing a Photon Technology International fluorimeter. Emission
used to describe the monomer/excimer fluorescence Kineticdifetime measurements were performed using time-correlated
of aromatic hydrocarbond0]. Using this model, the diffu-  single photon counting on an IBH Fluorocube instrument.
sion controlled self-quenching rate constants have been deSamples were excited with 405 nm pulsed diode laser having
termined for a number of platinum complexes by monitoring a pulse duration of ca. 1.2 ns and an energy of 500 nJ/pulse.
the self-quenching reactions of the Pt complex as a function The energy per laser pulse was adequate to provide a transient
of concentration. Direct characterization of these platinum signal yet low enough to prevent formation of high concentra-
excimers, however, has been less documented due to limitedions of excited state species, which would lead to quenching
solubility of the complexes, as well as weak emission and by triplet—triplet annihilation. The measured lifetimes have
short lifetimes for the excimei8]. an error of 5%.

Metal complexes in their excited states may be potentoxi-  Quantum efficiency measurements were carried out at
dizing and reducing agertkl], making them potentiallyuse-  room temperature in a 2-methyltetrahydrofuran solution. Be-
ful as sensitizers for photochemical energy conversion (i.e. fore spectra were measured, the solution was degassed by
solar energy conversion). In this context, it is important to several freeze—pump—thaw cycles using a diffusion pump.
know the redox properties of excited metal complex, in or- Solutions of coumarin-47 in ethanab& 0.60) were used as
der to design the optimal combination of donor and acceptor a reference. The equatidn, = @ (2 A Is/n? Asly) was used
materials to interact with the sensitizer in a solar cell con- to calculate quantum yields, whedg is the quantum yield
figuration. Likewise, in organic light-emitting diodes, agood of the sample®; is the quantum yield of the reference,
understanding of the excited state redox properties is also im-is the refractive index of the solverfis and A, are the ab-
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sorbance of the sample and the reference at the wavelength ofowing equation$12].
excitation, ands andl; are the integrated areas of emission

el Ky
bands. K= Tk ok AGe/RT
Cyclic voltammetry and differential pulsed voltamme- + (K—a/Ks) exp(aGe/ RT)
try were performed using an EG&G potentiostat/galvanostat + (K_q/ K8|) exp(AGZj /RT)

model 283. Anhydrous DMF (Aldrich) was used as the
solvent under a nitrogen atmosphere, and 0.1 M tetra(
butyl)Jammonium hexafluorophosphate was used as the sup- Kq
porting electrolyte. A Pt wire acted as the counter electrode, K&”

(electron transfer quenching) 3)

- "1 AGen/RT
an Ag wire was used as the pseudo reference electrode, and +exp( e(;‘/ ) #
the working electrode was glassy carbon. The redox poten- + (K—d/Kg,) exp(AGén/RT)
tials are based on values measured from differential pulsed (energy transfer quenching) 4

voltammetry and are reported relative to an internal ferroce-
nium/ferrocene (Cgre'/CpzFe, 0.45 V versus SCIE).3] ref- where AGan(eD = AGen(en+ (AG?:n(el)(O)/ In2)In[1+

erence. Electrochemical reversibility was determined using exp(—AGen(e)n Z/AG?é( |)(O))] (the free energy of
. en(e
cyclic voltammetry. _ _ activation: Agmon-Levine relationshif)4].
For the bimolecular quenching experimenERt con- In these equations, the diffusion rate constdty

centration was set as 0.01mM and the concentrations of 34 dissociation rate constaft 4 were determined as
quenchers were from 0 to 50 mM. Before each lifetime mea- Kg=1.3x 1000M~1s 1 andK_g=1.5x 10°°M~1s1 for
surement, the solution samples were degassed by severghe solvent 2-Me-THF ang=1.9x 10*°M~1s1 and
freeze—pump—-thaw cycles using a diffusion pump. In the K_gq=2.1x 10°M~1s 1 forthe solvent acetonitrile at room

case of oxidative quenching studies, the samples in aceton"temperature{lS]. K0 AG:n(el)(o)’ andKs are the pre-

' ' - i : en(ely e\ S )
trile were bubble degas§ed with d_ry argon for 15-30 min. exponential factor, the reorganizational intrinsic barrier and
A Stern—Volmer quenching analysis, as in Et), was ap-

lied to determine the bimolecul hi i tant rate constant for back electron transfer to form the reactants
P Le (I) N ((ajrmlne tr? Imolecuiar ?“er?f mgdra € _(;Ogs ?r: S'in their ground state, respectively. These values can be deter-
wherelp andro areé the emission Intensity and excited state ;04 pased on guenching studies done with closely related
lifetime in absence of quenchetsandr are the correspond-

) . ; ; compounds and were choseni, ., ~ 1.4 x 10!%s 1 and

ing values with the quenchers preséfgis the experimental #p ) (el) X _
guenching rate constant and [Q] is the molar concentration 2 Gen(e(0) ~ 0.1 eV to achieve the best fits to the experi-
of the quencher. For the self-quenching studies, the emissionmental results and fall close to the values reported for closely

lifetimes in different concentrations were measured and the rélated Pt complexgg.2]. In electron transfer quenchinis
self-quenching rat&y was determined using E(R), where was taken to equ#d_q [16]. The standard free energy change

[FPt] is the total concentration &Pt. for energy transferAGep, is given by the following equa-
tion: AGen = —{E([Pt]*, [Pt]) — E®°(Q*, Q)}, whereE®®

o _0_q + Kqro[Q] (1) is the energy of the excited state derived from spectr&Rir

1 T and quenchers. The standard free energy change for electron

70 transfer, AGgj, is given by AGe = (Eox — Ered) — E%° +

T 1+ Kqro[FP1] @ Wp — Wr, in whichEqy is the oxidation potential of the elec-

tron donor,Eeqis the reduction potential of the electron ac-
2.3. Data analysis for bimolecular quenching ceptor,W, andW; are the work terms, which take the value
of Wp — W, =0.15 eV for reductive electron transfer quench-
The kinetics for electron transfer or energy transfer (shown ing [17] and have a negligible value for oxidative electron
in Scheme 1L has been modeled and can be fit with the fol- transfer quenchinfR5].
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Fig. 1. Absorption, emission and excitation spectr&®f at different con- Fig. 2. Excited state decay curves of 0.25 rRt in 2-MeTHF monitored
centrations in 2-MeTHF. The inset shows the molecular structuFéaf at 465 and 650 nm.

then decays, consistent with initial formation of the excimer
followed by its return back to the ground state.

The kinetics for the photophysics of &fPt solution can
be treated as shown iBcheme 2 [9,10]Here,K(';’I repre-
sents the monomer self-quenching rate constant (also the
rate constant for excimer formatiorm'}" represents the de-

3. Results and discussion
3.1. Self-quenching

The absorption spectrum along with the room temperature
luminescence spectra 6Pt in 2-MeTHF at three different cay rate for the monomer, aﬁﬁ is the decay rate for the

concentrations is shown ifig. 1 Low energy transitions o, cimer A similar model has been successfully applied to
in the absorption spectrum (300-450nm) are assigned 3Sreat monomer/excimer emission from both pyrét@ and
metal-to-ligand charge transfer (MLCT) transitions, while square planar platinum complexi@. The monomer emis-
higher energy transitions (230-300 nm) are assigneeto sion intensityiy () and the excimer emission intensigy(t)
Ilgand.centered (LC) transmons. At low concentrathn, @ .an then be described using E@S) and (6)respectively,
vibronically structured luminescencéin(ax=465nm) IS\ heres ; and\, are decay constants that are related to the rate
observed from a single emissive species. This emission has . .- oo r<'in the manner shown in E4. In this model, the
t_)een previously assigned to phosphorescence f_rom a triple?:;slrge energy difference between the monomer and excimer
ligand centered®(.C) state of the cyclometalated ligand that (roughly 0.76 €V) makes the excimer extremely stable to-
Is strongly perturbed by mixing with a higher energy, singlet 5 4s gissociation back &Pt" andFPt. Therefore, it can be
meta"to"'ga“‘?' charge transféMLCT) state5]. As theF_Pt ssumed that the rate constant for excimer dissociakibris
concentration increases, a broad, low energy emission pancgignificantly smaller thak ¥ and thus K § can be neglected.
(Amax=650nm) grows into the spectrum, whereas dilution This assumption leads t(KE + KE— KM _ KMEPE) >
of the sample eliminates the low energy emission band. The P S d q

absorption spectra of the dilute and concentrated samples are /41{{\1’I KE[FPt] at low to modest concentrations solutions
the same, having a lowest energy triplet absorption transition (<3 mMm). The decay constarit;, can then be approximated

at 460nm ¢=40M~*cm™?) at room temperature. Excita- asj; = kM + KM[FPt], i.e. the observed monomer decay
tion spectra recorded by monitoring emission wavelengths of rate at a given solution concentration, and the decay constant
465 and 620 nm are identicatig. 1), and match the low en- ), can be treated approximatelyas= K5, i.e. the excimer
ergy absorption bands féiPt. Upon cooling a concentrated  decay rate.

solution to 77K, the 650 nm emission disappears and the

higher energy emission increases in intensity and undergoesy (1) o« € %1 4 Ae™* (5)
a small rigidochromic blue shift to 458 n{B]. A vibronic
progression is observed in the spectra at 77 K with a spacingig(t) « g Ml g (6)

of 1470cntl. On the basis of this spectroscopic data, the
structured high energy emission can be assigned t&fte

M
monomer and the featureless low energy emission band can hy N +FPt, K, . .
be assigned to aRPt excimer. The time dependence of the FPt FPt* — [FPt.EPt]
emission intensity from thEPt monomer and excimer were KM “FRL K KE
measured by monitoring the luminescence decay at 465 and d d
650 nm, respectivelyHig. 2. Whereas the monomer signal FPt IFPt

shows emission decay commencing immediately after the
excitation pulse, the excimer emission initially increases and Scheme 2.
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Fig. 3. Monomer luminescence decay curvesRBt in 2-MeTHF at con-
centrations listed in inset dfig. 4. The inset shows the decay curves in a

semilog plot.

1800

where A = (K + KY'[FPt] — 11)/(x2 — K} + KE[FP]),

and

1
M2=3 (Kg/' + Ky [FP+ Kg + K§

2
F \/ (K§+KE—KY — KM[FPt])"+4KM KE[FPt])

The luminescent decay 6Pt monomer akmax=465nm

()

dependence, i.&Kgps = KP," + K(';"[FPt]. The slope of the
linear fit to this data gives a large, near diffusion controlled
self-quenching rate constant of 420.3x 10°M~1s~1 for
excimer formation. This finding supports the assumption that
KE is quite small relative t&). The intercept of the linear
fit to the data gives the emission rate in the absence of self-
quenching (i.e. infinite dilution limit [FPt- 0) and thus, an
estimate of the intrinsic lifetimer{,g) for FPt. The intercept
of the best-fit line K} = 3.0 x 10°s™1) corresponds to an
FPt monomer lifetime of 330 ns#15 ns) at infinite dilution.
A quantum efficiency of 0.6% was measured Fét emis-
sion for a dilute sample (0.01 mM) where only monomer
emission is observed. The radiative and non-radiative
rate constants are then calculated to be x11®*s™!
(trag=55uns) and 3.0x 10Ps~1, respectively [18]. The
radiative rate constants observed Fd?t are similar to val-
ues reported for related square planar platinum complexes
[9].

Several groups have described excimer formation dur-
ing self-quenching of platinum complex¢8]. Although
the intrinsic monomer lifetimes and the self-quenching rate
constants have been determined for most of the complexes
through analysis of monomer luminescent self-quenching,
few studies have determined the excimer emission decay
rate directly[9b,f,i]. Fortunately, thé=-Pt complex has suf-
ficient solubility and high enough excimer luminescent ef-
ficiency to allow for direct measurement of the excimer
formation and decay kinetics. The rise and fall of the ex-
cimer emission intensity in a 0.25 mMPt solution was

was examined at a number of different concentrations Monitored at 650 nm. The excimer decay can be well fit
(Fig. 3. According to the model shown above, monomer with a bi-exponential function, representing the forma-
emission decay should exhibit bi-exponential kinetics. tion and decay of the excimeFig. 2). According to dis-
However, our experimental results display a simple mono- cussion above, the decay constanp)(at such a con-
exponential decay for the monomer at all concentrations Centration can be treated as equal to the excimer decay
studied Fig. 3 inset), which can be simply explained as due 'ate, Kg. Appl|cat|on of Eq.(6) to the excimer signal at

to the pre-exponential factor, A, beirgl (i.e. K§ < Ky}).
A plot of the measured emission decay rate versus thethus, an excimer lifetime at ca. 13510ns. Therefore,

FPt concentration is linearHg. 4), matching the expected

7
2.0x10° 7 Kobs =3.0 x108 + 4.2 x10° [FP1]
1.6x107
'73,' 1.2x107 1
2 (mM)
[+]
Y 6 0.08
8.0x10°+
0.25
0.41
4.0x10° 0.83
1.65
3.30
0.0

Concentration Lifetime

(ns)+5%
314
250
210
155
95
60

T L T T
0.0 1.0x10° 2.0x10° 3.0x10°

[FPt] (M)

L]
4.0x10°

Fig. 4. Modified Stern—Volmer plot of self-quenching (squareskfet. The

inset is a table of monomer lifetimes and concentrations.

650nm then givestg a value of 7.5:0.5x 10°s* and

the FPt complex has comparable monomer (3305 ns)
and excimer (135 10 ns) lifetimes, which causes the pro-
nounced rise and decay signals for the excimer emission
intensity Fig. 2. The monomer and excimer lifetimes
for FPt are similar to those of other Pt complexes re-
ported in the literature, although there is a wide spread
in excimer lifetimes (40-3000ns)9i]. Some platinum
complexes, e.g. Pt(44li-tert-butylbipyridine)(CN}, have
monomer and excimer lifetimes that differ by a factor of 100
(Tmonomer= 2900 NS;Texcimer™ 40 ns)[9b]. Unfortunately, it

is not possible to determine a value for the quantum ef-
ficiency for excimer emission, so the radiative and non-
radiative rates for the two types of emissive species cannot be
compared.

While we have focused on the solution photophysical
properties ofPt, D’Andrade and Forrest have examined the
excimer formation and decay kinetics felPtin the solid state
in both neat and doped thin filnjgd]. Both FPt monomer
and excimer emission were observed under these conditions
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at room temperature and 10 K, with the proportion of emis- 3.2. Excited state properties

sion from the monomer increasing with decreasing temper-

ature. The behavior is consistent with only a small fraction 3.2.1. Redox properties estimated from electrochemistry

of the FPt molecules being in the appropriate disposition and spectra

to generate excimer emission upon excitation of individual ~ Cyclic voltammetry ofFPt shows a single reversible re-
FPt molecules. Energy from aBPt” molecule in the solid ~ duction at—2.29V versus Cgre'/CppFe (~1.84V versus
state migrates via exciton diffusion through the lattice by SCE) and an irreversible oxidative wave at 0.52V versus
intermolecular energy transfer before being trapped by an Cp2F€"/CpFe (0.97V versus SCHP]. The reduction is
FPt “excimeric” dimer, as opposed to the situation in fluid considered to be localized on the cyclometalated ligand while
solution, where excimer formation occurs by physical diffu- the oxidation is thought to occur predominantly at the metal
sion of anFPt" molecule. In a nedtPt film, the lifetime of center{5]. Oxidation of square planar'Ptomplexes is typi-
monomeric emissiori(= 470 nm) decreases frone 8.7ps cally irreversible due to rapid solvolysis of the resultari Pt
at5K tor = 250 ns at 220 K7d]. Exciton quenching ofPt" specieg19]. While differential solvation of the cationic and
at a relatively small number of excimer sites presumably anionic forms of-Ptmay affectthe potentials measured here,
contributes to the decrease in lifetime with increasing tem- the difference in oxidation and reduction potentials, 2.81 eV,
perature in the solid state. At higher temperatures FRg can be used as an estimate of the HOMO-LUMO energy gap.
exciton has a larger diffusion radius (due to thermally acti- An alternate method for evaluating the HOMO-LUMO sep-
vated intermolecular energy transfer) and is more likely to aration is to use low energy edge of tHdLCT transition
encounter an excimer formation site prior to unimolecular in the absorption spectrum &Pt (Fig. 1), which occurs at
decay. Since the processes for generafiRgexcimer emis-  3.1€V (~400 nm). This spectroscopic method for estimating
sion in solution and the solid state are very different, it is the HOMO-LUMO gap may also give an inaccurate value,
not proper to compare the parameters determined for thedue to solvation, correlation and reorganization effects, thus
rates of excimer formation in the two systems. It is, how- both electrochemical and spectroscopic methods should be
ever, useful to compare monomer and excimer decay ratesreated as estimatg20]. The difference of ca. 0.3eV be-

in the two systems. In fluid solution, the room temperature tween the two estimates of the HOMO-LUMO energy gap
lifetime of FPt* decreases from 330ns at infinite dilution for FPt, combined with the irreversible nature of the electro-

to 60ns at a concentration of 3mM. The low barrier for chemical oxidation process, creates considerable uncertainty
physical diffusion ofFPt" in fluid solution leads td=Pt" in the value of the thermodynamic oxidation potentidret.
quenching by excimer formation at a markedly faster rate Fortunately, a thermochemical cyctegheme Bcan be con-
than doesFPt" exciton trapping by “excimeric” dimers in structed to estimate the ground state redox potentials from
the solid state. The lifetime fdEPt excimer emission inthe  the excited state redox properties and the luminescence data.
neat solid (corrected to eliminate the weak monomer contri- Therefore, in order to gain a more quantitative picture of the
bution) is nearly temperature independent, decreasing fromground and excited state energetics, a number of bimolecular
1.7ps at 100K to 1.3s at 220K. On the other hand, the duenching studies were carried out with &t complex.

FPt excimer lifetime measured in 0.25 mM solution is shorter

(135 ns) and consistent with non-radiative decay channels be-3.2.2. Energy transfer quenching

ing present in fluid solution that are inaccessible in the neat A range of organic molecules with different triplet en-

solid. ergies were used as triplet energy transfer quenchers in this
Table 1

Rate constants for energy transfer quenchingrif

Triplet quenchers E(D*/D)2 E(A*/A)P Et (eV)© AG (eV)d Kq(M~1s1)e
Anthracene 1.16 -1.93 1.85 —0.86 7.22<10°
trans-Stilbene —2.26 2.12 —0.59 5.75x 10°
1-Cyanonaphthalene —-1.98 2.49 -0.22 5.96x 10°
2-Methoxynaphthalene 1.42 2.62 —0.09 3.72¢ 10°
Naphthalene 1.60 —2.29 2.64 -0.07 4.23¢ 10°
Phenanthrene 1.58 —2.20 2.69 —0.02 2.66x 10°
Triphenylene 1.64 —2.22 2.89 0.18 6.66& 107
Fluorene 1.55 2.94 0.23 2.9910°
Methyl-p-cyanobenzoate -1.76 3.12 0.41 <19

a Oxidation potential (vs. SCE, values frdd®a]).

b Reduction potential (vs. SCE, values fr¢h2a]).

¢ Triplet energy (values frorfil2a]).

d Free energy change for energy transfer (values calculated E&me2.71 eV).
€ Bimolecular quenching rate constant.
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study (Table 9. The redox properties of the chosen quenchers
make electron transfer unlikely, based on a preliminary esti-
mate of the excited state redox propertieBBf. The rate con-
stants for energy transfer quenching by each of the quenchers
were determined from the slopes of the Stern—\olmer plots
and are listed ifmable 1 A semilog plot of K§" versusEr

(the triplet energy of a given quencher) shows a marked de-
pendence of the quenching rate on the triplet energy of the
quencher [ig. 5a). Using the kinetic analysis discussed in
the experimental section, the best fit to the experimental en-
ergy transfer quenching data gives Ei? value of 2.80eV.

The triplet energy ofPt obtained in this way is very close

to theE% value of 2.71 eV determined using the highest en-
ergy emission peak in a 2-MeTHF solution at 77 K (458 nm)
[21]. This study also emphasizes the importance of using
high triplet energy host materials in order to prevent lumi-
nescent quenching by energy transfer and thereby maximize
efficiencies in phosphor-doped OLE[X].

3.2.3. Reductive electron transfer quenching

Amines have proven to be excellent reductive electron
transfer quenchers in the studies of Pt complex excited states
[23]. The high triplet energies of these amines, as well as
their high reduction potentialSéble 29, make both energy
transfer and oxidative electron transfer quenching ofhe
excited state unfavorable. The reductive quenching rate con-
stants (from Stern—\Volmer analysis) for each of the amines
are given infable 2and plotted irF-ig. 5b versus the oxidation
potential of each quencher. Increasing the oxidation potential
of the quencher leads to a pronounced decrease in the reduc-
tive quenching rate. Applying the model for electron transfer

b ) . . - (e -
quenching discussed in the experimental section, the best fitFig- 5 Plots of the log¢g™®) vs. Er (', Q), £9%

log (K®l5)

log (Kely)

log (K®')

10

1507

(a) Energy transfer quenching

@)

=l

16 1.8 20

T T
22 24 26

Er(eV)

(b) Reductive electron transfer quenching

T T T
0.2 0.4 0.6
E (D*/) (V vs. SCE)

0.0 0.8 1.0

(c) Oxidative electron transfer quenching

—T 7
1.2 -1.0 0.8 -06 -04 -0.2

E (A+9) (V vs. SCE)

0x and E(A*0) for en-

. Had . _ergy transfer quenching (a), reductive electron transfer quenching (b) and
to the experimental data for the excited-state reduction po oxidative electron transfer quenching (c)ERt", respectively, by organic

tential is 0.81V versus SCE. This value is very close to 0ne mgjecules in 2-MeTHF at room temperature. Circles represent experimental
estimated from th&® energy and the ground state reduc- data, solid lines are best fitting curves.

tion potential usinggcheme 30.87 V versus SCE). Thisisto

be expected, since the reduction is completely reversible andmaterial should exceed both parameters to maximize the lu-
the phosphorescence energy is similar to the triplet energyminescent efficiency of a device. A good demonstration of the
determined in the quenching studies. problem is seen for mixtures &Pt andN,N'-diphenylN,N'-

The effects of both energy transfer and electron transfer di(3-toly)benzidine (TPD), a common hole transporter for
quenching need to be considered when emplofiAgas the OLEDs. TPD has a triplet energy of 2.3 eV and an oxidation
dopant in OLEDs. Sinc&Pt has a high triplet energy and  potential of 0.73 V versus SCE. As showrHig. 6, thin films
a high excited-state oxidation potential, an appropriate hostof TPD doped with 1 wt.%-Pt do not show any monomer
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Table 2

Rate constants for reductive electron transfer quenchifdof

Reductive quenchers E(D*/D) (V)2 Er (eV)° Kq (M~1s71)C
N,N,N',N'-Tetramethyl-1,4-benzenediamine 0.12 .60 10°
N,N,N’,N'-Tetramethylbenzidine 0.43 iy 821x 10°
1,4-Diazabicyclo[2.2.2]octane 0.60 poci 116x 10°
N,N,N',N'-Tetramethyldiaminoethane 0.67 83 428x 108
N,N-Dimethylp-toluidene 0.71 a 219x 108
Triethylamine 0.78 >3 2.21x 10

a Potential vs. SCE (values frof#3]).
b Triplet energy (values frorfi.2a]).
¢ Bimolecular quenching rate constant.

FPt emission, rather TPD fluorescence &t excimer-like Table 3

emission are observed instgad]. This quenching of thEPt Rate constants for oxidative electron transfer quenchirgPof
monomer emission is to be expected when one considers thedxidative quenchefs E(A*/A) (V)° Kq(M~ts 1)
differences in electrochemical potentials and triplet energies N,N'-Dimethyl-4,4-pyridinium —0.45 5.42¢ 10°
between the two host materials. Reductive electron transfer4-Amido-N-ethylpyridinium —0.93 4.56x 10°
reaction ofFPt is spontaneous with a 0.08 V driving force, 3-Amido-N-methylpyridinium —1.14 1.63¢ 10°
N-Ethylpyridinium -1.37 2.28x 107

whereas energy transfer to TPD is exergonic by nearly 0.4 eV.
On the other hand, thePt excimer-like state in the doped | geﬁaq%’olmphsoéghatel Sa“?- .

TPD film is not quenched. The lower triplet energy, and con- Bi‘:ni?e'gu;;sr'quenéxﬁ];izt:’ctgnls){am.

sequently less positive excited-state oxidation potential, of

the excimer are endogonic with respecttothe TPD triplet state

energy and reduction potentials. Hence;Ht is doped into

a material with a higher oxidation potential and higher triplet Presented ifable 3 A plot of log K versusE(A*) for the
energy, such as CBP (CBP =4M,N-dicarbazole-biphenyl,  oxidative quenching is shown iRig. 5c. The curve shown
Eoxid = 0.98 V versus SCEET = 2.6 eV), bothFPt monomer in Fig. 5 is the best fit to the experimental data using Eg.

and excimer-like luminescence are observed from doped thin(3) and gives an excited-state oxidation potentia-df41V
films (seeFig. 6). versus SCE. In the fitting process used here, the only param-

eter being adjusted to achieve the best fit is the excited-state
o ) oxidation potential (see previous discussion). Application of
3.2.4. Oxidative electron transfer quenching the thermochemical cycle Bcheme gjives a value of 1.30 V

_ Pyridinium acceptors have previously been used for 0X- ye5s SCE for the ground state oxidation potentidFRf.
idative quenching experimenf&5]. These compounds have g yajue calculated from the excited-state reduction poten-

bOth_ high triplet energies and oxidgtion potent_[ﬂé], pre- tial, when combined with the reversible reduction potential
cluding energy transfer or reductive quenching processes ¢ _ 1 g4\ versus SCE determined by cyclic voltammetry,

from occurring with mf)st donor compqunds. The quench- gives a HOMO-LUMO energy gap in 3.14eV. The energy
ing rate constants ¢&fPt" by these pyridinium quenchers are of the HOMO—LUMO gap (395 nm) obtained in this man-

ner closely corresponds to the onset of ANL.CT transition

TPD in the absorption spectrum. Therefore, we can conclude that
—a— 1%in TPD thermodynamic ground state oxidation potential Fétt is
109 I — o 32%inCBP nearer 1.30V versus SCE, rather than the value of 0.97 V
versus SCE obtained using electrochemical methods.
0.8 4
3
@
= 997 4. Conclusions
7]
c
E e We have conducted a series of luminescent quenching
studies of the moleculePt in solution phase at room temper-
0.2 ature. The formation of red shifted emissive phosphorescent
triplet excimers from the self-quenched triplet excited state
0.0 —T T monomers has been observed in 2-MeTHF solution at room
300 400 500 600 700 800

temperature. A rate constant of 42.3x 1°M~1s!

for the excimer formation has been determined from the
Fig. 6. Photoluminescence spectraraf% FPt doped into TPD and 3.2% ~ Monomer self-quenching behavior. The intriqsic lifetime for
FPt doped into CBP. the excited state of the monomer was determined to be 330 ns

Wavelength (nm)



B. Ma et al. / Coordination Chemistry Reviews 249 (2005) 1501-1510

(£15ns) at infinite dilution, while the excimer lifetime was
found to be ca. 135nsH10 ns) for a 0.25 mM solution.

Energy transfer and electron transfer quenching studies
were carried out to determine the photoredox properties of
excited state of thé&Pt complex. Values obtained for the
triplet energy (2.80eV) and the excited-state reduction po-
tential (0.81V versus SCE) from these studies are in accord
with values estimated using tRB8° energy from the emission
spectra and a thermodynamic cycBectieme Bbased on the
electrochemical and spectral properties of e complex.

An excited-state reduction potential 6fL.41V versus SCE
was also obtained by an oxidative electron transfer quench-
ing study. This value does not concur with the value predicted
from electrochemical and spectroscopic measurements due to
the irreversibility of the electrochemical oxidation. However,
using the thermodynamic cycle and tE® energy from the
emission spectrum, the ground state oxidation potential for
FPtis estimated to be near 1.30 V versus SCE. This value for
the oxidation potential oFPt is a consistent with the value
calculated using the onset of tABILCT transition and the
reversible reduction potential of the complex. With a good
picture of the excited state energy and redox properties in
hand, we expect to be able to design OLEDs with higher ef-
ficiencies, as well as high efficiency solar cells, ugtij as

the light emitter or absorber, respectively.
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