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Origin of efficient light emission from a phosphorescent polymeforganometallic guest-host system
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Time-resolved photoinduced absorption measurements were performed at 77 K and room temperature on
thin films of trid9,9-dihexyl-2¢phenyl-4 -(-pyridin-2"-yl)fluorendiridium(lll) [Ir(DPPF)] doped into a
blend of poly(N-vinylcarbazole (PVK) with 2-(4-biphenyly)-5-(4-tert-butylphenyt1,3,4-oxadiazol¢PBD).
We observe that in the PVK-PBD host blend, charge trapp@ip plays an important role in the excited-state
dynamics, in addition to exciplex formation and intensity-dependent decay of primary excitations. We develop
a physical model which includes all interactions and which is in excellent agreement with the data. We find that
35% of the initial photoexcitation channels into CT states and that exciplexes are formed at a rate of /10 ps
For the Ir(DPPF) doped host composite, we write the rate equations for all population dengitiesh
include the above excited-state sperisd include energy-transfer rates from the host to the guest molecules.
In both 0.2% and 2% Ir(DPPE)(PVK-PBD) blends, Frster energy-transfer rates drop to half their low-
temperature values at room temperature. We attribute this difference to a limited availability of guest molecules
ready for energy transfer following charge trapping and insufficient spectral overlap due to shifts in the highest
occupied and lowest unoccupied molecular orbital levels of the guest upon hole trapping. We conclude that the
overall host-guest energy transfer is almost complete at room temperature in the 2% phosphorescent blend,
with a large contributior{35%) from CT states which exhibit emission at all probe wavelengths.
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l. INTRODUCTION guestt”8 In electroluminescencéEL), following injection
of the carriers, direct electron and hole trapping plays a role,
Phosphorescent dopants have been successfully used @id an excited dopant molecule is formed by the sequential
organic light-emitting diodes(OLED's) to improve the trapping of a hole and then an electron onto the guest orga-
device performance by breaking the spin conservatiomometallic complex.
rule. The resulting harvesting of both singlet and triplet — —
excitons has led to very high-efficiency OLED&S?®
One of the most promising guest-host systems
uses the phosphorescent-guest[%&-dihexyl-2{phenyl-
4’ -(-pyridin-2"-yl)fluorendiridium(lll)  [Ir(DPPF), Fig.
1(a)] into a host blend comprising polM¢vinylcarbazole
[PVK, Fig. 1b)] with 2-(4-biphenyly)-5-(4-tert-
butylpheny)-1,3,4-oxadiazolé PBD, Fig. 1c)]. Because of
the strong spin-orbit coupling of the heavy metal center, Ir
complexes have efficient phosphorescence and short life-
times, which typically range from 1 to 14s. In this study,
we investigate in detail the physical processes involved in
the high performance of Ir(DPPEHoped OLED’s. On a
sub-nanosecond time scale, ultrafast pump-probe spectros-

copy offers key information on how the photoexcitation is
transferred from the polymer host to the organometallic (a)
—
0]
e

phosphor guest.
When designing a host-guest system, one has to carefully _6 CH
analyze its ability to transfer the initial excitatid¢optical or
electrical pumpingfrom the host material“blue emitter”)
to the dilute guest species which emit at longer wavelengths.
The emission of the blend will be redshifted, with a twofold
benefit: minimum reabsorption losses and tunable emission
color with the use of various dopant chromophores. Often,
the mechanism behind the observed photoluminesc@tice
spectra of polymer blends is the transfer of energy from host (b) (©)
to guest via the long-range dipole-dipole interaction, known

as Faster energy transféf~°As a result, complete, rapid  FIG. 1. Chemical structures ¢&) Ir(DPPF), (b) PVK, and(c)
energy transfer can occur even at dilute concentrations of thesD.
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1.0 tem followed by an optical parametric amplifier, providing

o ~120 fs[full width at half maximum(FWHM)] pulses at a

g 08 repetition rate of 1 kHz with tunable wavelength. The pump

,‘é wavelength was set at 328 n(8.8 eV), close to the peak

g 06 absorption of both PVK and PBD. The two host components

% absorb strongly, while the absorption from Ir(DPRHR}

T 04 much weaker. Although the extinction coefficients of the

E guest and that of the host at the pump wavelength have com-

2 02 parable values, the guest molecules are very dilute in the host
composite (-1:350 molar ratip. Thus, the probability that

00'1 1 10 100 1000 an incident UV photon will be absorbed in the Ir(DPRF)
blend by either PVK or PBD is much higher. Transient ab-
sorption experiments were also performed in 2 wt%
FIG. 2. Host(dashed ling and guest(solid line) normalized  I"((DPPF);:PMMA blends (PMMA is polymethylmethacry-
excited-state populations as function of probe time delayT at late, a neutral polymer host with negligible absorption at 328
=77 K and 2% doping concentration. Probe wavelength is 500 nmnm) in order to asses any possible contribution to the photo-
while pump is set at 328 nrisee the details in Sec. III)C induced absorptiorfPA) signal from directly excited guest
Following ultraviolet (UV) optical pumping of the molecules, ip the absence pf energy transfer from the host.
I(DPPF);:(PVK-PBD) blend, the observation of green Due to thg dllutg copcentratlon of guest mo!e_cules in PMMA
phosphorescence at guest concentrations exceeding 0.133d despite their fairly Ieir?e Enlolar absorptivity at the pump
proves that energy is indeed transferred from the host to th&avelength (1.X10°> cm *M™%), no PA signal was de-
guest. For future device development based on such systentgcted(2—3 % of pump absorption in the sample is a mini-
techniques are required that go beyond steady-state expeflum requirement for a pump-probe experimeiiherefore,
ments to quantify the rate and/or time scale of the energyhe number of guest molecules directly excited by the pump
transfer, and identify the mechanisms involved. By using thecan be safely neglected throughout the paper. The pump en-
well-established sub-picosecond pump-probe method, it haargy was approximately 0.8J per pulse with a spatial ex-
been illustrated in the case of polymer bleHdbat during  tent of 120um (HW1/kM) at the sample plane.
Forster energy transfer, the density of excited guest mol- In order to probe the photogenerated excited state, the
ecules increases as the concentration of excited host makansmission of a femtosecond white-light continuum pulse
ecules decreases. Although the transfer mechanism is mo(gbtained by focusing J+J of 800 nm into a 1-mm-thick
complex, a similar picture can be presented for thesapphire window was monitored. Wavelengths were se-
Ir(DPPF); system(Fig. 2. The details are described in Sec. |gcted from the continuum beam by using interference filters.
IIl. A quick look at the dynamics of the phosphorescent\ye have performed measurements of the probe differential
blend, compared to that in fluorescent polymer blends, show$,nsmission at four different wavelengths, 480 nm, 500 nm,
that the transfer proceeds somewhat more slowlgss \m and 580 nm, in all thin-film samples throughout this
(~200-300 ps) and the guest excitation reaches only aboy, . - The time delay of these single-wavelength probe

o o o
70% of the initial host excitation. beams, with respect to the pump pulse, was achieved with a

Time (ps)

Il EXPERIMENT computer controlled translation stage that is inserted into the
_ pump beam path before the beam reaches the sample. The
A. Sample preparation data presented in this work are expressed in terms of the

The synthesis and characteristics of the phosphoresceflifferential change in transmission of the proteT/T,
Ir(DPPF), have been reported elsewhéfe?VK and PBD  Which is directly proportional to the change in absorption,
were obtained from Aldrich and used without further purifi- Aa, whereAa=oN, with o the excited-state absorption
cation. The organic thin films were spin cast-a1500 rpm  cross section anbll the excited-state population density. The
from 3% solid solution in 1,2-dichloroethane onto UV grade328-nm pump pulse caused a reduction in the transmitted
fused silica substrates. In addition to PVK and PBD pristineintensity of the probe pulsghotoinduced absorptigrat all
films, and the PVK-PBD hos#40 wt %), blends incorporat- wavelengths. In general, the PA signal decreases with time as
ing two concentrations of the guest molecule were preparedi consequence of the decay of the excited-state population.
0.2 wt% and 2 wt%. Film thicknesses ranged from 200 nmThe pump beam was mechanically chopped and phase sen-
to 300 nm(measured with Dektak profilomejeVisual ex-  sitive (lock-in) detection was utilized to detect signals
amination showed that the films were of gOOd Optical qua”tysma”er than 102 The Samp|es were kept under dynamic
(with the exception of PBD neat film where scattering cen-yacuum to avoid photo-oxidation. Liquid-nitrogen cooling of
ters form as a result of poor solubiljty the sample holder allowed us to perform experiments with
the sample aff=77 K, in addition to room temperature.
Experiments were performed within two days of spin casting

The source for the ultrafast nonlinear spectroscopic meahe films to avoid phase separatigas observed in device
surements was a Spectra-Physics amplified Ti:sapphire systudies.

B. Pump-probe instrumentation
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12 12 of the problem at this low temperature, we can later add in
the CT contribution to the PA to explain the more complex
behavior at room temperature.

A. PVK-PBD host at T=77 K

Interesting characteristics of the PL spectra from this host
system have been recently discu$8ed relation to the ef-
fect of carbazole-oxadiazole excited-state complexes on the
efficiency of OLED’s. While the PL maxima for PBD and
PVK occur at 380 nm and 410 nm, respectively, the PL spec-
tra of PVK-PBD blendgweight ratios from 95:5 to 40:60
show maxima at systematically longer wavelengths, near 425

Wavelength (nm) nm (see Fig. 3 The redshift is essentially independent of
composition and indicates the formation of an excited-state
FIG. 3. Normalized absorption® and O) and photolumines- complex.

Absorbance
PL intensity (arb. units)

cence @& andA) spectra of thin films of PVK-PBI40 wt %) and Two different classes of excited-state complexes, both im-
Ir(DPPF), respectively. portant for polymer light-emitting diodeéPLED's), have
been documented in the literaturexciplexesand elec-

Ill. RESULTS AND DISCUSSION troplexes Photoexcitation generates free carriers either di-

rectly(~10% in conjugated polymerswhen the electronic

As briefly noted in Sec. I, the energy-transfer mechanismvave functions are delocalized or when dissociation of neu-
in Ir(DPPF),:(PVK-PBD) blends is more complex than in tral excited states is facile, i.e., when the exciton binding
the case of two-component polymer bler@s? in order to ~ energy is small. Thereby, the emission signature of elec-
maximize the spectral overlap of the host emission and th&oplexes is visible in the EL spectrum but not typically in
guest absorption for the desiredrBter energy transfer, PvK the PL spectrum. Conversely, exciplexes are generated
was selected as the host because it is a blue emitter witlhrough photoexcitation, so their emission is visible in both
emission spectrum that overlaps the absorption spectrum &L and PL spectra. The presence of excited-state complexes
the Ir(DPPF). The UV-visible absorption and PL spectra of in the host matrix alters the energy levels present, and may
thin films PVK-PBD (40 wt%) and pristine If(DPPR)are ~ Very well impact the efficiency with which energy can be
illustrated in Fig. 3. The requirement to have balanced chargi@nsferred to the guest molecules.

injection in electroluminescent devices led to the addition of Based on our observations, we propose a simple model to
PBD into the host polymer since PVK is a hole-transportdescribe the time evolution of excited-state population in the

material while PBD is an electron-transport material. PVK-PBD blends aff=77 K; the model incorporates the
The photoinduced absorption results obtained from thdollowing species{i) primary excitations with effective new
PVK-PBD host a|0ne proved Somewhat Cumbersome_ ;parameters for both the bimolecular and the natural decay
simple model of single excited-state species with intensity!ates(independent from those in pristine filinand ii) exci-
dependent dynamic¢bimolecular annihilation as is the plexes with formation rate and lifetime yet to be determined,
case for po'Yp_pheny'ene V|ny|enk(PP\/) derivative32'0_24 which exhibit PA(OI’ stimulated emiSSiC)nat |Ongel’ pI’Obe
is not sufficient to account for the data obtained from theWwavelengthsredshifted with respect to pristine films of PVK
host material. The initial decay of the excited-state popula@nd PBD. _ _ _
tion at room temperatureT(= 300 K) seems to be too fast; The use of effective parameters for the primary excita-

an attempt to fit the data leads to an overestimated bimolecdions is a simplified approach to evaluating the composite
lar decay rate, and the overall fitting curve is not in agree10St, as opposed to studying the individual components and
ment with the data at longer time delaifke population has including interactions betwe_en _dlfferent molecular species in
been depleted after the first 10)pFhis behavior suggests the blend. We mad_e a quantitative attempt to follow the Iatt_er
that only a fraction of the initial photoexcited species un-route where the ratio of PVK to PBD species along with their
dergo bimolecular decay followed by natural decay dynameXxcited-state absorption cross sections need to be precisely
ics, while the rest of the population lingers for a longer time.determined. The quality of pristine PBD filmith a ten-
Considering the intrinsic properties of P¥and PBD and dency toward c'rystalllzatlonand other (_axperlmental errors
previous work on charge-trappi@T) states in conjugated prevented consistent result§. Our data indicate 'Fhat the bimo-
polymer/fullerene blend$: we designed our experiments as lecular decay rate of PBD is greater than that in Pidke
follows: at a low enough temperatur& £ 77 K) the mobil- ~ order of magnl_tud)eand the lifetime is shorter, 5010 ps(vs

ity of any carrier created upon excitation is zero, the carriers500+100 ps in PVK. _

are frozen; we thus eliminate one mechanism that could con- Following the intensity-dependent dynamics of the
tribute to the time evolution of the excited population in the €xcited-state absorptlgzn in PPV oligomers, we write a rate
host blend. This argument is well justified in amorphouseduation of the forrf~

polymers, such as PVK, where trap-controlled and dispersive

hopping as transport mechanisms require an activation en- ﬂ: _ &_ @NZ (1)

ergy in excess of 0.1 e¥.Once we obtain all the parameters dt N
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FIG. 4. The excited-state dynamics of PVK-PBD blend at 480

nm (A) and 532 nm A) (T=77 K). Fitting parameters in Eq&l)
and(2) are given in the text.

where the first term represents the natural lifetime degay
and the second term describes the bimolecular dggaris-

ing from the interaction between excitations. The excitation
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FIG. 5. HOMO and LUMO levels ofa) PVK, (b) PBD, and(c)
Ir(DPPF).
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signature of PBD at early times. After approximately 50 ps,
excited PBD entities have already decayed, leaving behind
longer-lived excited PVK species and exciplexes.

B. PVK-PBD host at T=300 K

densities and the mean separation between excitations en- We noted in the beginning of Sec. Il that the behavior of

countered in our experimerisee Ref. 2D fall within the
regime where Eq(l) applies well.

the host blend at room temperature suggests the presence of
longer-lived (up to millisecond®’ 28 excited-state species.

The excited-state dynamics in the PVK-PBD blend for The upper limit on the time delay in our experiment was 0.5

480-nm probe are presented in Fig(apen triangles The
best-fit parameters in the numerical integration of EL.
(solid line) are the natural lifetimer; = 1500 ps and the bi-
molecular coefficientB,(480 nm)=6.9x 10~ 22 cn® ps~ 2,
The excitation density at the front surfaddg=a F/f w,
whereF is the input fluence and is the linear absorption
coefficient at frequency, was 7x10'° cm 3+10%. The
simple model of single excited-state spedjesmary excita-

ns, thus the contribution of metastable CT states will appear
approximately constant over this time interval.

At this point, we have used a simple model, including
primary excitations and exciplexes, to show the basic physi-
cal features that contribute to the population decay in our
samples aT =77 K. In order to account for a constant term
in the transient signal in the sub-nanosecond regime, we con-
sider the excited-state absorptidrr to arise from a super-

tions) undergoing intensity-dependent recombination dynamgposition of the remaining primary excitatiotd; and the
ics [Eq. (1)] agrees quite well with the data at both 480 nmnewly formed CT stateblcr:
and 500 nm. Similar parameter values were inferred from our

experiments in pristine PVK films. The results indicate that
addition of PBD to the host material does not significantly

Aa(t,\)=Ny(t)oy(A) +Ner(t) oer(N). 3

influence the dynamics, at least at these particular wavefhe spectral dependence of each excited spedesieter-

lengths.

mined by its cross sectiam, . The functional form of Eq(3)

The situation is quite different at longer probe wave-is based on a physical model with the following featur@s:
lengths, e.g., at 532 nm and 580 nm. The data suggest the.; is formed at times within the experimental resolution
presence of an additional excited species. From the PL speg¢~- 200 fs) 2%°(ii) the contribution oNct to A« is approxi-

tra, we know that exciplexes are formed. PBD must play anately constant in the picosecond regime, iMgr(t)

role in the exciplex formation. IN, is the exciplex popula-
tion, its dynamics can be described by

dN,
dt

N1 N

1
T2

2

Texc

where (rexd ! andr, are the rate of exciplex formation and
lifetime, respectively. Equationd) and(2) provide the cor-

rect model for fitting our data. Figure 4 also includes the

more interesting dynamics of the blend at&=77 K and
532-nm probe(closed triangles The bimolecular decay
coefficient is found to be By(532 nm)y=5.8
X 102 cm® ps 2, while 7¢,.=10 ps andr,=100 ps. The

=Nc7. The possibility of having CT states in the PVK-PBD
host system is justified if we take a look at the highest occu-
pied molecular orbitalHOMO) and lowest unoccupied mo-
lecular orbital(LUMO) levels of PVK and PBE and their
position with respect to each othjmee Figs. &) and 5b)].
Both electron and hole trapping are favorable and we do not
distinguish between them when we refer to the charge-
trapping populatioN¢t.

Following closely the analytical treatment applied to con-

jugated polymer/fullerene bilayers and bleRdsye first nor-

malize the measuredT/T curve in the PVK-PBD blend at
room temperature to the zero-delay value in the thin film at
T=77 K(i.e., where CT states have been frogand rewrite

large value for bimolecular decay points to the dominantEg. (3) in the form
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038 tures. The energy transfer is evident in the PL spegraen
emission from the guest molecujeat even lower doping
levels!? Here we present results obtained with the 2% blend
at both temperatures.

The HOMO and LUMO levelssolid boxe$ of Ir(DPPF);
are shown in Fig. &). The HOMO level was measured by
cyclic voltammetry, the basic principle of which is to mea-
sure the oxidation potential of the compound. The LUMO
level was calculated from the optical absorption assuming
that the optical gap is equal to the energy g HOMO-
LUMO gap. A close look at these levels suggests the fol-

1 10 100 lowing scenario:(i) after initial excitation of PVK-PBD
Time (ps) blend, a hole is .trapped Qnto' the guest' organometallic com-
plex (with the highest oxidation potential out of the three

FIG. 6. Decay dynamics in PVK-PBD blend €300 K) for ~ components (ii) the presence of a positive charge on the
480-nm (A) and 532-nm A) probes. The solid lines represent metal center lowers the LUMO levétlashed ling and (iii)
numerical fits from the model involving bimolecular decay of pri- electron trapping by the cationic guest molecule is now fea-
mary excitations, exciplex formatiofat 532 nm, and a constant sible (it can be reduced more easily than the electron trans-
contribution from long-lived CT statetsee the tejt The dashed port material and energy transfer by Ester mechanism is
lines exclude the latter mechanism, analogous to the behavior olyffected as welldifferent overlap between the host emission
served aff =77 K. and guest absorptidnin other words, free carriers created
by photoexcitation of the PVK-PBD blend end up being
trapped on the iridium complex where they recombine within
their lifetime (~ us).

The previous route, used in the host composite, to isolate
different physical processes seems to be the logical route to
follow in the Ir(DPPF}) blend as well. Namely, experiments
conducted af =77 K should solely reveal the dynamics of
the energy transfer in the absence of mediated charge exci-
tation. After the rate of transfer is determined, adding in CT

darit
norm

gct
dT/Tnorm(t):(1_§)g(tr§)+§o__l- (4)

The decay functiorg(t,£) in the first term of Eq.(4) is
simply the nonlinear decay obtained by integrating Eg.
with the same parameters and B, used to fit the dynamics
of the excited-stateBl; in the previous casé€Sec. Il A). In
the case of exciplex formationobserved at longer-
wavelength probgsthis term also includes the integration of ¢, ;g precisely follows the treatment from Sec. Il B.
Eqg. (2). The dependence of this decay function §nthe The coupled rate equations to model thasfer energy
charge-trapping probability, is included explicitly to indicate {,onsfer between the host and the guesbscripts H and G,

the sensitivity of the bimolecular decay to the fraction of respectively are obtained from Eqgl) and (2) with the
excited states undergoing CT. The second term is time inde€yqition of one term:

pendent and contains the relative excited-state cross section

of the CT staFeSgr_CT/al. _ . . _ dNy Niw Bo , Bi
As shown in Fig. 6, this revised model yields good fits to =————=Nig— —=Nuu, (58
the data at delay times beyond 1 ps. The two fitting param- dt Tih At Vit
eters extracted from the fit are the fraction of CT states,
=0.35-9%, and the relative cross sections,.1/o; dNoy  Niy Noy B
——0.081=10% and 0.092 10% (for 480-nm and 532-nm A e T L2 (5b)

probes, respectivelyWe note that CT states have an emis-

sive character at 480 nm while absorptive at 532 nm. All the
: iFati i dNsg B B2 N3g

other parameters, i.e., lifetimes and bimolecular rates, are =+ =Nyt —= Ny ———. (50)

fixed at their values determined in the preceding section. dt t Jt T3G

The coefficients3; and 8, measure the strength of therFo
ster transfer whiléN ;¢ denotes the guest population building
At this point, we have developed a physical model whichup as the energy transfer proceeds. From fitting to the data,
explains all the decay features observed in the PVK-PBDwe find that the lifetimersg is greater than 10 ns, but an
host, including the wavelength-dependent bimolecular decayccurate determination within the time frame of our experi-
exciplex formation, and charge related phenomg@tectron  ment is difficult. This observation is consistent with the long
or hole trapping Knowledge of the host dynamics is essen-triplet lifetime of iridium complexes, on the order of few
tial for subsequent modeling of the energy transfer to themicroseconds. The natural decay of the guest population dur-
guest molecules in the Ir(DPPFplend, the ultimate goal of ing the first nanosecond will be neglected from here on. All
this work. other variables in Eq95a—(5¢) have been defined in Sec.
Samples with two doping concentrations, 0.2% and 2%]Il A.
were measured within two days of their preparation, under Equationg5a) and(5b) are valid for the host excited-state
dynamic vacuum at liquid nitrogen and at room temperapopulationsprimary excitations and exciplexe®epending

C. Ir(DPPF);: (PVK-PBD) blend
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1.0 within a few hundreds of picoseconds. Note the slower trans-
08 fer as compared to that in the earlier work on polymer
blends, 300 ps vs 10 p&® We attribute this difference to
n 06 the strong mixing of ligand centered and metal-to-ligand
S charge transfeftMLCT) states due to spin-orbit couplitig
that leads to a fairly weak oscillator strength of the MLCT
02 state. The ability of the guest molecules to efficiently absorb
Lo the host emission in the dipole-dipole mediated energy trans-
' fer is diminished as well. For comparison, the rate of transfer
0.8 in the 2% Ir(DPPF) blend is at least five times smaller than
g 06 that measured in polymer blends with similar doping, as dis-
= .
2 04 cussed in Ref. 17.

In this work, the guest excitation reaches about 70% of
the initial host excitation at all probe wavelengtilsge Figs.

1000 2 and 7 andT=77 K. This is expected since the number of
excited guest molecules upon energy transfer depends on the
pump pulse characteristi¢s addition to other details such

FIG. 7. Time-resolved Hster energy transfer in as the spectral features of the blend componeats is in-

Ir(DPPF);:(PVK-PBD) blend(2 wt %, T=77 K). The probe beam dependent of the photon energy of the probe. This latter be-

was at 500 nm4\) and 532 nm &). The pump wavelength is 328 havior provides an additional criterion for the adequacy of

nm. Solid lines(top graph represent fits using the excitation den- 5y model and fitting procedure, especially for the case of
sities from Figs. 2 and Tbottom graph respectively. Host popu- 535 nm probe where two species of the host population con-
lation at 532 nm has two components, primary excitations and exg.ip o 1o energy transfer, primary excitatiohg,; (dashed
ciplexes (dashed and dotted lines, respectiyelwhile the guest l d inlexed\ (éotted ling, respectivelysee the
population is shown in solid line. ine), an EXCIPIEXENaH ! PECHIVE

bottom graph in Fig. 7 and Eq&)]. The only fitting param-

on the probe wavelength, one or both equations need to b%ter_s used are the ener_gy-transfer rdes and the relative
used: i.e., at 480 nm and 500 nm, only Esa) and (5¢)  ©xCited-state cross sectiang/o,y (see Table)l

apply, with the rate of energy transfgg. Subsequently, for Using the |nformat|.on and insights obtained from the
numerical integration of Eq50), only the first positive term 7 /-K data, we are finally ready to analyze the room-
contributes, ﬁll\ﬁ) Ny, while N,=0. At longer probe tempe_zrature excitation dynamics of the_ ble_nd_s,. Visual in-
wavelengths, the entire set of Eqsa—(5¢) is required for spection of the blend under UV pump irradiation shows a

fitting the data. When all excited species are present, th8ignificant change in brightness when the temperature is el-

differential change in transmission is obtained from the nu_evated fromT =77 K to room temperature. We recall that CT

oAl i ; _ . species play an important role in the dynamics of PVK-PBD
merical integration of Eqe53~(5¢) as follows: host. We already noted that, considering the HOMO and

Ton O3 LUMO levels of the components, trapping of all the free
dT/T(t)=dT/T(0)| N1y(t) + Noy(t)— + Nzg(t)—|, carriers(following photoexcitation of the hosbn the guest
I1H T1H 6) molecules is expected<(35% of initial population. It turns
out that CT states in the Ir complex have an emissive char-
where dT/T(0)=o,4NoL with L-film thickness, and acter at all probe wavelengtiisee Table ) and thus en-
excited-state cross sectian’s correspond toN;’s and Ng hancement of the steady-state phosphorescence from the
=N14+ N,y+ Njg (initial excitation density. blend is expected with increasing temperat(geeen emis-
In Fig. 7, we present data from the 2% Ir(DPRB)end at  sion).
T=77 K, with 500-nm and 532-nm probes. The model pro- The physical model which takes the CT states into ac-
vides excellent fits to the data. The energy transfer proceedsunt was presented in the preceding section. We have ap-

0.2

0

Time (ps)

TABLE |. Fitting parameters for numerical integration of E¢E)—(6).

PVK-PBD Ir(DPPF) T=77 K T=300 K
N (M) oy (10 em?) opuloiy o3clom octlowm octlowm Bi(ps D Ba(ps M Bi(ps ™) B, (ps '
480 2.78 0.55 —0.081 —0.133
500 2.83° 0.45 0 0 0.08 (0.04°) 0.04° (0.029
532 499 0.15 0.15 0.092 —0.602 0.04 (0.02° 0.04° (0.02°
580 5.62 0.10 0.40 0.140 —0.535

3+ 10% experimental errors.
bFor 2% Ir(DPPF} blend, at all wavelengths.
°For 0.2% Ir(DPPF) blend, at all wavelengths.
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10 . transfer rateg; , drop to half their values in going fror
08|  absorption =77 K to 300 K (at both doping concentrationsOne pos-
06> sible reason for the latter behavior is the proposed downward
S 04 shift in energy of the LUMO level in the Ir(DPPE@fter a
© 02 hole is trapped. The spectral overlap of the host emission and
0 guest absorption is thus changed. The energy-transfer rate
02f o TG changes as well. A second reason is possible saturation of the
Ir-complex sites available for energy transferTat 300 K,
10 since 35% of the guest population is occupied through
038 charge trapping within the first picosecond after excitation.
o 06
Z:’ o _ IV. SUMMARY AND CONCLUSIONS
™~ - -7 RN Gong and co-workers have recently repottetf32high-
02 ,>’\ \\ efficiency green electrophosphorescent light-emitting diodes
ok=—"" e —— (LED’s) upon doping the PVK-PBD or conjugated copoly-
1 10 100 1000 mer hosts with Ir(DPPF) or similar organometallic com-
Time (ps) pounds. The devices exhibited no emission from PVK or

PBD even at the lowest doping concentration of 0.1 wt %.
FIG. 8. Top: the excited-state dynamics of the 2% Ir(DRAR)  These results indicate that iSter energy transfer plays mi-
PVK-PBD blend afT=300 K, probed at 532 nm{). The solid  nor role in achieving high efficiency in these devices, and
and dashe_d lines are the fits obtained from nl_Jmerl_caI integration ohat direct charge trapping is the dominant mechanism in
Egs.(5), with and without CT states, as explained in the text. Bot- g|actrophosphorescence. In the case of optical pumping, the
tom: normalized host population densitiéé,, (dashed lineand gy ation is quite different. The PL spectra show that the
’e\ljgit(ed dogedelr']r;?' S?r!::]s"fr;er z:gvish;‘eent?;nb?r: of guest molecules o ision of the host system is largely quenched only beyond
Y 9y g pping. 1 wt% doping of Ir(DPPR). This behavior points to the
long-range(dipole-dipole Forster coupling as one of the ma-
plied it successfully to the Ir(DPPEplend at room tempera- jor mechanisms responsible for energy transfer following
ture and the numerical fits are in good agreement with th@hotoexcitation in the phosphorescent blend.
data. Figure 8 shows the excited-state and population dynam- We followed the leads from previous device work and
ics in the 2% blend at 532-nm probe aneg 300 K. We note  approached this host/guest system with ultrafast spectros-
a few important featuresi) change in sign of the differential copy technique. Determination of the sub-nanosecond dy-
transmission from absorption in the host to emission of thenamics of the excited-state populations in the blend is the
guest, after-100 ps,(ii) trapped charges on the dopant mol- key to quantify the rate and time scale of the energy transfer.
ecules largely contribute to the emission of the blend at early Time-resolved photoinduced absorption experiments on
times (top graph, downward shift of the dotted lin€iii) PVK-PBD blends(40 wt %) showed intriguing excited-state
35% of the initial photoexcitation in the host being trans-dynamics relative to the pristine PVK and PBD films. Ex-
ferred to the guest is included in the population dynamicsaamination of the host behavida blue emitter at various
(bottom graph i.e., normalized\, (dashed ling starts at probe wavelengths was essential for determining and subse-
0.65 (zero time delay is not visible due to the logarithmic quently modeling the energy-transfer mechanisms in the
scale and fast initial decay of the populatiomhile N3  doped systems with small concentrations of Ir(DPRF)
(solid line) begins at 0.35, an@v) most noticeably, the guest which result in strong green phosphorescence.
excited population reaches close to 100% of the initial exci- We developed a model for the host system in which single
tation in the host material at room temperature. excited-state speciegprimary excitations and exciplexes
Experiments at all four probe wavelengths were also pereontribute to the observed dynamics at low temperatiire (
formed using the 0.2% Ir(DPPE)blend (data not shown =77 K). For short-wavelength probes, PVK excited species
herg. The results are consistent with those presented aboveominate the behavior observed in composites and thus the
With the exception of the energy-transfer rate, which deditting parameters involved in data analysis, i.e., bimolecular
pends upon guest molecule concentratice, mean distance decay rate and lifetime, resemble those obtained in pristine
between host and guest molecyjeshe same relative PVK films. The studies with longer-wavelength probes indi-
excited-state cross-section values were successfully used aate an additional excited-stafexcipleX and that the over-
fitting the data from both 0.2% and 2% blends. all decay is faster. The features of PBD excited species, i.e.,
All the fitting parameters for the various experimental fast bimolecular decay and short lifetime, as well as those
conditions presented in this section are summarized in Tablgom longer-lived PVK excited states were incorporated for
I. Two facts are worth noting from the tabl€@) different  modeling the composite host. Using the concerted effect of
excited-state species may be responsible for the dynamiddVK and PBD primary excitations at these wavelengths, we
observed at 480 nm and 500 nm vs 532 nm and 580 nm, i.edefined new effective parameters, namely, the bimolecular
spectral dependence of the relative cross sections seemsdecay rate and the natural lifetime. Simultaneously, as sug-
have an inflexion point at 500 nm, an@) the energy- gested by redshifted PL spectra from PVK-PBD blends, ex-
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ciplexes are present. From fitting the data, we obtained atransfer. Both the rate and the timing of the energy-transfer
exciplex formation rate of 1/10 ps and a lifetime of mechanism were found from the best-fit parameters to the
~100 ps. experimental data. We attributed the slow energy transfer
At room temperature, an additional time-independentover a time of at least 300 ps following the initial excitation
term in the differential transmission curve was introduced tao the low oscillator strength of the guest absorption. The
explain the time evolution of the excited population in the gyerall energy transfer is almost complete at room tempera-
host. We have successfully applied the model of chargetyre in the 2 wt% blend, with a large contribution of 35%

trapping states, developed for conjugated polymer/fullerengom CT states which exhibit emission at all probe wave-
blends’* to the PVK-PBD blends. We found that 35% of the |engths.

primary photoexcitations evolve into CT stat@sther elec-
tron or hole trapping Their relative cross sections at differ-
ent wavelengths were inferred from fitting to the data. We
note that the CT states in the host composite have an emis-
sive character at 480 nm but become absorptive at longer The ultrafast spectroscopy was supported by the Air Force
probe wavelengths. Office of Scientific Research under AFOSR Grant No.

Finally, we performed pump-probe experiments in 0.2%F49620-02-1-0127Charles Lee, Program Officeand by
and 2% Ir(DPPF) blends, at liquid-nitrogen and room tem- the National Science Foundation under Grant No. NSF-DMR
peratures. The HOMO and LUMO levels of the three com-0096820. The synthesis work was supported by the National
ponents suggest that, upon excitation of PVK-PBD host, thé&cience Foundation under Grant No. CHE0098240. J. C.
charge carriergelectrons and holesare trapped on the iri- Ostrowski acknowledges support from the Eastman Kodak
dium complex where they eventually recombine. The re-Company. R. A. Negres is grateful to Dr. V. Srdanov for
maining primary excitations undergo” fSter-like energy valuable discussions.
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