Electrochemiluminescence Studies of Phosphorescent Dopant
and Host Molecules of Polymer Light-emitting Diodes
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Electrochemiluminescence (ECL) from tris(2-phenylpyridine)irdium [Ir(ppy)s] was investigated following cross
reaction of its anion with oxidized poly(N-vinyl-carbazole) (PVK) and its cation with reduced 2-(4-biphenylyl)-5-
(4-tert-butyl-phenyl)-1,3,4-oxadiazole (PBD). Both cross reactions show Ir(ppy)s emission and the cross reaction of
PVK**/Ir(ppy); showed the highest ECL intensity. The comparisons of the reaction enthalpy and the energy of
Ir(ppy)s light emitting shows that reaction between PVK™ and Ir(ppy); is energy sufficient to populate
metal-to-ligand charge transfer (MLCT) excited singlet (3.04 eV) of Ir(ppy)s, while the reaction between
Ir(ppy)s and PBD ™" is energy efficient to populate MLCT excited triplet (2.4 V). The ECL result in solution re-
veals that the energy released from charge transfer between the Ir(ppy)s and PVK or PBD is sufficient to produce
the excited state of Ir(ppy)s in solid polymer light-emitting diodes (PLEDs) based on PVK : PBD hosts doped by
Ir(ppy)s. These results obtained will provide further insight into charge-transfer excitation in PLEDs.
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Introduction

Electrochemiluminescence (ECL) is a well-known
method for generating light: electrochemically gene-
rated radical ions undergo a homogenerious €lectron
transfer to produce the excited state that releases excited
energy as light."? ECL has been long of interest because
it can provide a simple light production mechanism for
various applications and some insight into light-emitting
mechanism.® ECL can be observed from both organic
and inorganic compounds such as 5,6,11,12-tetrapheny!-
naphacene* and transition metal complexes Ru(l1) che-
lates,>® which were extensively used for sensitive or
selective detection reagents in analytical chemistry.’
Recently, the materias investigated for ECL study®
have been expanded to the light-emitting materials used
in OLEDs (organic light-emitting diodes) which are
extensively investigated subject since it was reported by
Tang and VanSlyke® and considered to be the candidate
for the next generation light source and flat panel dis-
plays. By using solution contacts for one of electrodes
[eg. ITO/MEH-PPV (poly(2-methoxy-5-(2'-methyl-
hexyloxy)-1,4-phenylene vinylene))/acetonitrile, 0.4
mol/L tetrabutylammonium tetrafluorborate, BusNBF],
Richter's studies’ showed that there was connection
between ECL and the condensed-phase properties of
MEH-PPV. Anderson et al.? investigated the electro-

chemical characteristics of hole- and electron-transport
materials, as well as molecular dopants for OLEDs, and
found that the ECL reactions DIQA/DIQA™* |
DIQA**/Alg;* and DIQA—*/TPD** al produced
emission spectra from DIQA*s state which were identi-
cal to emission spectral response seen from OLEDs.
These ECL reactions described in solution provide
much valuable informations for understanding these
materials and electroluminescence (EL) process in
OLEDs and therefore, it is expected that ECL are likely
to provide a direct means for characterizing and opti-
mizing the condensed-phase electrochemical reactions
that lead to emissive state production.®

Recently, severa literatures™®** reported ECL be-
haviours of cyclometaated Iridium complexes which
are effective phosphorescent dopants in OLEDs. These
reports focused mostly on annihilation reaction of Irid-
ium complexes themselves or co-reaction with coreac-
tant. The ECL behaviours from cross reactions between
Iridium (Ir) complex and PVK [poly(N-vinyl-carbazole)]
or PBD [2-(4-biphenylyl)-5-(-4-tert-butyl-phenyl)-1,3,
4-oxadiazole] are till not to be investigated, while the
study on such system is very significant. To the best our
knowledge, athough Iridium (Ir) complex doped
PVK : PBD as light-emitting layer is one kind of pre-
vailing device architecture in the fields of PLEDs and
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the charge-trapping induced excitation of dopants,
which is similar to the electron-transfer reaction of ECL
process in solution, was the dominant mechanism for
light emission in these devices"® the detailed
charge-transfer process occurring among the component
of these materials of PLEDs is still not well understood.
It is expected to well know the process so as to optimize
these condensed-phase redox process and achieve better
device performance.

In the paper, we investigated the ECL process from
electron-transfer reaction between the ionic states of
tris(2-phenylpyridine)irdium [Ir(ppy)s] and the ionic
species of PVK or PBD. We hope that the results ob-
tained will provide further insight into charge-transfer
excitation in PLEDs.

Experimental

Cyclic voltammetric experiments and ECL studies
were performed on the electrochemical and chemilumi-
nescent analyzer (MPI-A). A three-electrode cell was
used, which consists of a carbon disk (r=3.0 mm)
working electrode, a platinum wire counter electrode
and an Ag/AgNO; (0.01 mol/L) reference electrode.
Prior to each experiment, the carbon disk electrode was
polished with alumina paste. For electrochemical and
ECL measurements, millimolar concentrations of the
molecules aong with 0.1 mol/L tetrabutylammonium
perochlorate (TBAP) were dissolved in dry degassed
N,N,-dimethyl-methamide (DMF). During the ECL ex-
periments, the potential of the working electrode was
stepped between potential limit established to lie from
0.02t0 0.14 V beyond the potentials needed to reduce or
oxidize the target molecules. ECL emissions were ob-
served during the second reactant generation step in the
course of a triple-step-potential sequence.**** To meas-
ure the spectral response of the ECL process, narrow
bandpass interference filters with a wavelength range
from 400 to 700 nm were placed under the cell and used
to determine the ECL emission spectrum.

The PLEDs for EL measure were fabricated with the
structure indium tin oxide (ITO)/PVK : PBD (7 : 3):
Ir(ppy)3(5%)/LiF/Al. A blend of PVK, PBD, and
Ir(ppy)s in chlorobenzene solution was spin-coated on
top of the film of ITO on the glass substrate. The
spin-coated film was about 70 nm-thick measured with
an ellipsometer, and the cathode of the device, LiF (0.8
nm)/AI(100 nm), was deposited by vacuum thermal
evaporation. EL spectra were recorded by a spectro-
photometer (PR-650) and photoluminescence (PL)
spectra were measured on a fluorescence spectropho-
tometer (JY -Fmax-4).

Results and discussion

Figure 1 shows chemical structure of Ir(ppy)s; and
PBD, and their cyclic voltammetry in 0.1 mol/L
TBAP-DMF solution. The peak potential is a mean
value for three-time measurements. The oxidation of
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Ir(ppy)s proceeds by one electron process'® and its oxi-
dation wave shows a peak potential of +0.36 V. The
reduction wave of Ir(ppy)s shows a peak potential of
—2.68 V. From Figure 1a, the redox states of Ir(ppy)s
are chemically stable on the time scale of seconds. The
reduction wave of PBD with a peak potential of —2.34
V shows an ifi;of 1.17 (Figure 1b), indicating that
anion radical of PBD is stable on the time scale of sec-
onds, while the oxidation peak is not observed in our
experiment due to the unstability of PBD radical cation.
The similar results were reported by Keszthelyi et al.*’
for a related compound, 2,5-diphenyl-1,3,4-oxadiazole.
The oxidation of PVK is achemicaly irreversible proc-
ess'® and the peak potential for PVK oxidation is about
+0.79V vs. Ag/Ag .

[3%]
|

= 1 4@

E 04 |fll"P})=

ERE

2 -2 1

8 .3

&1
=2 T T Y T T T T T ¥ T T T T T Y
-3.0 25 20 -15 -1.0 -05 00 05

~ 41

< 34(b)

L 2 -

2 11

s 0

& 1

S 37 _
‘5 T T T T T T T T T T
3.0 25 220 -15 -1.0 05 00 05

EIV [vs. Ag/Ag'(0.01 mol +L)]

Figure 1 Chemical structure and cyclic voltammogram of (@)
Ir(ppy)s and (b) PBD in 0.1 mol/L TBAP-DMF solution. The
reference electrode is Ag/AgNO; (0.01 mol/L), [Ir(ppy)s] =0.1
mmol/L, [PBD]=0.1 mmol/L, scan rate=100 mV.

In PLEDs based on PVK . PBD doped by Ir(ppy)s,
the holes were injected into the hole-transporting mate-
riadd PVK to form radical cation state, which is similar to
the electrochemically oxidized process in solution, and
the electrons were injected into PBD to form radical
anion state, which is similar to electrochemically re-
duced process. In addition, when the injected holes or
electrons transport jumpily between the PVK or PBD
molecules,™ they can be trapped by Ir(ppy)s molecules
to form cation or anion states of Ir(ppy)s due to its ioni-
zation potentials and the electron affinity located inside
the band gap of PVK and PBD.? Thus the excited state
of Ir(ppy)s can be presumably produced by electron-
transfer reactions as follows:

Ir(ppy)s =+ Ir(ppy)s — Ir(ppy)s + Ir(ppy)s D

PVK™*+Ir(ppy)s — PVK+Ir(ppy)s 2

PBD*+ Ir(ppy)s — PBD + Ir(ppy); 3
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Therefore, the ECL investigation below focuses on
the reactions above.

Figure 2 shows the ECL emission spectrum obtained
from the cross reaction in Eq. (2), EL spectrum from
PLEDs and the photoluminescence (PL) spectrum of
Ir(ppy)s in PMMA (polymer methyl methacrylate) film.
In Figure 2, there is about 25 nm difference between
ECL emission spectrum produced by the reaction in Eq.
(2) and EL (PL) in the intensity maxima. It should be
noted that the spectral response of ECL process was
obtained by narrow bandpass interference filters, and
the 25 nm difference is the experiment error resulting
from narrow bandpass interference filters. Regardless of
experiment error, the spectrum shape produced in ECL
is similar to that in EL, indicating both emission from
the same excited state, namely, metal-to-ligand charge
transfer (MLCT) triplet state.™ As for cross reaction in
Eg. (3) and annihilation reaction in Eq. (1), the emission
spectra obtained are the same as the reaction in Eq. (2).
These ECL results suggest that the three reactions can
induce population of MLCT triplet state of Ir(ppy)s.

Figures 3a and 3b show the ECL emission intensity
vs. time profile in the presence of Ir(ppy)s alone and
mixed solution containing Ir(ppy)s and PBD, respec-
tively. The potential for Ir(ppy)s solution was stepped
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Figure 2 ECL response spectra for triplet potentia step ex-
periments. ECL emission spectra for solution containing PVK
(0.5 mg/mL) and 0.5 mmol/L Ir(ppy)s (dot line), EL spectra of
PLEDs based on PVK : PBD doped by 5% Ir(ppy)s (solid line)
and PL spectra of 5% Ir(ppy)s doped PMMA film (dash line).

from +0.50 to —2.70 V, exclusively forming
Ir(ppy)s and Ir(ppy); , and for mixed solution the
electrode was stepped from +0.50 to —2.40 V, only
producing Ir(ppy); and PBD~*. In Figures 3aand 3b,
the ECL emission intensity (integral of emission across
the intensity spectrum) from reaction in Eq. (1) is 1.5
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Figure 3 ECL emission intensity vs. time profiles for triplet potential step experiments in the presence of (a) 1 mmol/L Ir(ppy)s, (b)
mixed solution containing Ir(ppy)s (0.5 mmol/L) and PBD (0.5 mmol/L), (c) mixed solution involving Ir(ppy)s (0.5 mmol/L) and PVK
(0.5 mg/mL) in which potential is stepped from +0.85to —2.70 V, and (d) mixed solution involving Ir(ppy)s (0.5 mmol/L) and PVK
(0.5 mg/mL) in which the potential is stepped from +0.50t0 —2.70 V.
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times higher than that of reaction in Eqg. (3), which
means that more photons are released from the reaction
in Eg. (1). The comparisons of the reaction enthalpy
(calculated according to the equation in reference®) and
the energy of Ir(ppy)s emitted light can determine
whether the reaction is energy-efficient S-routes or en-
ergy-deficient T-routes processes. The reaction enthal py
for reaction in Eq. (1) isca. 2.88 eV, indicating that the
energy released is sufficient to populate the triplet state
of Ir(ppy)s directly (2.40 eV).?? As for cross reaction in
Eq. (3), the enthalpy is about 2.54 €V. It appears mar-
ginally sufficient to populate the triplet state. The higher
ECL emission intensity from reaction in Eq. (1) may be
aresult from higher reaction enthalpy.

Figure 3c shows the ECL emission intensity vs. time
profile in the presence of Ir(ppy)s and PVK. The eec-
trode is stepped from +0.85V to —2.70 V, producing
PVK* and Ir(ppy); , aswell as Ir(ppy); . It suggests
that the reaction in Eq. (1) may also operate when the
electrode is swept to potential where the cross reaction
in Eqg. (2) occurs. As shown in Figure 3c, the ECL in-
tensity from PVK/Ir(ppy)s was the highest among the
three reactions and its intensity was nearly twice that of
reaction in Eg. (1). However, one question is whether
the reaction in Eq. (2) is a maor contribution to light
emission in PVK/Ir(ppy)s. In order to clarify the ques-
tion, we observed the ECL emission intensity from this
system when potential is stepped from +0.50 V to
—2.70 V, in which only reaction in Eq. (1) contributes
to light emission. It was found that its ECL intensity
(shown in Figure 3d ) was about one third of the inten-
sity that the electrode was stepped from +0.85 to
—2.70 V. Thus, it can be concluded that the major

contribution to light emission is from reaction in Eq. (2).

Moreover, the enthalpy change from electron-transfer
reaction in Eq. (2) is about 3.31 €V. It means that the
energy released from the reaction is sufficient to popu-
late the MLCT singlet state of Ir(ppy)s (3.04 eV) di-
rectly,? and subsequently, the MLCT singlet state may
crossthe MLCT triplet state, emitting phosphorescence.

We now move to discuss the charge-trapped induced
excitation of Ir(ppy)s in PLEDs. It has been ever re-
ported that the energy released from charge-transfer
process in the condensed phase would be comparable to
that observed in solution, with differences arising due to
difference in energies of stabilization of the oxidized
and reduced forms of these molecules in solution versus
the solid thim film.2 Thus, the electrochemical meas-
urements give us simple approach to estimate the lower
limit to the energy value in condensed phase®** For
PLEDs based on PVK/PBD doped by Ir(ppy)s, the ECL
result shows that both cross reactions PVK™*/Ir(ppy);
and Ir(ppy)s/PBD may induce the production of
Ir(ppy)s excited state, meaning that charge-transfer
processes between the Ir(ppy)s and PVK or PBD in
PLEDs are energy sufficient to produce the excited state
of Ir(ppy)s. Notably, the energy released from charge
transfer between PVK and Ir(ppy)s is significantly be-
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yond the energy to excite Ir(ppy)s as excited triplet state,
which means that some of energy was lost by intersys-
tem crossing. As for charge transfer between
Ir(ppy); and Ir(ppy);s , the probability of forming
Ir(ppy)s excited stateislittle in condensed phase. Thisis
because the charge transfer is typically limited to a
maximum distance of 0.5—1 nm* in solid PLEDs,
while a mean intermolecular distance of emitter is be-
yond 3 nm when the emitter was molecularly dispersed
in tgg carbazole homopolymer at a mass ratio of 3%—
8%.

conclusion

ECL from annihilation reaction of Ir(ppy)s, cross
reaction of PVK™/Ir(ppy); andlr(ppy);/PBD~ was
investigated in DMF solution. Three reactions show
emission of MLCT triplet state of Ir(ppy)s and the cross
reaction of PVK™/Ir(ppy); shows the highest ECL
intensity among the reactions which is related with high
reaction enthalpy. The ECL described in solution show
that both charge-transfer processes [ PVK™*/Ir(ppy)s ,
and Ir(ppy)s/PBD ] are energy sufficient to produce
excited triplet state of Ir(ppy)s in PLEDs and this ex-
plains why the PLEDs based on PVK/PBD doped by
Ir(ppy)s show excellent device performances.
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