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al degradation of bis(2-
phenylpyridine) (acetylacetonate)iridium(III)
(Ir(ppy)2(acac)) using spectroelectrochemistry†

Tae-Ho Yang,a Hye-Ri Joe,a Jin-Seon Heo,a Sungmin Kwon,b Jonghee Lee a

and Jae-Hyun Lee *a

Enhancing the lifespan of organic light-emitting diodes (OLEDs) is crucial for developing stable, high-

performance devices. The operational lifetime and performance of OLEDs are reportedly primarily

enhanced by the thermal and chemical stability of their constituent single molecules. Therefore,

understanding the thermal and electrical stability of these organic molecules is essential for long-lifetime

OLED fabrication. However, the degradation of these materials during thermal evaporation has not yet

been evaluated. In this study, we investigated the thermal degradation of bis(2-phenylpyridine)

(acetylacetonate)iridium(III) (Ir(ppy)2(acac)), a widely used green phosphorescent dopant, using

spectroelectrochemistry (SEC) and matrix-assisted laser desorption/ionization time-of-flight (MALDI-

TOF) spectroscopy techniques. SEC measurements revealed the ability of the Ir(ppy)2(acac) molecules to

exhibit different polaron states before and after thermal aging. Gaussian fitting showed the presence of

additional polaron absorption peaks in the SEC spectra, which indicated that degradation occurred

gradually over the first 4 h of aging and then saturated. MALDI-TOF analysis confirms these results,

showing an additional peak at 622.9 m/z, corresponding to thermally aged Ir(ppy)2(acac), alongside the

intrinsic molecule peak at 599.8 m/z. This result suggested that the Ir(ppy)2(acac) ligand underwent

thermal aging-induced degradation in the deposition chamber. Through this study, we anticipate

contributing to related research and industrial advancement by enabling the rapid evaluation of the

thermal degradation of OLED materials.
Introduction

Signicant advancements have been made in organic light-
emitting diodes (OLEDs) to improve their efficiency and
stability, with a focus on the synthesis of new materials and
optimization of device structures to enhance lifespan and
luminous efficiency. Numerous studies have been conducted to
extend the lifespan of OLEDs—a critical factor—for commer-
cializing long-lasting products, leading to extensive research.1,2

These studies have been primarily focused on the synthesis of
thermally and electrically stable small molecules or the opti-
mization of OLED device structures based on material proper-
ties3 using optical analysis (such as ultraviolet-visible-near-
infrared (UV-vis-NIR) spectroscopy and transient photo-
luminescence)4,5 or electro-optical analysis (such as impedance
eering, Hanbat National University, 125

, South Korea. E-mail: jhyunlee@hanbat.

3D Printing, Hanbat National University,

158, Republic of Korea

tion (ESI) available. See DOI:

f Chemistry 2025
analysis and transient electroluminescence) techniques.6,7

Furthermore, molecular-level analyses have been mainly con-
ducted using chromatography, nuclear magnetic resonance
spectroscopy, Raman spectroscopy, and matrix-assisted laser
desorption/ionization time-of-ight (MALDI-TOF)
spectroscopy.8–12

In MALDI-TOF spectroscopy (a sophisticated analytical
technique), the molecular weight of the components present in
a sample are determined by ionizing the sample by laser irra-
diation and then recording the time required by the ionized
sample to reach the detector. A matrix is mixed with the sample
to enhance its ionization and reduce fragmentation caused by
the laser. MALDI-TOF spectroscopy is widely used for molecular
structure analysis owing to its ability for rapid analysis while
maintaining accuracy and precision comparable to those of
traditional mass spectrometry methods, such as liquid
chromatography.

In UV-vis-NIR spectroscopy, which is used to measure the
light absorption characteristics of materials, absorption occurs
at specic wavelengths owing to electron transition to higher
energy states when a molecule absorbs the irradiated light
energy. This process reveals the wavelength range of absorption
within the UV-vis-NIR spectral range, conrming energy levels
Anal. Methods, 2025, 17, 6969–6973 | 6969
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associated with absorption and emission. It also determines the
energy difference between the highest occupied molecular
orbital and the lowest unoccupied molecular orbital of a newly
synthesized material.13 When stability analysis results are veri-
ed using MALDI-TOF spectroscopy, trace amounts of decom-
posed molecules may be detected. However, UV-vis-NIR
spectrophotometers cannot distinguish the spectral changes
caused by such trace amounts of decomposed molecules owing
to their limited resolutions. In addition, the peaks corre-
sponding to intrinsic molecules may overlap with the additional
absorption peaks originating from such decomposed molecules
in the UV-wavelength range. To address these challenges, an
electrochemical spectroscopy technique called spectroelec-
trochemistry (SEC) has been developed,14,15 in which polarons
are generated when a voltage is applied on a sample, and the
absorbance can be measured in real time. In the SEC spectrum,
the absorption peak associated with intrinsic molecules
diminishes and is recorded as a negative value. Consequently,
when decomposed molecules generated from thermal reactions
or other processes are present in trace quantities, the absorp-
tion peak corresponding to the polaron state of the newly
formed molecules can be separated within the visible-
wavelength range. Thus, compared to traditional UV-vis-NIR
methods, SEC allows for a more detailed absorption analysis
of polaron states.

Most previous studies on organic molecule degradation have
analyzed the changes occurring during device operation or the
electrical and thermal degradation observed aer fabrica-
tion.4,16,17 However, efficient OLED devices that generate
minimal heat during operation undergo thermal degradation
primarily during thermal evaporation. Moreover, with the
optimization of the mass production process of OLEDs, the
thermal deposition process is prolonged for several weeks,
potentially accelerating organic molecule degradation.
However, the degradation of these materials during the thermal
evaporation process remains hitherto unexplored.

In this study, we analyzed the degradation characteristics of
Ir(ppy)2(acac) molecules, a light-emitting dopant widely used in
green phosphorescent OLEDs, using SEC. Under conditions
same as those used in the vacuum chamber for OLED fabrica-
tion, thermally degraded Ir(ppy)2(acac) molecules demon-
strated additional polaron formation, which manifested as
absorption peaks at wavelengths of 305, 338, 422, 495, 935, and
1100 nm in the SEC spectra recorded during the early aging
stages. MALDI-TOF analysis conrmed the generation of addi-
tional molecules due to aging in thermally degraded samples.
This study is expected to promote accurate analyses of organic
material degradation under continuous heating conditions that
may occur during deposition-assisted mass production of
OLEDs.

Results and discussion
Materials and methods

To investigate the effects of thermal degradation on Ir(ppy)2(-
acac), thermal stress was applied on an OLED evaporator for 1,
2, 4, and 8 h at a temperature of 180 °C, corresponding to
6970 | Anal. Methods, 2025, 17, 6969–6973
a deposition rate of 1 Å s−1 for Ir(ppy)2(acac). During this
process, the crucible was covered with aluminum foil to prevent
sublimation or deposition in the vacuum chamber. To prepare
the samples, aliquots were collected at specied time intervals
during the thermal treatment.

In the SEC analysis, a potentiostat (CompactStat, IVIUM,
Netherlands) was utilized to measure the oxidation potentials of
pristine and aged Ir(ppy)2(acac) through cyclic voltammetry
(CV) and thus investigate polaron formation. The oxidation
potentials (Eox) of small organic molecules were determined by
applying a cyclic potential within a specic range, and the
voltage at which polaron formation occurred through electro-
chemical reactions was measured in triplicate at a scan rate of
100 mV s−1. A triple electrode system, consisting of a Pt mesh-
type working electrode, a counter electrode, and an Ag/Ag+

reference electrode containing a 0.01 M AgNO3 electrolyte
solution, was used. The organic compounds were dissolved at
a concentration of 10 mM in anhydrous dichloromethane, and
a 0.1 M solution of tetrabutylammonium perchlorate in aceto-
nitrile was used as the electrolyte. The organic emissive-layer
material and electrolyte were mixed in a 1 : 1 ratio and placed
in a quartz cuvette, which was sealed to prevent concentration
changes caused by solvent evaporation. To optically analyze the
polaron state, a voltage was applied to the solution samples,
and its absorption spectra were measured in the wavelength
range of 250–1500 nm using a UV-vis-NIR spectrophotometer
(Lambda 1050, PerkinElmer, USA). Before the SEC spectra was
measured, a voltage of 1.1 V was applied for 3 min to ensure
sufficient polaron formation. To accurately measure small
differences in the absorbance spectrum, the spectrum prior to
voltage application was used as a baseline, allowing for the
detection of spectral changes specically associated with
polaron formation. In addition, Gaussian tting was performed
by the Origin soware to identify the absorption peaks corre-
sponding to specic molecules in the SEC spectrum of the
degraded sample. For the Gaussian tting, the underlying
principle is as follows: (1) the absorbance spectrum of the
sample without applied voltage is used as the baseline
measurement, and (2) when a voltage is applied, the molecules
transition into polaronic states, resulting in observable changes
in the absorbance spectra. To analyze this transition, the
absorbance peaks corresponding to neutral molecules were
applied as negative peaks in the SEC spectra, indicating
a decrease in the density of neutral molecules as polaronic
states increase. In this context, the absorbance data from the
neutral molecules was dened as Group I. The absorption peak
corresponding to polarons generated from neutral (non-
degraded) molecules was dened as Group II, while the
absorption peak of polarons originating from degraded mole-
cules was designated as Group III. Fig. 1 shows the SEC
measurement setup used in this study and a schematic of the
Ir(ppy)2(acac) molecule.

Next, MALDI-TOF analysis was performed to identify the
decomposed molecules resulting from thermal degradation.
For the MALDI-TOF measurements, trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB)
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Measurement setup used in the SEC analysis. (b) Ir(ppy)2(-
acac) molecule structure.
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was used as the matrix material to measure the molecular
weights of the molecules.18,19
Electrochemical and spectroscopic properties

In the SEC measurements, electrodes were placed in a cuvette
with the organic material and electrolyte and an oxidation
voltage was applied, followed by performing UV-vis-NIR spec-
trometry. The absorption peak of intrinsic Ir(ppy)2(acac) was
measured as a baseline, and those of the new polaron state
Ir(ppy)2(acac)

+ were conrmed, as the peak of the neutral
molecule in the UV-vis region disappeared upon voltage appli-
cation. Fig. 2 shows the CV prole used for determining the
voltage for polaron formation in Ir(ppy)2(acac), indicating an
oxidation voltage at 1.1 V, consistent with that reported in
Fig. 2 CV profile of Ir(ppy)2(acac).

Fig. 3 UV-vis spectra and fitting results for pristine and thermally
degraded Ir(ppy)2(acac).

This journal is © The Royal Society of Chemistry 2025
previous reports.20 Because of the absence of signicant differ-
ence between the CV oxidation peaks of the pristine and aged
materials, 1.1 V was applied for the SEC analysis of both the
samples.

Fig. 3 demonstrates the UV-vis-NIR spectra of Ir(ppy)2(acac)
before and aer degradation, showing no signicant differ-
ences. The well-tted sum of the Gaussian peaks, represented
by the solid black line in Fig. 3, indicates that the spectrum
comprises seven sub-Gaussian peaks. These seven peaks, rep-
resenting the intrinsic absorption peaks of Ir(ppy)2(acac),
exhibit negative values in the SEC measurements because the
seven absorption peaks of neutral Ir(ppy)2(acac) disappear,
while those of the polarons of Ir(ppy)2(acac)

+ appear when
a voltage is applied.

Fig. 4 depicts the SEC spectra and the corresponding tting
results for Ir(ppy)2(acac) before and aer aging. The tted
spectra are categorized into three groups: Group I (solid blue
line), Group II (dotted pink line), and Group III (dashed orange
line). Group I consists of the seven absorption peaks identied
in Fig. 3, corresponding to neutral Ir(ppy)2(acac) molecules
observed in the absence of voltage. Upon increasing the applied
voltage, the polaron density decreases, resulting in negative
absorption values, which indicate that the concentration of
neutral Ir(ppy)2(acac) molecules decreases upon voltage appli-
cation. Conversely, Group II exhibits positive absorption,
attributed to the formation of Ir(ppy)2(acac) polarons, which
appear with the decreasing concentration of neutral molecules.

This result is conrmed by Fig. 4(b), which shows the SEC
spectrum and tting results for Ir(ppy)2(acac) aer 8 h of
Fig. 4 Fitted SEC spectra of (a) Ir(ppy)2(acac) and (b) 8 h thermally
aged Ir(ppy)2(acac).

Anal. Methods, 2025, 17, 6969–6973 | 6971
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Fig. 6 Fitting results of absorbance measured as a function of
degradation time at 305, 338, 422, 495, 935, and 1100 nm.
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thermal degradation; herein, Groups I and II appear at the same
positions. An additional Group III is observed alongside the two
groups, corresponding to the polaron peaks associated with
molecules newly generated from thermal degradation. This
result suggests that prolonged thermal aging causes Ir(ppy)2(-
acac) to decompose and recombine, leading to the formation of
new molecular species. While discerning thermal aging-
induced differences in SEC spectra in the UV range is chal-
lenging because of peak overlap, such differences in the visible
range can be easily identied. Therefore, the increase in the
absorption peak intensity with increasing aging time (Fig. 4(b))
can be attributed to the formation of additional absorption
peaks corresponding to the polarons of new molecules gener-
ated during the degradation process.

Following the SEC analysis of Ir(ppy)2(acac), MALDI-TOF
measurements were conducted to identify the molecules
generated by thermal degradation. Because MALDI-TOF
measurements can induce additional molecular damage due
to laser irradiation during sample ionization, distinguishing
this laser-induced damage from thermal aging-induced damage
is crucial. During laser ionization, the acac ligand, with the
weakest bond, dissociates; consequently, signals corresponding
to the 500.8 m/z Ir(ppy)2

+ ion is detected. Peaks at 521.7 and
523.7 m/z are observed, corresponding to the decomposition of
phenyl or pyridine group from the phenylpyridine ligand. In
addition, the 599.8 m/z Ir(ppy)2(acac)

+ ion, consistent with the
molecular weight of the original compound, is detected.19,21

Because similar changes are observed in the aged and nonaged
materials, the latter have been excluded from analysis.

Fig. 5 demonstrates that the ratio of a substance, with
a molecular weight of 622.9 m/z in the degraded material,
increases from 0.04% in the nondegraded state to 0.7% aer the
degradation. The molecular weight of 622.9 m/z likely repre-
sents a new molecular form similar to that of Ir(ppy)(py)(acac)2.
This state possibly results from additional bonding between the
damaged molecules, such as decomposed pyridine and acac
(from ppy and Ir(ppy)2(acac), respectively), owing to thermal
degradation. Similar molecular bonding has been observed in
previous studies on OLED device degradation, wherein elec-
trical degradation caused ligand separation at the interface,
leading to bonding with materials from other device layers.18 de
Fig. 5 TOF measurement results of Ir(ppy)2(acac) using a DCTB
matrix.

6972 | Anal. Methods, 2025, 17, 6969–6973
Moraes et al. reported that Ir(ppy)2, a decomposition product of
Ir(ppy)3, bonded with the hole-blocking layer BPhen because of
electrical degradation, leading to the formation of Ir(ppy)2(-
BPhen).18 These result demonstrate that both thermal and
electrical degradation processes can contribute to small-
molecule fragment decomposition and recombination.

Ir emitters, with the newly combined ligands, exhibit more
complex absorption spectra. Typically, Ir complexes exhibit
metal-to-ligand charge transfer (MLCT), ligand-to-ligand charge
transfer (LLCT), and intraligand charge transfer (ILCT), which
involve charge transfer between the metal and ligand, among
different ligands, and within a single ligand, respectively.22,23

Thus, in addition to the fundamental MLCT transitions in both
pristine and aged molecules, the new molecules are expected to
exhibit additional absorption peaks originating from LLCT and
ILCT transitions from the damaged and modied ligands.23

Consequently, nine new absorption peaks are identied for
Group III. The corresponding data are presented in Table S1
ESI.†

Fig. 6 depicts the intensity of the additional absorption
peaks in Group III as a function of aging time. All the detected
peaks indicate that absorption increases up to 4 h of aging
(degradation time) and then saturates. These results conrm
that decomposition from thermal degradation occurs in regions
with low bond-dissociation energies, particularly during initial
degradation stages.
Conclusions

In this study, we leveraged SEC to investigate the thermal
instability of Ir(ppy)2(acac), a green phosphorescent dopant
commonly used in OLEDs, subjected to prolonged thermal
stress. The dissociation and reformation of specic ligand
bonds within the organic molecules resulted in the formation of
additional molecules, leading to the emergence of new polaron
peaks in the spectra. The absorption spectra of the polaron
states of these newly formed molecules were distinguished
using SEC. Changes in molecular weights due to degradation
were corroborated by MALDI-TOF analyses. The SEC analysis
method facilitates the investigation of organic matter in a liquid
state, and thus, the amount of sample required for the analysis
This journal is © The Royal Society of Chemistry 2025
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is smaller than that required in conventional deposition
methods. In addition, changes in material properties can be
determined without fabricating a device, allowing for various
analyses in a shorter timeframe. Consequently, SEC is antici-
pated to be benecial for evaluating the stability of newly
synthesized OLED materials and analyzing molecular degrada-
tion during OLED fabrication.

Data availability

All data used in the manuscript were produced in our experi-
ments, not from datasets out of our lab. Fig. 1 was drawn in PPT,
and Fig. 2–6 were drawn using Origin 8.5 based on Absorbance
spectrum data and MALDI-TOF data in our experiments. All
data supporting the ndings of this study are available in the
article.
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