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Abstract Degradation phenomenon and poor stability of tris(8-hydroxyquinoline) aluminum(III)(Alq3)-based organic light-emitting diodes(OLEDs) have attracted much attention. In this paper, we discussed the origin of instability
of the facial Alq3-based blue luminescent OLEDs with the help of first-principles calculation. The results show that
environmental humidity seriously affects the luminescence stability of Alq3-based OLEDs. H2O molecules in environment can be firmly bound to the oxygen atoms of the facial Alq3, which then act as starting points for further degradation of Alq3. Moreover, the interactions between facial Alq3 and different cathode metal layers were investigated
to explain the experiment phenomenon. A design guideline for diminishing the strong attraction from oxygen atoms
can be proposed to protect Alq3 and improve the stability of materials applied in OLEDs.
Keywords Organic light-emitting diode(OLED); Facial tris(8-hydroxyquinoline) aluminum(III)(Alq3); First-principle
calculation; Degradation mechanism
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Introduction

Organic light-emitting diodes(OLEDs) have the potential
to be used as the low-cost, full color and flat panel displays of
the new generation[1―5] owing to their high brightness, high
efficiency, low fabrication cost, ease of fabricating large area
devices[6,7], and availability of a wide range of emission colors[8]. Tris(8-hydroxyquinoline) aluminum(III)(Alq3) occupies a
prominent position in the development of robust OLEDs and
has been referred to as a prototypical material in small molecule-based OLEDs[3]. Alq3 has been used as electron-transporting layer and emission layer where light emission
is generated by electron-hole recombination in Alq3.
However, current small-molecule-based OLEDs need further improvement, such as device stability, color purity, as well
as economical and robust manufacturing processes[9―11]. A
basic and dominating requirement in emissive technology is
guaranteeing adequate device stability[12]. Unfortunately, despite their high brightness and high luminescence efficiency[13],
Alq3-based OLEDs show poor stability of luminescence. The
half-lifetime of Alq3-based OLEDs(i.e., the time elapsed before
the luminance of the OLED decreases to half of its initial
value) is usually only a few hundred hours[14]. Alq3 is susceptible to environment aging, which influences the viability for
broad utility[15]. Degradation of organic materials in OLEDs is
the major impediment for the development of economically
feasible, highly efficient, and durable devices for commercial
application[16,17].

The IBM research group at Zurich used density functional
theory(DFT) to simulate Alq3 molecule and succeeded in conducting a theoretical investigation on geometric isomers of
Alq3[18,19]. Curioni et al.[18] found that the meridional isomer
was more thermodynamically stable. In agreement with the
previous studies[20], we found that the meridional isomer of
Alq3 was 0.17 eV per molecule(or 16.73 kJ/mol) more stable
than the facial one. This finding was also consistent with the
fact that the common green luminescent meridional isomer is
generally the major constituent of thin films. However, a new
efficient method to obtain blue luminescent Alq3 by annealing
process has been reported recently, which was composed by the
facial isomer[15,21]. The facial Alq3 has gradually attracted much
attention because of its promising potential in blue luminescent
OLEDs[15,22].
Many studies have focused on the optimization of device
performance and long-term stability or on the understanding of
charge transport properties of amorphous thin films[23]. However, only a few theoretical studies on the origin of instability
and the understanding of Alq3 molecule from atomic level have
been reported, especially for the blue luminescent facial Alq3
molecule. Organic-metal interface is attracting intensive attention experimentally and theoretically because of its crucial role
in the applications of organic-based devices, such as OLEDs,
organic photovoltaic cells, and organic field effect transistors[24,25]. Clarifying the origin of instability of Alq3/cathode
metal interface is necessary to control and design organic-metal
interfaces with favorable properties. Several studies on
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Alq3/metal interfaces, such as Alq3/Al, have been carried out,
but the nature and the origin of the interface interaction remain
unclear.
In this work, we discussed the origin of instability of facial
Alq3 with the aid of first-principle calculations, and then provided a design guideline and scheme for protecting Alq3 and
improving the device stability for OLED application. The paper
was organized as follows. First, we described the interactions
between the facial isomer of Alq3 and water molecule. Then,
the electronic structure of facial Alq3 and the properties of its
interface with the commonly used cathode metal layers were
probed by DFT calculations, which indicated that the instability
of facial Alq3 molecule originated from the strong attracting
effect of three oxygen atoms. To better illustrate and discuss the
strong drawing phenomenon, the densities of states(DOS) were
determined in each model case. The luminescent property and
electronic structure of facial Alq3 molecule were also analyzed.
Finally, we summarized the results and proposed a design
guideline for diminishing the strong attracting character from
oxygen atoms to protect Alq3 from bonding with water molecules and other cathode metal atoms, thereby improving the
stability of OLEDs.
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RCa=0.1474, and RLi=0.0825, respectively. DFT-D2 method has
been extensively used for studying interactions among molecules[35,36]; DFT-D2 method was applied in the present work
because of the concerned effect of the vdW force.

3
3.1

Results and Discussion
Facial Alq3-H2O Interaction

An individual Alq3 molecule consists of a central aluminum atom coordinated by three quinolate ligands, each of
which binds to the aluminum site via oxygen and nitrogen
atoms, thereby giving a pseudo-octahedral environment for the
aluminum. Alq3 has two isomeric forms: C3 symmetrical facial
Alq3(fac-Alq3) and C1 symmetrical meridional Alq3(mer-Alq3).
Two of the three oxygen atoms are located on opposite sides of
the central aluminum atom in the meridianal Alq3 molecule,
while the facial Alq3 molecule has the three oxygen atoms
forming a regular triangle, as shown in Fig.1.

Methods

DFT calculations were performed with Vienna ab-initio
simulations package[26], which were proved to be appropriate in
our previous work[27―29]. Projector augmented wave pseudopotentials were used to describe electron-ion interactions[30,31].
The Perdew-Burke-Ernzerhof generalized gradient approximation for the exchange-correlation energies between electrons
was employed[32,33]. The chosen energy cutoff for plane wave
expansion was 600 eV. Lattice geometry was run until all
the forces were smaller than 0.1 eV/nm. For the free Alq3
molecules, cubic supercells with three dimensions equaling to
2.5 nm×2.5 nm×2.5 nm were tested and applied. For the (111)
cathode surfaces, we built a multi-layer slab with more than
(3×3) square unit cell, and each slab was separated by more
than 3 nm of vacuum from its periodic image. The bottom
layers of the metal slab were constrained, whereas the upper
layers were allowed to relax. All geometric relaxation calculations were performed at the γ point only, and the fully optimized structures employed a Monkhorst-Pack 3×3×3 mesh in
Brillouin zone integration to achieve higher accuracy. The
binding energy between Alq3 and H2O molecules is defined as
(1)
EBinding=(EAlq3+EH2O)–EAlq3+H2O
where EAlq3+H2O is the energy of the optimized structure of H2O
adsorbed on Alq3, EAlq3 is the energy of the pristine isolated
facial Alq3, and EH2O is the energy of isolated H2O molecule.
Furthermore, we used the DFT-D2 method to investigate
the effects of van der Waals(vdW) interactions among the molecules[34]. The screened C6 coefficient(J·nm6·mol−1) and the
vdW radius R(nm) of H, C, N, O, Al, Mg, Ca, and Li were previously calculated according to Grimme[34,35], which are equal
to C6-H=0.14, C6-C=1.75, C6-N=1.23, C6-O=0.70, C6-Al=10.79,
C6-Mg=5.71, C6-Ca=10.80, C6-Li=1.61, and RH=0.1001,
RC=0.1452, RN=0.1397, RO=0.1342, RAl=0.1716, RMg=0.1364,

Fig.1

Structure of the two Alq3 isomers

(A) Meridianal Alq3, two of the three oxygen atoms are located on the opposite sides of the center aluminum atom; (B) facial Alq3, the three oxygen
atoms form a regular triangle.

Water vapor can induce a faster dark spot growth during
the operation of OLEDs in the atmosphere. The instability of
Alq3 in acidic environments is well-documented[37―39], where
Alq3 undergoes a reaction with water at elevated temperatures.
The degradation processes of OLEDs and non-emission spot
formation and dark-spot growth have been intensively studied[40]; however, the changes of the organic material itself
have been rarely investigated. In the present work, the detailed
interaction process and the exact sites attacked by external
water were investigated at atomic scale. As shown in step I of
Fig.S1(A)(see the Electronic Supplementary Material of this
paper), an individual water molecule locates near the center site
surrounded by three nitrogen atoms. During the geometric relaxation progress, the water molecule gradually moves away
from the beginning site[Fig.S1(A), steps II and III]. The optimized structures in step III of Fig.S1(A), indicates that no new
bonding between water and the facial Alq3 emerges. Interestingly, when an individual water molecule was placed initially
at the position near the three oxygen atoms, the water molecule
would turn around to keep its hydrogen atom pointing towards
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the oxygen atom from Alq3. Then, the water would bind to the
hole originated from the three oxygen atoms on the same side
of the plane. As shown in steps II and III of Fig.S1(B), the two
molecules obviously move close to each other. The binding
energy of the final optimized model in step III of Fig.S1(B) has
been found to be 0.27 eV larger than that of the optimized
structure in Fig.S1(C). The binding energies of the two models
shown in steps III of Fig.S1(A) and (B) are 0.15 and 0.42 eV,
respectively.
The interesting phenomenon that H2O would spontaneously keep its hydrogen atoms pointing towards the oxygen
atoms from Alq3 may be the exact origin and the start for subsequent degradation reaction processes. As reported in the literature[37,39], the oxyquinoline ligand was replaced by water,
forming free 8-hydroxyquinoline(8-Hq) and other byproducts.
The free 8-Hq then underwent further reactions to produce
nonemissive species that could act as luminescence quenchers,
leading to the deterioration of devices.

3.2

Facial Alq3-cathode Metal Interaction

To confirm that the instability of facial Alq3 molecule
should mainly originate from the strong attraction from the
three oxygen atoms, we studied the atomic geometries and the
electronic properties of the Alq3-cathode metal interfaces. Several commonly used cathode metals were chosen as the interface metal layers. Fig.2(A)―(D) present the detailed changes
in each cathode metal layer. Organic molecule has been distorted seriously and attracted by the cathode layers of Li, Mg,
Al, and Ca, respectively. This phenomenon emphasizes that Li
layer has been destroyed dramatically and Li atoms even
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approach to the site near the extraordinary hole attracted by the
three oxygen atoms, as shown in steps I and II of Fig.2(A). This
result is in consistent with the earlier molecular dynamics(by a
few picoseconds) simulations at room temperature reported by
Curioni et al.[41].
The structural distortion of the facial Alq3 mainly originates from the strong attraction existing between the three
oxygen atoms and external pollutants, such as H2O and Li
atoms; this phenomenon may be named “oxygen hole effect”.
To illustrate the device degradation and the deterioration of
effective emission of organic emitting layer caused by Alq3
structure distortion, density of state(DOS) analysis of the distorted facial Alq3 molecules caused by Ca, Li, Mg, or Al metal
interfacial layer was conducted. The DOS of an individual pristine facial Alq3(marked in celeste dash dot line) is shown in
Fig.3 for comparison. As the facial Alq3/Al interface remained
relatively stable[Fig.2(C)], the structure of facial Alq3 extracted
from Alq3/Al model slightly changed. Furthermore, the slightly
changed molecular and electronic structure explained the slight
movement of its DOS compared with that of the individual
facial Alq3 under isolated conditions. Nevertheless, the Li, Mg,
and Ca metal layers changed the relative position of the three
ligands in the organic molecule, leading to an obvious shift and
peak position displacement in their DOS. The sudden changes
in the energy levels of the highest occupied molecular orbital(HOMO) and the lowest unoccupied molecular orbital(LUMO) of organic emitting layer would seriously alter the
emission color and decrease the efficiency of devices.

Fig.3

Density of state of facial Alq3 molecules distorted by different cathode metal layers

An individual pristine facial Alq3(marked in celeste dash dot line) was
displayed for comparison.

3.3

Fig.2

Changes in each facial Alq3/cathode metal
layer after optimized geometric relaxation

(A) Li; (B) Mg; (C) Al; (D) Ca. Step I: starting positions of metal layers;
step II: corresponding final optimized structures.

Origin of Degradation

Partial density of state(PDOS) analysis was conducted to
discuss and analyze the origin of degradation and the difference
in the electronic structure of the facial Alq3 in each reaction
model. The PDOS of each element in the facial Alq3, Alq3/H2O,
and Alq3/Li models are shown in Fig.4(A)―(C), respectively.
The position of HOMO has been adjusted for vertical alignment both in PDOS[Fig.4(A)―(C)] and average PDOS per
atom[Fig.4(D)―(F)]. As shown in Fig.4(A)―(C), an observable state coming from oxygen of H2O occurs near the
HOMO position in the Alq3/H2O model[Fig.4(B)], and the
LUMO position changes markedly in the Alq3/Li
model[Fig.4(C)]. The observable state from the oxygen of H2O
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may have an effect on the HOMO position of the facial Alq3,
and a large change of the gap would affect the luminescent
efficiency and the colour of organic molecules. To determine
the effect of H2O and Li atoms on the electronic structure quantitatively, PDOS was divided equally into each individual atom
to reveal the real effect from each element[Fig.4(D)―(F)]. The
atomic orbital of the central Al only shows little contribution to

Fig.4
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the energy band for the facial Alq3. As shown in Fig.4(D), the
HOMO position of the facial Alq3 localizes mainly on the
phenoxide moiety(oxygen side) of the ligands, whereas the
LUMO position localizes mainly on the pyridyl moiety(nitrogen side); these findings are consistent with the experimental observation and reported theoretical prediction.

PDOS of each element in the facial Alq3(A), Alq3/H2O(B), Alq3/Li(C) models and the average partial density
of state per atom to compare the difference among the three cases of facial Alq3(D), Alq3/H2O(E) and
Alq3/Li(F) models
The Fermi level was normalized as zero in the horizontal energy axis.

The reaction of the facial Alq3 and the H2O/cathode metal
layers indicates that the oxygen hole effect resulted from the
three oxygen atoms is the origin of instability of the facial Alq3.
This phenomenon can be well explained by the high electronegativity of oxygen, which is electron-withdrawing in nature;
this effect can be intensified due to the unique geometry that
the three oxygen atoms are in the same plane. Moreover, unlike
the enclosed atomic condition of nitrogen atom locked by benzene ring and hydrogen atoms, the three oxygen atoms are unprotected and exposed to the external environment. This intrinsic position of oxygen atoms in the facial isomer may naturally
determine its instability in ambient environment.

3.4 Design Guideline for Improving Stability of
Facial Alq3
Effective encapsulation of OLEDs has been widely
employed as a compromised method to protect devices and
prevent water and other external molecules. Some metals
(such as Li) with low work function are favorably used as
electron injection cathodes, but they are usually chemically
unstable[42]. Therefore, compared with the traditional segregation or encapsulation methods, a new design guideline to
modify facial Alq3 and improve its stability in nature is more
desirable.
Alq3 can be modified by substituting the aluminum atom
with either gallium or indium. In recent years, new compounds

with particular functional groups or features have been synthesized. Electron-withdrawing groups(EWGs) or electron-donating groups(EDGs) of quinoline ligands would
change the energy level and tune the output wavelength. More
importantly, this scheme for color tuning can be improved to
diminish the strong attraction from the oxygen atoms to protect
the facial Alq3[Table S1(see the Electronic Supplementary Material of this paper) and Fig.5]. From the PDOS[Fig.5(A)], we
can see that on the phenoxide moiety(oxygen side) of the
ligands, carbon atoms at the 5- and 7-positions contribute much
to the HOMO of the facial Alq3. Similarly, on the pyridyl
moiety(nitrogen side) of the ligands, carbon atoms at the 2and 4-positions contribute much to the LUMO of the facial
Alq3.
Substitution with EWGs, particularly at the 5- and
7-positions, should pull the electron from the backbone and
decrease the electron density(deplete the HOMO density), thereby weakening the oxygen hole effect and resulting in an decrease in the HOMO energy. Conversely, substitution of the
quinolinolate ligand with EDGs, particularly at the 2- and
4-positions, should intensify the LUMO density and enhance
the oxygen hole effect, thus increasing the LUMO energy. In
particular, enclosing the oxygen atoms via modifying the
7-position with proper branch groups may naturally form a
physical protection. Considering various possible attempts(Table S1), modifying the 7-position with substitution
with appropriate EWGs is the most reasonable approach.

No.3

DU Jiaren et al.

427

2(6), e74
[11] So F., Kondakov D., Adv. Mater., 2010, 22(34), 3762
[12] Pulli T., Dönsberg T., Poikonen T., Manoocheri F., Kärhä P., Ikonen
E., Light: Sci. Appl., 2015, 4(9), e332
[13] Zhang D., Duan L., Zhang Y., Cai M., Zhang D., Qiu Y., Light: Sci.
Appl., 2015, 4(1), e232
[14] Aziz H., Popovic Z. D., Hu N. X., Hor A. M., Xu G., Science, 1999,
283(5409), 1900
[15] Cölle M., Gmeiner J., Milius W., Hillebrecht H., Brütting W., Adv.
Funct. Mater., 2003, 13(2), 108
[16] Aziz H., Popovic Z. D., Chem. Mater., 2004, 16(23), 4522
[17] Oh J. H., Yang S. J., Do Y. R., Light: Sci. Appl., 2014, 3(2), e141
[18] Curioni A., Andreoni W., IBM J. Res. Dev., 2001, 45(1), 101
[19] Kushto G. P., Iizumi Y., Kido J., Kafafi Z. H., J. Phys. Chem. A, 2000,
104(16), 3670
[20] Curioni A., Boero M., Andreoni W., Chem. Phys. Lett., 1998, 294(4),
263

Fig.5

Design guideline and scheme for improving
stability of facial Alq3

(A) PDOS was projected into each individual atom at every position of one
of the three equivalent ligands. Hydrogen atoms bound to the ring carbons
were not shown; (B) a theoretical scheme of substituting hydrogen atoms at
different positions in the facial Alq3.

[21] Fukushima T., Kaji H., Org. Electron., 2012, 13(12), 2985
[22] Cölle M., Dinnebier R. E., Brütting W., Chem. Commun., 2002, (23),
2908
[23] Cölle M., Brütting W., Phys. Status Solidi A, 2004, 201(6), 1095
[24] Xie M., Chen J., Wang J., Zhang H. X.,

Chem. Res. Chinese Uni-

versities, 2015, 31(5), 830
[25] Zou L. Y., Guan S., Li L. J., Zhao L., Chem. Res. Chinese Universi-

4

Conclusions

In this work, the first-principle calculations were employed to investigate the facial Alq3 and H2O/cathode metal
layers. Our results provided a theoretical understanding of the
origin of degradation as well as an explanation for the experimental findings on OLEDs. A design guideline and scheme for
protecting Alq3 from external polluting molecules has been
proposed to improve the stability of the devices for OLED application. The proposed scheme needs to be verified experimentally.

ties, 2015, 31(5), 801
[26] Kresse G., Hafner J., Phys. Rev. B, 1993, 47(1), 558
[27] Li X. B., Xie S. Y., Zheng H., Tian W. Q., Sun H. B., Nanoscale,
2015, 7(45), 18863
[28] Zhu M., Xia M. J., Rao F., Li X. B., Wu L. C., Ji X. L, Lü S. L., Song
Z. T., Feng S. L., Sun H. B, Zhang S. B., Nat. Commun., 2014, 5,
4086
[29] Li X. B., Limpijumnong S., Tian W. Q., Sun H. B., Zhang S. B., Phys.
Rev. B, 2008, 78(11), 113203
[30] Li X. B., Liu X. Q., Liu X., Han D., Zhang Z., Han X. D., Sun H. B.,
Zhang S. B., Phys. Rev. Lett., 2011, 107(1), 015501
[31] Li X. B., Liu X. Q., Han X. D., Zhang S. B., Phys. Status Solidi B,

Electronic Supplementary Material
Supplementary material is available in the online version
of this article at http://dx.doi.org/10.1007/s40242-016-5485-z.

2012, 249(10), 1861
[32] Perdew J. P., Burke K., Ernzerhof M., Phys. Rev. Lett., 1996, 77(18),
3865
[33] Elmér R., Berg M., Carlén L., Jakobsson B., Norén B., Oskarsson A.,

References
[1] Tang C. W., Van Slyke S. A., Chen C. H., J. Appl. Phys., 1989,
65(9), 3610
[2] Kido J., Iizumi Y., Appl. Phys. Lett., 1998, 73, 2721
[3] Shen Z., Burrows P. E., Bulović V., Forrest S. R., Thompson M. E.,
Science, 1997, 276(5321), 2009
[4] Tang C. W., Van Slyke S. A., Appl. Phys. Lett., 1987, 51(12), 913
[5] Yu J., Yin Y. M., Xie W. F., Zhang L. T., Chem. Res. Chinese Universities, 2015, 31(4), 569
[6] Thangaraju K., Kumar J., Amaladass P., Mohanakrishnan A. K., Narayanan V., Appl. Phys. Lett., 2006, 89(8), 082106
[7] Lee J., Slootsky M., Lee K., Zhang Y., Forrest S. R., Light: Sci. Appl.,
2014, 3(6), e181
[8] Fröbel M., Schwab T., Kliem M., Hofmann S., Leo K., Gather M. C.,
Light: Sci. Appl., 2015, 4(2), e247
[9] Li X., Budai J. D., Liu F., Howe J. Y., Zhang J., Wang X. J., Gu Z.,
Sun C., Meltzer R. S., Pan Z., Light: Sci. Appl., 2013, 2(1), e50
[10] Xiang C., Koo W., So F., Sasabe H., Kido J., Light-Sci. Appl., 2013,

Ericsson G., Julien J., Thorsteinsen T. F., Guttormsen M., Phys. Rev.
Lett., 1996, 77(24), 4884
[34] Grimme S., J. Comput. Chem., 2006, 27(15), 1787
[35] Grimme S., Wiley. Interdiscip. Rev. Comput. Mol. Sci., 2011, 1(2),
211
[36] Xie S. Y., Li X. B., Tian W. Q., Chen N. K., Zhang X. L., Wang Y. L.,
Zhang S. B., Sun H. B., Phys. Rev. B, 2014, 90(3), 035447
[37] Higginson K. A., Zhang X. M., Papadimitrakopoulos F., Chem. Mater., 1998, 10(4), 1017
[38] Knox J. E., Halls M. D., Hratchian H. P., Schlegel H. B., Phys. Chem.
Chem. Phys., 2006, 8(12), 1371
[39] Papadimitrakopoulos F., Zhang X. M., Thomsen D., Higginson K.,
Chem. Mater., 1996, 8(7), 1363
[40] Schaer M., Nüesch F., Berner D., Leo W., Zuppiroli L., Adv. Funct.
Mater., 2001, 11(2), 116
[41] Curioni A., Andreoni W., Synthetic Met., 2000, 111, 299
[42] Zugang L., Pinto J., Chem. Res. Chinese Universities, 2002, 18(2),
121

