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ABSTRACT: The electronic and charge transport properties of Metal-Quinolates
(Metal = Li, Na, K, Rb and Cs) compounds are theoretically investigated using Austin-
Frisch-Petersson functional with dispersion (APFD) corrected density functional theory
(DFT). The calculated energy gap between highest occupied molecular orbital and
lowest unoccupied molecular orbital ranges from 3.40 eV for LiQ to 0.93 eV for CsQ.
The ionisation potential, electron affinity and chemical hardness of the compounds are
calculated. We found that the electron hopping rate, kelectron of CsQ is around 150 times
greater than LiQ. We suggest that CsQ is the most efficient charge injecting or transport
material for organic light-emitting diodes (OLEDs). Dimer formation is desirable with
all M-Quinolate with different electronic structures and (CsQ)2 dimer shows the lowest
dimerisation energy.
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1. INTRODUCTION

Organic light-emitting diodes (OLEDs) attracted tremendous attention after first
reported by Tang et al. in 1987.! OLEDs have been commercialised extensively
because of their great potential for applications in flexible displays, solid-state
lighting etc.’* Many studies have been carried out in order to enhance device
performance in terms of material characteristics. The charge transport property of
organic molecules is one of the most significant features to understand physical
properties of organic electronic devices.>*
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Recently, many researches have performed experiments using lithium-quinolate
complexes such as 8-hydroxy-quinolinato lithium (LiQ) as an electron transporting
layer (ETL) as well as an electron injection layer (EIL) in the OLED devices.” !
LiQ has been the most widely utilised quinolate material.'? The purpose of LiQ as
an EIL is to reduce the energy barrier between the cathode and the ETL, allowing
electrons injected from the cathode to be effectively transported through the
ETL. But, because of poor electron carrier mobility, the LiQ can disrupt effective
electron hopping in the ETL."

To overcome poor electron mobility, as an alternative to LiQ, Jeon et al. recently
has used the most famous hybrid density functional theory (DFT), B3LYP which
stands for Becke, 3-parameter, Lee—Yang—Parr, for theoretical investigation
of a series of Metal-Quinolate complexes (Metal = singly oxidised metal
ions) to explain the influence of metal ions on electronic, and charge transport
characteristics."* However, the B3LYP functional does not account for the
influence of van der Waals interactions with extended range, which are prevalent
in nature. This research evaluates the electrical characteristics of a range of metal
quinolate complexes using dispersion-corrected density functional theory. Austin-
Frisch-Petersson functional with dispersion (APFD) is a hybrid functional that
modifies the regular Austin-Frisch-Petersson functional by including dispersion
adjustments.'> APFD provides significantly superior performance for a selection
of compounds compared to B3LYP.!6!

2. METHODOLOGY

For Metal-Quinolate materials (Metal = Li, Na, K, Rb, and Cs), the DFT simulations
are carried out using unrestricted APFD with LanL2MB level of theory which
is implemented in the suite of Gaussian 16 programme.'® The calculations are
performed considering that both case of non-relativistic and relativistic effects. At
the molecular level, the charge transport rate are derived by well-known Marcus’s
formalism."
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where, 4 is the Planck’s constant, k; is the Boltzmann constant, 7'is the temperature,
A, 1s the reorganisation energy for electron or hole and J, ,, is the charge transfer
integral for electron or hole.

The charge transfer integral for the electron (J,) and hole (J,) have approximated
from Koopmans’ theory with equation (2).%°
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The reorganisation energy is considered as an essential parameter to comprehend
the charge transport property. The inner reorganisation energies for hole and
electron can be estimated by the addition of relaxation energies (4, and 4, in
Figure 1) under a reversible charge transition reaction.?!
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Figure 1: Potential energy curve for neutral and cationic structure.

The equations for and can be defined as:
An = (Esiuris = Ecaion) + (Elttion = Eveurat) 3)
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3. RESULTS AND DISCUSSION

3.1 Optimised Geometries

The DFT/Unrestricted Austin-Frisch-Petersson Functional with Dispersion
(UAPFD) molecular structures of Metal-Quinolate (Metal = Li, Na, K, Rb and
Cs) are shown in Figure 2. Based on the singly oxidised metal ions, structural
differences are found. The bond
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Figure 2: The optimised structures of M-Quinolate complexes.

3.2 Frontier Molecular Orbitals

The frontier molecular orbitals, highest occupied molecular orbitals (HOMO) and
lowest unoccupied molecular orbitals (LUMO)s of Metal quinolates are depicted
in Figure 3. We note that the electron density distribution of HOMO and LUMO
of NaQ, KQ, RbQ and CsQ are:
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Figure 3: The molecular orbital distribution and electrostatic potential of the M-quinolate
complexes.
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This noticeable difference of electron density in HOMO and LUMO is
predominantly described as charge transfer characteristic, known as ligand-to-
metal charge transfer (LMCT).?>* However, in LiQ we observe, ligand to ligand
charge transfer character or 1—n* with small contribution from lithium atom. We
observe that the area around the aromatic carbon atom and the oxygen atom has
a negative electrostatic potential and that of the metal has a positive electrostatic
potential. While the atomic number of the metal ion increases, the electrostatic
potential of the nucleophilic band increases and the electrophilic region decreases.

3.3  Electronic Energy Levels

The materials with lower band gap offers greater potential in electrical devices
due to their inherent conductivity. Therefore, controlling the band gap is very
crucial. The HOMO and LUMO energy levels, and the estimated energy difference
between the HOMO and LUMO are shown in Figure 4. These results show that
the energy gap (E,) gradually decreases regarding to the increase of the atomic
number of metal ions.
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Figure 4: The HOMO and LUMO energy levels of LiQ, NaQ, KQ, RbQ and CsQ.

The energy gap is higher for LiQ and lower for CsQ amongst all the five molecules.
Yadav et al. showed that for high charge recombination, the energy gap must be
lower as the LUMO levels contribute in the recombination compared to HOMO
levels, in organic layers.”* We found that the estimated LUMO energy levels of
NaQ, KQ, RbQ and CsQ are more stable than LiQ.



Charge Transport Properties of a Series of Metal Quinolates 80

3.4  lonisation Potential, Electron Affinity and Chemical Hardness

The performance of optoelectronic devices relies on the balanced charge transfer
and charge injection.? The electron affinity (EA) of an organic semiconductor is
not only a measurement of electron transport but also a key parameter to determine
the suitability to use in organic electroluminescent devices. Accurate EA values
are necessary for developing the device architecture of OLEDs. EA is determined
as the variance in total energy between the anionic and neutral molecules.?® The
ionisation potential, (IP) is very significant to design the structure of organic
molecules for organic electronics. We have analysed IP, EA and chemical hardness
to understand the electronic structure of the metal complexes. Our calculation
shows that CsQ has the minimum IP and maximum EA (Figure 5).
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Figure 5: The IP, EA and chemical hardness () for LiQ, NaQ, KQ, RbQ and CsQ.

The trend of these calculated values is consistent with the calculation of Jeon
et al.'"* However, the theoretical results requires reasonable quantitative or
qualitative comparison with the experimental reality. This will significantly
increase the importance of this study. Figure 5 shows that the chemical hardness
values follow the order LiQ > NaQ > KQ > RbQ > CsQ. This result suggests that
CsQ is the most sensitive to redox reaction and therefore it is electrochemically
reactive material to transport holes/electrons in OLEDs.
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3.5 Charge Transfer Properties

Figure 6 shows the hole transport rate, k,,. and electron transport rate, K ..o, Of
Metal-Quinolate complexes. We find that the calculated k. and k,;....., values do
not show a straightforward trend with increasing atomic number of metal ions.
We note that the k..., of CsQ is two orders of magnitudes higher than other
quinolates in the series. To confirm the values of the charge transport rates, we
have performed the calculations with LanL2MB basis set at unrestricted B3LYP
level with Gaussian 16 using DFT method. We choose effective core potential
(ECP) for reducing computational cost on systems with metal centers, and to
describe relativistic effects in deep core electrons. LanL2MB includes both the
basis set and ECP. Our calculations show quite similar as we observed applying
unrestricted APFD with LanL2MB level.

At a given temperature, efficient charge transport needs a mechanism with low
reorganisation energy and a high transfer integral. Koopmans’ theorem provides a
method for calculating the transfer integral, a measure of the strength of electronic
coupling between adjacent molecules. CsQ shows the much lower reorganisation
energy compared to all other investigated metal quinolates. However, the electron
transfer integral of Metal-Quinolates is comparable. The charge transfer model
suggests that the transfer rate of electrons and holes should predominate with their
corresponding reorganisation energies of electron and hole, in the exponential
term in equation (1).%’

200

kelectron(B3LYP)

160 - e
kelectron(APFD) S~

120

80 H

40

Charge transportrate ( x 10'%)

LiQ NaQ KQ RbQ CsQ

Increasing atomic number of metal ions

Figure 6: The intermolecular charge hopping rates of hole, k. and electron, k.o, Of
LiQ, NaQ, KQ, RbQ and CsQ calculated using two different functionals but

with the same basis set.
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Consequently, the electron transport rate in CsQ is higher than in other compounds.
In addition, if the HOMO is less negative, electrons should be able to leave a
hole transport material more readily. Nevertheless, it is anticipated that electrons
are taken more easily by electron transport material with a lower LUMO value.?®
CsQ has the lowest LUMO value, indicating it to be a superior electron transport
material. The HOMO and LUMO state distribution of Metal-Quinolates may be
correlated to their charge transport characteristics. This is because the orbitals
of different molecules will overlap more readily if the HOMO and LUMO are
delocalised, allowing for more efficient hole/electron transport through hopping. A
higher degree of localisation of the HOMO/LUMO states limits the hole/electron
transport.”? Though in CsQ HOMO/LUMO are not significantly delocalised, the
trade of between delocalisation of HOMO/LUMO and the lower reorganisation
energy, we conclude that CsQ shows much better electron transport property.

3.6 Dimerisation of Metal-Quinolates

Scanning Electron Microscope (SEM) studies on some synthesised metal
quinolate complex crystals such as Co(8HQ), on glass substrate has detected
those molecules aggregate from a single molecule to several molecules up to a
size of several hundred nanometers.’® 3! Therefore, we are intrigued to study the
dimerisation effects in these materials with considering the dispersion correction
for van der Waals force.

The DFT/UAPFD molecular structures of Metal-Quinolate dimers are shown in
Figure 7. It is observed that the optimised structure of (RbQ), and (CsQ), are
very different from other calculated dimers. We see that by increasing the atomic
number of metal ions, the benzene/quinol rings of two different molecules follow
the trend to be oriented parallel to each other in the complex. Our result differs
from the previous report of dimer formation by Jeon et al.'* This is the effect of
changing functional and basis set. We recommend experimental verification for
these results.
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Figure 7: The basis set superposition error (BSSE) corrected optimised structures of
Metal-Quinolate dimers, (LiQ),, (NaQ),, (KQ),, (RbQ), and (CsQ),
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The optimised dimeric structures show a variation of dimer formation for different
metal ions. Structural bending for dimers occurs mostly at the bond angle of Metal-
Oxygen-Carbon (MOC). While the atomic number of metal ions rises, the dihedral
angle drops, and (RbQ), and (CsQ), display highly diverse optimal structures. The
two types of significant bonds i.e., N-M and O-M are compared with monomer
structure and found that the bond lengths in the dimeric structure are slightly
higher than that of the monomer structure. The calculated dimerisation energy of
CsQ shows the fragile binding strength amongst other quinolate complexes. BSSE
corrected dimerisation energy is presented for all the dimers.

4. CONCLUSION

A series of Metal-Quinolate compounds with Metal = Li, Na, K, Rb and Cs
are investigated theoretically in order to understand the effect of metal ions on
electronic and charge transport properties by dispersion-corrected DFT. Our
calculations do not show any significant variation while considering relativistic
effects for the metal atoms in the complexes. The charge transfer integrals, the
reorganisation energies, and also the intermolecular charge hopping rates are
thoroughly presented to analyse charge transport properties. The significantly
higher value of k..., of CsQ compared to LiQ, NaQ, KQ and RbQ suggests that
CsQ can act as an ETL in OLEDs. Dimer formation is desirable with all Metal-
Quinolate. These results strongly suggest that CsQ shows finest characteristics in
all perspective for acting as EIL and enhancer for ETL, consequently leading to
high power and current efficiency of OLEDs. However, further work is required to
show experimental correlation with the calculation performed with AFPD method.
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