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The effect of coordinated structures of electron transporting materials (ETMs) with lithium quinolate (Liq) on
charge transport characteristics was theoretically investigated. The reorganization energies of holes (A4) and
electrons (A.) of ETM-Liq simultaneously increased compared with those of ETMs, indicating that the charge
transporting is retarded. Interestingly, A, of ETM-(Liq), increased, while A, decreased. Regarding transfer in-
tegrals for holes (ty) and electrons (t,), ty's of T2T-Liq and BPyTP2-Liq were significantly reduced with t, of T2T-

Liq decreasing tremendously. Consequently, the hopping rates of holes of Liq-complexes were reduced, while
that of electrons of BPyTP2-Liq increased and that of T2T-Liq/TSPO1-Liq was reduced.

1. Introduction

Ever since the gradual requirement for high-quality and evolutional
form factors in the display and electronic device industries, organic light
emitting-diodes (OLEDs) have received tremendous attention due to
their fascinating advantages, including their flexibility, color purity,
view angle, and contrast [1-4]. Accordingly, OLED devices have been
becoming the most popular display technology in both mobile and TV
display industries. To meet growing device efficiency and lifetime de-
mands in the display industry, the OLED device architecture has been
developed over time, evolving from simple-layered to multi-layered
structures. Also, organic materials have been synthesized with the aim
of improving the carrier transport and photophysical properties. Among
the several representative examples, lithium quinolate (Liq), which is
utilized in practice as an additive in electron transport layers (ETLs), has
been primarily used to simultaneously fulfill high efficiency and prolong
lifetime of OLED devices [5-7]. The specific effect of Liq on the effi-
ciency and lifetime can be understood in that it helps inject electron
carriers from the cathode and interrupts the transport of large amounts
of electron carriers to emissive layers (EMLs). Accordingly, the charge
carriers then become balanced, leading to the eventual lowering of the
probabilities of exciton-exciton and exciton-polaron annihilations in
the EMLs. It has been briefly understood that the electron mobility of Liq
is so slow that it interrupts the generation of the fast pathway transport
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of electron carriers in the ETL matrix [8]. However, current under-
standing of the interruption of electron carrier transport into EMLs is
insufficient in terms of the co-deposition of Liq in the ETL matrix. In
terms of molecular structure, triazine functional groups, which are six-
membered resonance structures consisting of three carbon (C) and ni-
trogen (N) atoms, have commonly been utilized as the backbone in the
design and synthesis of ETL materials due to their excellent advantages
of a strong electron acceptability and structural planarity [9,10].
Moreover, ETL materials with pyridine/pyrimidine/phosphine as their
core structures have also been occasionally reported [11-15]. It is
generally well-known that lone pair electron in nitrogen or oxygen
atoms, acting as a Lewis base, can form a coordination bond with metal
or Lewis-acid atoms. Therefore, it is expected that the complex structure
of Liq and ETL materials can be sufficiently formed by mixing solid
matrix. Furthermore, structural relaxation could be enhanced relative to
the non-coordinated structure of ETLs upon the forming of such a co-
ordination bond due to the increase in the degrees of freedom in the
vibration and rotation movements. In a recently published paper, the
complexation of ETL (BPhen) and Liq was proved by analyses of the
Gibbs — DiMarzio prediction and X-ray photoelectron spectroscopy[16].
This experiment clearly supports the purpose of our theoretical inves-
tigation to understand the effect of ETL-Liq complexation on the charge
transport property.

In this work, representative ETL materials specifically T2T (2,4,6-tris
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(biphenyl-3-y1)-1,3,5-triazine), BPyTP2 (2,7-Di(2,2’-bipyridin-5-yl)tri-
phenylene), and TPSO1 (Diphenyl-4-triphenylsilylphenyl-phosphine
oxide) were chosen to analyze the effect of forming a Liq-ETL complex
on the carrier transport properties (See Scheme 1). Density functional
theory (DFT) calculations for both ETL and ETL-Liq complex structures
were conducted to investigate variations in reorganization energies,
transfer integrals, and carrier hopping rates. Overall, we believe this
theoretical research will help extend current knowledge of the effect of
Liq on OLED device performance.

2. Theory and computation

DFT calculations were carried out by employing a non-local density
functional of the Becke three-parameter Lee-Yang-Parr exchange func-
tional (B3LYP), with Pople’s triple-zeta potential and a double polari-
zation function (6-311G**) implemented in the suite of Gaussian 09
code [17]. All molecular structures in neutral, cation, and anion states
were fully optimized without symmetry constraints (C1), and their
thermodynamic stabilities were verified by frequency calculations. Ac-
cording to the Marcus formalism [18], the properties of hole or electron
carrier transport are critically influenced by the reorganization energy
(4 or Z¢) and transfer integral (t, or t.). In detail, the hopping rates of
hole and electron carriers inversely depend on the Ay or A. values,
whereas those are proportionally depending on ¢, or t.. The 13 or 2,
values can be generally derived from Nelsen’s four-point method using
the following equations [19]:

cation neutral
Ay = (/1,,5“,,(,, - ﬁmn‘(m) + (/Immm - Aneutrul) (@)

Ao = (lzgf;:;] - lanion) + (ﬂzf,ig;al - j-m’urml) 2

The transfer integrals of the hole and electron carriers in the present
work were calculated via fully optimized dimer conformations. To
simply mimic the nature of an amorphous film state, Grimme’s disper-
sive correction was utilized to describe the non-covalent interaction of
neighboring molecules. Moreover, the energy splitting from the inter-
molecular polarization effect was considered to gain transfer integral in
dimer structures. t, and t. can be expressed as shown in the following
equation [20]:

o — 1127% (e1 + €)1

3
1-5,

where t;9, €1, and e, are matrix elements of the Hamiltonian system.
S12 is the spatial electron density overlap integral between the two
highest occupied molecular orbitals (HOMOs) or two lowest unoccupied
molecular orbitals (LUMOs). To obtain the t;, and t., the several dimer
structures were preferentially prepared, thereof these were fully opti-
mized at the same level of theory with Grimme’s dispersion correction
(GD3) [21]. At the most stable optimized structures of dimer, the single
point calculations for t, and t. were conducted with B3LYP/TZVP level

T2T

BPyTP2
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of theory, as implemented in a suite of ADF program [22].
The field-independent carrier hopping rates were derived based on
the Marcus formalism as expressed in Eq. (4).

4n*2 1 (A + AG)
ker = =37\ amaiey 77 ( T 4aksT ®

where t, A, kg, h, T, and AG are the transfer integral, reorganization
energy, Boltzmann constant, Plank constant, temperature, and Gibbs
free energy, respectively.

In addition, the Huang-Rhys factor can also be utilized to calculate iy
or A.. More importantly, it is helpful in analyzing the critical vibration
modes which belongs to the increase or decrease of the structural
relaxation energies during redox reactions. Therefore, the analysis of
Huang-Rhys factor for reorganization energy helps to rationally design
the materials that are required to control the reorganization energies. It
can be expressed by the following equation:

1
Huang — Rhys factor = Ew,»Kf 5)
where K; is the shift vector, and w; is the vibrational frequency of the
i-th normal mode. K;, which can be defined as a dimensionless
displacement vector, indicates structural variations between the initial
and final state of the i-th normal mode [23,24].

3. Results and discussion
3.1. Geometries and binding nature

In the beginning, it is essential to identify the most favorable ETL-
(Liq), structure for use as a reference structure. Therefore, in the present
study, the stabilization energies of T2T, BPyTP2, and TSPO1 were
calculated as a function of the Liq molecule. As shown in Fig. 1, the most
favorable structures of T2T and TSPO1 as ETL-(Liq), could be deter-
mined ETL-Liq structure. However, the ETL-(Liq)y structure is the
favorable conformation via the complexation of BPyTP2 and Liq. To
investigate the effect of Liq on the charge transport property of ETL
materials, the ETL-Liq structure was chosen as the reference. The opti-
mized structures of ETL-Liq complexes and their structural parameters
are denoted in Fig. 2. Upon the formation of a coordination bond be-
tween the ETL and Liq, the structural planarity of BPyTP2 (at a bipyr-
idine moiety) and T2T (at a triazine moiety) was significantly altered, as
coordinated Liq interrupts to form intramolecular H-bonds via repulsive
interactions. On the other hand, important structural variations in the
TSPO-Liq complex were not detected. The distances of the coordination
bonds in the T2T-Liq (N-Li), BPyTP2-Liq (N-Li), and TSPO1-Liq (O-Li)
complexes were calculated as 2.084, 2.054, and 1.850 A, respectively. In
contrast with T2T and BPyTP2, it was interesting to observe in the
optimized structure that Liq seemed to form this coordinated structure
based on a coordination bond (Li-O) and intermolecular H-bond (O...H).

oLOT0 o
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TSPO1 Liq

Scheme 1. 2D chemical structures of ETL and Liq materials 14.
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Fig. 1. Stabilization energies of ETL-Liq complexes as a function of the Liq molecule.
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Fig. 2. Optimized structures of ETL-Liq complexes and their representative parameters.

The calculated values for the distance and angle of O...H-C in the
TSPO1-Liq complex were found to be 2.140 A and 158.54°, which
represent the essential parameters of normal H-bonds, as shown in
previous reports [25,26]. To clarify the existence of intermolecular H-
bond in the TSPO1-Liq complex, a relaxed potential energy surface
simulation (PES) was performed along the elongation of the O...H dis-
tance between the Liq and TSPO1. As shown in Fig. 3, the results
indicate that the calculated energies of the optimized structures with
respect to increases in the distance of O...H-C are gradually destabilized,
indicating that the optimized structure of the TSPO1-Liq complex is the
lowest energy point. The energy gap between the initial (with O...H-C)
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and final (without O...H-C) states was calculated as 0.130 eV (3.007
kcal/mol), which specifically indicates an attractive interaction via the
O...H-C conformation in TSPO1-Liq. Overall, based on the results of the
structural parameters and interaction energy, it was clarified that the
O...H-C conformation in TSPO1-Liq can be characterized as a normal
intermolecular H-bond. The binding energies of T2T, BPyTP2, and
TSPO1 with Liq were calculated as 0.597, 0.734, and 1.241 eV,
respectively, corresponding to higher binding energy in order: T2T <
BPyTP2 < TSPO1. The behavior of the binding energies in these com-
plexes could be understood based on the fact that the distances of N/O...
Li bonds dominantly affect the strength of the binding energies.
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Fig 3. Results of potential energy surface simulation for TSPO1-Liq.
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Furthermore, it was also found that the intermolecular H-bonds in
TSPO1-Liq weakly assists in forming the strong binding energy between
TSPO1 and Liq.

The electronic structures of the T2T, BPyTP2, TSPO1, and their Liq
coordinated complexes (T2T-Liq, BPyTP2-Liq, and TSPO1-Liq) are
shown in Fig. 4. The T2T and BPyTP2 materials without coordination of
Liq showed excellent overlap of the highest occupied and lowest un-
occupied molecular orbitals, which is known as the n-t transition
property. However, TPSO1 exhibited the separated spatial distributions
for the HOMO and LUMO, indicating the intramolecular charge transfer
(CT) transition property. Moreover, the shapes of molecular orbitals
inform the hopping sites of charge carriers in ETLs. Interestingly, the
unique characteristics of these electronic structures changed when Liq
was coordinated with the ETL materials. Specifically, in the electronic
structures of T2T-Liq, BPyTP2-Liq, and TSPO1-Liq, it was illustrated
that the spatial distribution of HOMO predominantly lies on the Liq,
while the LUMO was mainly delocalized on the ETL. These spatial dis-
tributions can be attributed to the intermolecular CT transition. Also, the
changes of electronic structures implies that the hopping site of charge

Chemical Physics Letters 810 (2023) 140207

carriers turned to be significantly variated in the ETL-Liq complexes.

3.2. Reorganization energies

As introduced in theory and computation, the A, and A, values for the
ETL and ETL-Liq materials were calculated using Nelsen’s four-point
method. All the calculated A\, and A, values are listed in Table 1. The
Ap values for T2T, BPyTP2, and TSPO1 were calculated as 0.136, 0.229,
and 0.454 eV, respectively. In addition, the calculated A, values for T2T,
BPyTP2, and TSPO1 were 0.275, 0.302, and 0.499 eV, respectively.
Interestingly, upon the reversible redox reaction (\, =M - M*/M" - M
and A, =M - M /M~ — M), it was found that each energy relaxation
process under oxidative and reductive reactions differently contributed
to the A and A, values. For Ap, the structural relaxation energies of T2T
and BPyTP2 under M — M*/M" — M reactions were equally calculated,
whereas, in the case of TPSO1, the energy contribution of the M" — M
reaction (0.163 eV) was found to be relative to the M — M™ reaction
(0.291 eV). Otherwise, the calculated A, was equally attributed to each
relaxation energy during M - M~ /M~ — M reactions. Understanding
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Fig. 4. Spatial distribution of HOMO and LUMO in ETLs and ETL-Liq complexes.
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Table 1
Charge transport properties of the ETL materials and ETL-Liq complexes.
ETL
}\h )\e tzh tf kh ke
T2T 0.136 0.275 5.50%10~* 3.38+10°2 6.69*10'2 7.47¥10'2
BPyTP2 0.229 0.302 5.54%107° 2.15%107° 2.10%10"! 3.50%101°
TSPO1 0.454 0.499 1.35%10°° 1.59¥10°° 4.07*10° 2.94*10°
ETL-Liq
My Ae G I kn k.
T2T 0.515 0.395 3.36%10°7 1.23%10°° 5.24%107 7.06%108
BPyTP2 0.283 0.365 1.46*10°° 4.26*107 2.93%10° 3.42¥10"!
TSPO1 0.573 0.952 1.39%107* 1.61*10°* 1.17*10° 2.62%10°

the origin of Ay and A,, which corresponds to the vibration coupled
structural relaxation energy via the redox reaction, can be achieved
using the Huang-Rhys factor. The advantage of the analysis of Huang-
Rhys factor has been known that it is one of useful methodology to
understand the contribution of specific vibration mode on the reorga-
nization energy. Accordingly, the origin of the different relaxation en-
ergies of TSPO1 on Ay was further investigated using the Huang-Rhys
factor. As can be seen in Fig. 5, the vibration mode at 23.05 cm ™2,
which can be attributed to the C—H not being in the plane bending
mode, is drastically activated during the M — M" reaction. Based on
these findings, it can be speculated that the intermolecular H-bonds of
T2T and BPyTP2 may play an essential role in determining the balanced
structural relaxation energies. In addition to this, we further charac-
terized key vibration modes strongly related to the determination of the
A and A, values of T2T, BPyTP2, and TSPO1. Specifically, in T2T, C—H
out-of-plane, in-plane bending, and C—C stretching vibration modes
took on important roles in determining Ay. For A, the C-N stretching
vibration mode was predominantly activated under the M — M~ reac-
tion, whereas the deactivation of C—N stretching vibration modes and
the activation of C—H in-plane and C—C stretching vibration modes
occurred under the M~ — M reaction. For the A4 and A, of BPyTP2, C—H
out-of-plane bending and C—C stretching vibration modes mainly
contributed to the relaxation energy process via hole and electron car-
rier transport. In the case of the A4 and A, of TSPO1, C—H out-of-plane
bending vibration modes solely contributed to the 2.

We will now discuss the results regarding the A, and A, values in the
ETL-Liq complexes. The A4 of T2T-Liq was calculated to be 0.573 eV,
which is ~ 3.8 times larger than that of T2T. On the other hand, the

calculated Ay values of BPyTP2-Liq and TSPO1-Liq were 0.283 and
0.573 eV, which were slightly increased up to 124 % and 126 % relative
to BPyTP2 and TPSO1. Accordingly, it was expected that the hopping
rate of the hole carrier in the ETL matrix might be negatively affected by
the complexation of ETL and Liq materials. This result also indicated
that forming a ETL-Liq complex helps to reduce the probability of hole
leakage from the EMLs. Similar to the behaviors of As, the calculated 2,
values of T2T-Liq, BPyTP2-Liq, and TSPO1-Liq were entirely increased
compared to those of structures without Liq. Specifically, the A, of T2T-
Liq and BPyTP2-Liq were calculated as 0.395 and 0.365 eV; these were
increased up to 144 % and 121 % compared to T2T and BPyTP2.
Particularly, the A, of TSPO1-Liq (0.952 eV) was approximately two-
fold larger than that of TSPO1. Based on the comprehensive analyses
of the A, and A, values of the ETL and ETL-Liq materials, it can be
concluded that the complexation of ETL and Liq may simultaneously
weaken the characteristics of the hole and electron carrier transport in
the ETL matrix since the A4 and A, values are inversely proportional to
the hopping rates. Now, we will discuss the A5 and A, findings for the
ETL-Liq complexes. Specifically, the calculated A; of the ETL-Liq com-
plexes were equally attributed to each relaxation energy during the M —
MT/M' — M reactions. Moreover, the calculated A, of T2T-Liq and
TSPO1-Liq revealed the equal contribution of each relaxation energy
during the M — M /M~ — M reactions. However, in the case of BPyTP2-
Liq, the relaxation energy during the M~ — M reaction predominantly
contributed to the determination of .. To understand the nature of this
disparate contribution of the relaxation energies during the M - M~ /M~
— M reactions, the optimized structures of BPyTP2-Liq in both neutral
and anion states were compared. In Fig. 4, it can be seen that Liq was
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perpendicularly coordinated to the pyridine moiety in the neutral state.
However, as shown in Fig. 6, the coordinated structure was transformed
toward horizontal conformation in the anion state. The reason may be
related to the optimized structures in the anion state, which the Li-H
coupling and intermolecular H-bond (O...H-C) probably supported in
changing from perpendicular to horizontal conformations. To clearly
identify the existence of intermolecular H-bond and Li-H coupling in the
BPyTP2-Liq complex, PES calculations along the dihedral angle of O-
Li...N-C and natural transition orbital (NTO) simulations were per-
formed. As shown in Fig. 6, the calculated energies were gradually
destabilized in accordance with the increase in the dihedral angle. The
calculated energy gap between the minimum (with H-bond) and
maximum (without H-bond) energies was 0.047 eV (1.085 kcal/mol). In
addition, the calculated energy of the Li-H coupling was 0.164 eV based
on the NBO calculation [27]. Based on these comprehensive analyses,
the origin of the unequal processes of relaxation energy can be under-
stood based on the energy of vertical electron absorption in a neutral
structure being less favorable than that of vertical electron desorption
depending on the existence of Li-H coupling and intermolecular H-
bonds.

To clarify the interrelationship between the number of Liq molecules
and the Ap and A, values, the ETL-(Liq), complexes were further
analyzed. The results regarding the A, and A\, values are plotted in
Fig. 7. In the case of the T2T-(Liq), (n = 1-3) and BPyTP2-(Liq), (n =
1-4) complexes, with an increase in the coordinated Liq molecules, the
Ap values tended to decrease while the A, values proportionally
increased. Specifically, it can be noted that the A, values of BPyTP2-
(Liq)y (n > 3 and 4) and T2T-(Liq) ,, (n > 2 and 3) were lower than those
of BPyTP2 and T2T. Furthermore, it can be expected that the hopping
rate of the hole carrier can be advantageous as the number of Liq
molecule increases. In contrast, the hopping rate of the electron carrier is
disadvantageously affected by forming multiple coordination bonds
with Liq. For TSPO1-(Liq), (n = 1-2), the A4 and A, values were reduced
depending on the increase in the number of coordinated Liq molecules.
Moreover, the calculated A;, and A, values of the TSPO1-Liq complexes
were still larger than those of the ETL materials although the calculated
A and A, values of TSPO1-(Liq), (n = 1-2) were effectively reduced as a
function of the Liq molecule. Overall, these results indicate that the
electron carrier might be slowly transferred to neighboring molecules in
a Lig-doped ETL matrix.

3.3. Transfer integral and hopping rate

According to the Marcus formalism, an effective orbital overlap be-
tween neighboring molecules is essentially required to obtain the hop-
ping rate of charge carriers. Several types of dimer structures of
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Fig. 6. Results of potential energy surface simulation of BPyTP2-Liq in the
anion state.
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BPyTP2-Liq, T2T-Liq, and TSPO1-Liq were calculated to obtain their
stable optimized structures. As introduced in theory and computation,
the transfer integral values (tﬁ and fg) were derived and are summarized
in Table 1. As can be seen Fig. 8, the non-covalent interaction for the
paired structures of BPyTP2, T2T, BPyTP2-Liq, and T2T-Liq can be
mainly attributed to the n-n interactions, belonging to the part of ETMs
moiety. However, for TSPO1 and TSPO1-Liq, the n-n and n-H in-
teractions were simultaneously affected to sustain the pair structures.
Similar to the results for A, and X, the lﬁ and tg values of T2T and
BPyTP2 were considerably reduced after complexation with Liq. On the
other hand, the # and ¢ values of TPSO1-Liq were surprisingly
enhanced relative to TSPO1. These differences can be understood based
on the optimized structures of the intermolecular distances of T2T-Liq
and BPyTP2-Liq being slightly elongated relative to those of T2T and
BPyTP2 in the dimer structures, resulting in the poor overlap of the
molecular orbitals. However, in the case of TSPO1 and TSPO1-Liq, the
coordinated Liq enabled the close interaction with each monomer,
improving the overlap of the spatial distribution of the molecular or-
bitals. Based on the calculated A and t values, the hopping rates of the
hole and electron carriers (kj and k.) were also derived using the Marcus
formulation. The calculated kp, values of T2T-Liq and BPyTP2-Liq were
smaller than those of T2T and BPyTP2, indicating slow hole carrier
mobility. However, the k; of TSPO1-Liq was higher relative to that of
TPSOL1. In terms of the electron carrier, the calculated k. values of T2T-
Liq and TSPO1-Liq were reduced relative to T2T and TSPO1. On the
other hand, the k, of BPyTP2-Liq was faster than that of BPyTP2. In the
present work, it was indicated that the electron carrier mobilities of T2T
and TSPO1 were negatively affected by the co-deposition of Liq, in
which BPyTP2 may have enhanced electron carrier mobility.

4. Conclusion

In this study, the effect of Liq on the characteristics of hole/electron
carrier transport via Liq deposition on the ETL matrix was theoretically
investigated. It was found that a ETL-Liq complex could be formed from
an attractive interaction between ETL and Liq through a coordination
bond. In addition, stabilization energy calculations showed that ETL-Liq
for T2T/TSPO1 and (ETL-Liq), for BPyTP2 were the favorable complex
structures. In terms of the A4 and A, values of ETL-Liq and ETLs, forming
a ETL-Liq structure leads to increases in both values, resulting in a
negative effect on the hole/electron carrier transport. Moreover, as a
function of the Liq molecule, the calculated A, of T2T-(Liq), and
BPyTP2-(Liq), was continuously increased, while that of TPSO1-(Liq),
tended to decrease. However, the calculated A5 values were equally
diminished as a function of the Liq molecule. In terms of the transfer
integral, the t; and t, values of T2T-Liq were decreased, while those of
TPSO1-Liq were unexpectedly increased relative to their non-Liq coor-
dinated structures. Moreover, in the case of BPyTP2-Liq, it was shown
that t, was calculated to be disadvantageous, but t, was advantageously
calculated. Eventually, the kj values of all the ETL-Liq complexes were
calculated to show a slowing trend. On the other hand, the k, values of
T2T-Liq and TSPO1-Liq (but not BPyTP2-Liq) were calculated as
showing a decreasing trend. Based on the comprehensive consideration
of these results, it can be concluded that the co-deposition of Liq in an
ETL solid matrix generally weakens the characteristics of hole/electron
carrier transport via forming an ETL-Liq complex.
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