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Abstract Molecular structures of the ground state (Sy) of
tris(4-hydroxy-1,5-naphthyridinato) aluminum (AIND3)
and its methyl derivatives have been optimized using
B3LYP/6-31G(D) and the first singlet excited state (S;)
using CIS/6-31G(D) method, respectively. The frontier
molecular orbitals characteristics of these Al-complexes
have been analyzed systematically in order to understand the
electronic transitions. It is seen from these results that in all
these complexes, like in earlier reported mer-Alq3, the
highest occupied molecular orbital (HOMO) is localized on
the pyridine-4-ol ring of A-ligand while lowest unoccupied
molecular orbital (LUMO) is on the pyridyl ring of B-ligand
for S states irrespective of the methyl substitution present on
the ligands. The absorption and emission wavelengths have
been evaluated at the TD-PBEQ0/6-31G(D) level and found to
be comparable with the experiment. The charge transfer
integrals have been calculated for AIND3, and results reveals
that electron transport is larger than hole transport. The
reorganization energies have been calculated at B3LYP/6-
31G(D) level for these complexes, and the results show that
the charge mobilities of these complexes are comparable
with mer-Alq3.
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1 Introduction

Recent organic material research has focused on the utili-
zation of conjugated polymers [1, 2] or low molecular
weight materials [3] in OLED devices. OLEDs are het-
erojunction devices in which layers of organic transport
materials are usually incorporated into devices as amor-
phous thin solid films [4]. Following the initial report of
utilization of tris(8-hydroxyquinolinolato)aluminum (mer-
Alq3) [5, 6] as electron transport material and emitting
layer in OLED, the derivatives of metal quinolates have
become the focus of new electroluminescent materials
research [7, 8] with mer-Alq3 being the most often used
[9]. Although research into the development of OLEDs in
the past decade is rapidly growing; only in recent years, the
studies of the fundamental molecular properties of met-
aloquinolates have been reported in the literature [10-24].
The majority of the reports deal with the ground-state
characteristics of mer-Alq3 [10-16] and on vertical exci-
tations studies of mer-Alq3 using theoretical methods
[17-24]. It is clear from these reports that for a better
understanding and to make progress in the improvement of
OLED devices, the studies on molecular structure of low-
weight organic materials are essential. Hence, the present
study deals with the detailed theoretical study of the three
Al-complexes for their structural, optical properties namely
tris (4-hydroxy-1,5-naphthyridinato) aluminum (AIND?3)
and its methyl derivatives namely tris(4-hydroxy-8-methyl-
1,5-naphthyridinato) aluminum (AlmND3) and tris(4-
hydroxy-2,8-dimethyl-1,5-naphthyridinato) aluminum (Almm
ND3) that were synthesized by Liao et al. [25] and reported
to be the blue version analogs of well-known green fluo-
rophore mer-Alq3 and can be used as electron transporting
layer as well as emitting layer in the OLEDs. The ground
and the first excited singlet-state geometries of these
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complexes have been optimized using density functional
theory (DFT) and ab initio configuration interaction with
single excitations (CIS) method, respectively. The time-
dependent DFT (TDDFT) methods have been used to
calculate absorption and the emission energies of these
complexes, and the results are compared with the available
experimental data [25]. The charge transfer integrals have
been computed for AIND3, and the reorganization energies
for all the complexes have been calculated at B3LYP/6-
31G(D) level.

2 Computational methodology

The ground-state geometries of AIND3(1) and its methyl
derivatives 2 and 3, depicted in Fig. 1, have been opti-
mized at the B3ALYP/6-31G(D) level using GO3 package
[26], which has been proved to be a reliable approach for
mer-Alq3 and it derivatives [27-32]. The first excited-state
geometries have been optimized using the CIS approach
[33]. Earlier, this approach had been successfully applied
on mer-Alq3 [27, 28] and its nitrogen derivatives [30] as
well as other OLED materials [34-38], which has given
accurate and reliable results. Hence, in this study, the
excited-state optimization has been carried out using the
CIS/6-31G(D) method. The absorption spectra and emis-
sion spectra have been calculated by PBEO-TDDFT
method using B3LYP/6-31G(D)- and CIS/6-31G(D)-opti-
mized geometries, respectively. The charge transfer inte-
grals for AIND3(1) have been calculated using the direct
coupling method implemented in Q-Chem software [39—
43]. The reorganization energies for all the complexes
which is one of the important parameter for determining
the charge mobilities have been calculated using the
B3LYP/6-31G(D) method.
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1:R,=H,R,=H; (AIND3)
2: R;=Me, R, =H; (AlmND3)

3: Ry = Me, R, = Me; (AImmND3)
Fig. 1 a The geometry of AIND3(1) and its methyl derivatives(2-3)

with labels. A-C for three ND ligands. b the atom numbering for
(1-3) complexes considered in this work
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3 Results and discussions
3.1 Ground-state geometries

The ground-state geometries of the Al-complexes (1-3) are
shown in Fig. 1. The ligands of the complexes (1-3) have
been labeled as A, B, and C. The central Al-atom is sur-
rounded by the three ligands with the A- and C-ligand
nitrogens and the B- and C-ligand oxygens trans to each
other. The selected optimized geometrical parameters of
(1-3) are shown in Table 1, along with the experimental
observed parameters for AIND3 [25]. For the sake of
comparison, both the optimized geometrical parameters of
the mer-Alq3 are shown in the same table. It is seen from
Table 1 that the calculated average AI-N bond length of 1
(~2.084 A) is shorter than that of mer-Alq3 (~2.0913 A);
this could be attributed to the seesaw-like binding mode of
the ND ligand [25]. The calculated average Al-O bond
length of 1 (~1.884 1&) is longer than that of mer-Alq3
(~1.873 A); this may be attributed to the higher electron
deficiency of ND ligand compared with 8-hydroxyquino-
line, which is evident from their pK, values [25]. In case of
AIND3, the predicted bond lengths of AI-N are
0.059-0.061 A and for Al-O are 0.005-0.024 A longer
when compared with the experimental data [25]. These
bond length and bond angle values compare well with the
previously calculated values [29]. The longer predicted
bond lengths may partly due to the neglected solid-state
effects [44]. Overall, it can be seen that the agreement
between the calculated and experimental data is quite good.
In case of other complexes namely 2 and 3, with methyl
substitution on the peripheral ligands, negligible increase in
the bond length and bond angles is observed when com-
pared with the unsubstituted AIND3.

Table 1 Selected optimized bond lengths in angstrom (A°) and bond

angles (deg) for (1-3) obtained by using the B3LYP/6-
31G(D) method

Parameters 1 2 3 Exp* Alq3
Bond lengths

Al-N, 2.080 2.076 2.076 2.021 2.084
Al-N,, 2.111 2.103 2.104 2.050 2.126
Al-N, 2.062 2.056 2.057 2.003 2.064
Al-O, 1.866 1.869 1.869 1.861 1.855
Al-O, 1.892 1.894 1.894 1.873 1.881
Al-O, 1.893 1.895 1.895 1.869 1.884
Bond angles

Na-Al-Nc 171.72 171.63 171.60 174.21 171.50
Nb-Al-Oa 173.03 172.77 172.88 172.92 172.75
Oc-Al-Ob 167.89 168.03 167.98 171.18 166.57

? Experimental data for AIND3(1) from [25]



Theor Chem Acc (2011) 129:131-139

133

3.2 Frontier molecular orbitals
of the ground-state (Sy) geometries

It will be useful to examine the frontier molecular orbitals,
i.e., HOMO and LUMOs of these complexes because the
relative ordering of these orbitals provides a reasonable
qualitative indication of the excitation properties and the
ability to electron/hole transport. It can be seen in the lit-
erature that in the ground states of mer-Alq3 [2, 17, 24] and
its nitrogen derivatives [30], the HOMOs are localized
mostly on A-ligand while LUMOs are localized on
B-ligand. The HOMO, LUMO, and LUMO+-1 distribution
patterns of (1-3) in their ground states obtained by using
the B3LYP/6-31G(D) method are shown in Fig. 2. In
agreement with earlier reports [29, 30], it can be seen that
the HOMO and LUMOs of 1 show the similar trend in both
the energy values and localization of frontier orbitals at
A- and B-ligands, respectively. In all these complexes, the
HOMO is localized on the A-ligand and the LUMO is
localized on the B-ligand while the LUMOs +1 is mainly
localized on C-ligand and to some extent on the A-ligand
irrespective of the methyl substitution present on the
ligands (Fig. 2). The HOMO, LUMO, and LUMO+1
energies of (1-3) calculated by TD-PBEO0/6-31G(D)//
B3LYP/6-31G(D) are tabulated in Table 2. The energy gap
(Egap) of (1-3) have been calculated as the difference of

Fig. 2 Frontier molecular
orbitals (FMOs) (0.05 e au™)
for the ground states (Sg) of
1-3)

Table 2 HOMO, LUMO, and energy gaps (E,p) of (1-3) (in €Vs) in
their ground state (Sy) obtained by using the TD-PBE(0/6-31G(D)//
B3LYP/6-31G(D) method

Complexes HOMO LUMO LUMO+1 Egap

Alq3 —5.261 —1.647 —1.405 3.856
1 —6.188 —2.085 —1.843 4.345
2 —6.040 —1.870 —1.638 4.402
3 —5.931 —1.722 —1.492 4.209

Enomo and Epymoo1 because in these complexes studied
here, the major transitions for the absorptions are from
HOMO to LUMO+1 (see details in Table S1). It can be
seen that the HOMO, LUMO, and LUMO+-1 energy levels
of (1-3) are lower than that of mer-Alq3. The energy gaps
are found to be ~0.35-0.55 eV higher than the mer-Alq3
[45] depending on the substitution, which reflects in their
absorption spectra. The difference between the HOMO and
LUMO for 1 (0.1508 au) is in good agreement with the
previously reported one by B3LYP/DZP method [30].

3.3 Frontier molecular orbitals
of the first excited-state (S;) geometries

Presently, the standard procedure adopted for calculating
the first excited-state equilibrium properties is the CIS
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method [33]. Earlier, this method has been successfully
applied on mer-Alq3 and its derivatives [27-32] and as
well as other OLED materials [34-38]. Hence, the first
excited-state geometry optimization for (1-3) have been
carried out by CIS/6-31G(D) method using the corre-
sponding HF/6-31G(D)-optimized ground-state geome-
tries. The HOMO and LUMO distribution patterns of (1-3)
in their excited states are shown in Fig. 3. It can be seen
from Fig. 3, for the complexes 1 and 2, the HOMO is
localized on the pyridine-4-ol ring of A-ligand while the
LUMO is on the pyridyl ring of A-ligand for S; sates where
as in complex 3, the HOMO is localized on the pyridine-4-
ol ring of B-ligand while the LUMO is on the pyridyl ring
of B-ligand. The HOMO and LUMO energies of all the
complexes (1-3) are tabulated in Table 3. It is seen that the
major transitions for absorption are from HOMO to LUMO
+1, where as for emission are from HOMO to LUMO

Fig. 3 Frontier molecular
orbitals (FMOs) (0.05 e au_3)
for the excited states (S;) of
1-3)
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HOMO

(see details in Table S1). In the emission spectra similar to
the absorption spectra, the HOMO, LUMO, and LUMO+-1
energy levels of (1-3) are lower than that of mer-Alq3 and
the energy gaps are found to be ~0.64-0.75 eV higher
than the mer-Alq3 [45], which reflects in their emission
spectra.

3.4 Absorption and emission spectra properties

Several investigations have shown that TDDFT is a good
predictive tool for absorption spectra; hence, the TDDFT
calculations have been carried out for all the complexes
(1-3). Like the earlier reports on similar molecules to
determine the functional having the best performance, var-
ious functionals namely SVWN, BLYP, B3LYP, B3PW091,
and PBEO are used to calculate the absorption A, values
of 1 using the 6-31G(D) basis set (see details in Table S2)

LUMO
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Table 3 HOMO, LUMO, and energy gaps (E,p) of (1-3) (in €Vs) in
their excited state (S;) obtained by using the TD-PBE0/6-31G(D)//
CIS/6-31G(D) method

Complexes HOMO LUMO Egap

Alq3 —4.873 —1.649 3.224
1 —5.804 —2.032 3.862
2 —5.752 —1.792 3.960
3 —5.875 —1.902 3.973

[31, 32, 38]. It is seen that the calculations employing a
variety of functional forms indicate that the absorption A,
values vary significantly according to the employed func-
tionals (Table S2). The performance of the local density
approximation (SVWN) and pure gradient-corrected func-
tionals (BLYP) is found to be poor. The results using the
hybrid functionals (B3LYP, B3PW91, and PBEO) are much
better. It can be seen that PBE0/6-31G(D) gives more reli-
able values than all other functionals (Table S2). Compared
with the previously reported absorption of 367 and 366 nm
using B3LYP/6-31G and B3LYP/3-21G(D) methods,
respectively [29] for 1, the absorption calculated using
PBEO0/6-31G(D) method, i.e., 350 nm is found to be in good
agreement with the experiment [25]. To investigate the effect
of the extension of the basis sets on the absorption spectra of
1, calculations have been carried out using PBEO method
with 6-31+G(D), 6-31G, and 3-21+G(D) basis sets, and it is
found that the basis set has negligible effect on the absorption
(Table S2). Hence, PBEO functional with 6-31G(D) basis set
has been used further to calculate the absorption and emis-
sion spectra of all the complexes (1-3), and the results are
summarized in Table 4 along with experimentally reported
absorption and emission wavelengths [25]. Itis seen from the
Table 4, in all these complexes, the major transitions for
absorption are from HOMO to LUMO+1 while for emission
are from HOMO to LUMO. Due to the increase in the energy
gaps (Tables 2, 3), the absorption and emission spectra of all
the complexes are blue shifted compared with the mer-Alq3.
It can be seen that the absorption spectra being blue shifted
~60-69 nm compared with the mer-Alq3 while the

emission spectra being blue shifted ~121-141 nm. It can
also be seen that the calculated absorption vales are in good
agreement with the experimental values with deviations
being 9, 4, and 6 nm for 1, 2, and 3, respectively, while in
case of the emission spectra the deviations being 31, 31, and
34 nm for 1, 2, and 3, respectively.

3.5 Charge transfer integrals
and reorganization energies

The band theory model [46, 47] and the hopping model
[48-55] are widely used for describing the charge transport
in organic materials. When the overlap of the molecular
orbitals is strong, the bands are formed through which the
conduction of the charge takes place according to the band
theory model. On the other hand, the hopping model is
more suitable where coupling between neighboring mole-
cules is small. The latter model is more appropriate in our
case here. In this model, the intermolecular charge trans-
port is calculated by assuming that the charge hops
between two molecules. The hole and electron transport
processes at the molecular level in the electroluminescent
layer can then be portrayed as the electron/hole transfer
reactions between the neighboring molecules [55-65] as

AT+ A AD 4+ AT/ (1)

where A*'~ indicates the molecule in a cationic or anionic
state and A® is a neighboring molecule in the neutral state.
In case of electron transport, the interaction can be con-
sidered between a molecule in the neutral state and with a
radical anion, and in the case of hole transport, the inter-
action can be considered between a molecule in the neutral
state and a radical cation.

The charge transfer rate can be defined using the Marcus
theory [56].

Koo = (472/h) 22 (4m/KT) " exp(—1/4KT) (2)

Here, 7 is the charge transfer integral/coupling matrix
element between neighboring molecules, 4 is the
reorganization energy, k is the Boltzmann constant, and

Table 4 Calculated absorption (Z,,s) and emission (A.n;) wavelengths (in nms) of (1-3) obtained by using the TD-PBE0/6-31G(D) method

Complex Major transitions® Aabs Vil Exp. Agps Major transitions Aemi Vi Exp. Aemi
Alq3d H - L+1 410 0.0759 387 H<L 523 0.0441 515
1 H - L+1 350 0.1029 341 H<L 402 0.073 433
2 H - L+1 342 0.1408 338 H«< L 384 0.111 415
3 H - L+1 341 0.1319 335 H<L 382 0.103 416

% H, L, and L+1 stand for HOMO, LUMO, and LUMO+1
® fis oscillator strength

¢ Experimental s and Ay for (1-3) from [25]

d Experimental /,,s and Aem; for Alg3 from [45]
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T the temperature. The two major parameters that
determine self-exchange electron-transfer rates and
ultimately the charge mobility are the following: (a) the
charge transfer/electronic coupling 7 between neighboring
molecules, which should be maximum and (b) the
reorganization energy (A) which should be small for
significant transport. An evaluation of t would require
the relative positions of the molecules in the solid state as it
is related to the energetic splitting of the frontier orbitals of
the interacting molecules. On the other hand, hole/electron
transports are predicted from the electron (4..) and hole
(Anole) TEOTganization energies, respectively, and are in
good agreement with the experimental observations
[55-65]. The reorganization energies are calculated based
on the model as shown in scheme 1, and this model have
been applied with success in many earlier studies [55-65].
Here, 4, is the energy required for the reorganization of the
neutral geometry to the cation geometry upon removal of
an electron and /, is the energy required to reorganize the
obtained cation geometry back to a neutral state upon
reaccepting an electron. The sum of these energies gives
the total reorganization energy for the hole transport
(Ahote = 41 + 42) of the molecule when the charge is being
transported. In a similar fashion, the reorganization energy
of the neutral to anion (43) and back (/4) should be useful
in understanding the electron transport ((Aele = 43 + 44).
The electron/hole reorganization energies for mer-Alq3
[59], fluorinated derivatives of mer-Alq3 [31], with elec-
tron donating/withdrawing groups substituted on the
ligands of mer-Alq3 [32], 5- and 6-coordinated Al-com-
plexes [66] and dinuclear Alq3-complex [67] has been
reported at B3LYP/6-31G(D) level. Hence, here also the
reorganization energy calculations have been carried out on
(1-3) using the same methodology and compared with that
of mer-Alq3 (Table 4). It can be seen from Table 4 that
both the 4. and A4, values of (1-3) are lower than that of
mer-Alq3. As the number of methyl group substitution

Cation/Anion geometry
before optimization

A
M/ds (in e\>\ optimized geometry

Cation/Anion

Ao/h4 (in ev) Neutral geometry
before reorganization

Neutral optimized
geometry

For hole transport (Ahote) = A+ A,
For electron transport (Lae) = A, + A,

Scheme 1 Calculation of reorganization energy
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(which acts as an activating group) increases, the A, also
increases, and the complex 3 has a value of 0.273 eV
which is almost the same as of mer-Alq3. The calculated
hole (0.213 V) and A (0.236 eV) values for AIND3(1)
suggest that it has a lower reorganization energy than the
electron transport. The charge transport integrals for hole
(Thole) and electron (t.y.) are calculated for AIND3(1) to get
a more detailed picture of the electron/hole transport. For
calculating these integrals, the relative positions of the two
molecules in the hopping complexes are essential in an
amorphous film, which can be considered approximately as
a collection of molecules with relative positions similar to
that in the crystalline state without long-range interactions.
Here, we have chosen the crystal data for AIND3(1) [25]
and simulated the relative positions of pairs of AIND3
molecules. As AIND3(1) belong to P1 space group, and
each unit cell has two molecules related by inversion
symmetry. A charge on an AIND3 molecule can hop to
others in the neighboring unit cells in two ways: the one
related by translational symmetry as shown in pathways I-
IIT (Fig. 4) and the other is related by inversion symmetry
within the cell or by inversion symmetry as shown in
pathways IV-XI (Fig. 4). The charge transfer integrals for
Alg3 have been calculated by Lin et al. [59] using both the
Koopmans theorem in conjugation with Hartree—Fock
model (HF-KT) [68-73] and the direct coupling (DC)
method implemented in Q-chem software [39—43]. Some-
times the HF-KT method fails due to the distorted HOMO
and LUMO that are no longer simple linear combination of
charge-localized orbitals [68-73]. Hence, the transfer
integrals for 1 have been carried out using the DC-method
(Table 5).

The charge transfer integrals for hole (13,01c) and electron
(Tere) between an AIND3 molecule and its neighbors are
shown in Table 6, along with the Al-Al distance between
hopping partners. It can be seen from the geometries of the
hopping pairs (see details in supplementary Information),
there exists two types of pathways namely the one in which
the two ND ligand planes are parallel to each other (namely
IV to VII, X and XI) and the other in which the two ND
ligand planes deviates significantly from being parallel to
each other (namely I to III, VIII and IX). The maximum
overlap between the HOMOs and LUMOs of the two
interacting molecules will result in a large value for the
charge transfer integrals for the hole and electron. It can be
seen from Table 6, when the Al-Al distance between the
hopping pairs is large (pathways II-V), there is an inade-
quate overlap of two interacting orbitals resulting in
smaller 7 values. It can also be seen that the parallel
pathways gives higher 7 values when compared with the
nonparallel pathways. This may be due to the large overlap
of orbitals in the former. For e.g., the pathways namely I,
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Fig. 4 All charge hopping NDg

pathways for a particular

AIND3 molecule with another

AIND3 molecule. (see

supplementary information for

the detailed pathways) 2

ND ! j‘::g— 9 ND,

ND,

Table 5 Calculated reorganization energies (in eV) of (1-3) for hole
(Znole) and electron (4..) obtained by using the B3LYP/6-
31G(D) method

Complexes Ahole Jeele

Alg3* 0.242 0.276
1 0.213 0.236
2 0.215 0.255
3 0.215 0.273

* Alg3 data from [59]

Table 6 Charge transfer integrals ty,). for hole and 7). for electron
between an AIND3(1) molecule and its neighbors using DC-method

Pathways AI-Al distance Thote/ 1074 T/ 1074
(in A) (in eV) (in eV)
I 7.995 8.61 41.67
Il 12.088 451 2.23
11 13.115 0.77 0.06
v 14.725 3.10E-05 9.40E-06
\Y% 13.115 0.22 0.24
\%! 9.406 128.19 70.35
VI 8.331 128.67 16.27
VIII 8.399 20.25 0.65
IX 8.349 5.36 1.78
X 8.156 78.56 107.52
XI 9.562 178.99 983.21

X and XI give higher 7. values, whereas the pathways
namely VI and VII give higher 1y, values compared with
the nonparallel pathways. The lower t values in other

NDjg
Translational Symmetry 4 "
Pathways: I - Ill - @
J
Af‘

¥ ND 9

Inversion Symmetry

Pathways: IV - XI

2 NDc

)
NDg

parallel pathways may be attributed to the cancellation of
orbital overlap resulting in the poor overlap between the
two interacting orbitals in the hopping pair. It can be seen
from these results that the majority of the pathways are
having higher 7. values when compared with the Ty
suggests that AIND3(1) behaves as an electron transporter
than hole transporter.

4 Conclusions

The ground-state (Sy) geometries of tris(4-hydroxy-1,5-
naphthyridinato) aluminum (AIND3) and its methyl deriva-
tives have been optimized at DFT/B3LYP/6-31G(D) method.
From the frontier molecular orbitals, similar to mer-Alq3, it
can be seen that in all these complexes, the HOMO is localized
on the pyridine-4-ol ring of A-ligand while LUMO is on the
pyridyl ring of B-ligand in the S states irrespective of the
methyl substitution present on the ligands. The CIS/6-
31G(D) method have been used to obtain the first singlet
excited (S;) states. The absorption and emission spectra cal-
culations are carried out at TD-PBE0/6-31G(D) level and are
found to be comparable with the experimental data. A sig-
nificant blue shift for all these complexes can be interpreted
from the theoretical results. The reorganization energies for
the hole/electron transport and charge transfer integrals have
been calculated. The results show that AIND3 behaves as an
electron transport material. Thus, the theoretical study of
structural, electronic, and charge transport properties of such
complexes may be useful in designing the high-performance
emitting materials used in OLEDs.
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