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The structures ofmer-tris(8-hydroxyquinolinato)aluminum (Alq3) in the ground (S0) and first excited (S1)
states have been optimized at the B3LYP/6-31+G(d) and CIS/6-31G(d) levels of theory. Absorption and
emission for Alq3 are predicted with use of CI-ZINDO and TD-DFT. The results of an energy-partitioning
analysis of the ground state of Alq3 are discussed. The electronic transition between S0 and S1 for mer-Alq3
is found to be mainly localized at the A-quinolate ligand as evidenced by the structural shift between the
excited and ground states and the partial charge transfer from the phenoxide side to the pyridyl side within
A-quinolate. The calculated optical and structural properties ofmer-Alq3 are traced back to the weakest
electrostatic attractive energy between the A-quinolate ligand and the Alq2 fragment due to the special
arrangement, resulting in geometry change of ligand A upon excitation and the localization of the HOMO on
A-quinolate.

1. Introduction

Organic light-emitting diode (OLED) is looked upon as a
promising display technology, which is currently under intense
investigation.1 The emitting materials range from conjugated
polymers2,3 to small fluorescence molecules.4 Tris(8-hydroxy-
quinolinato)aluminum (Alq3) is a milestone for the development
of OLED, which was used as the electron-transport and emitting
material in the first efficient low molecular weight OLED in
1987.5 Since then, metaloquinolates have become a very
important class of electroluminescent material in OLED,6,7 with
Alq3 being the most often used.8

After the rapid development of OLED in the past decade,
studies of fundamental molecular properties of metaloquinolates
have appeared in the literature in recent years.9-23 The majority
of the work carried out thus far has been on ground-state
characteristics of Alq3. Alq3 has two geometric isomers, the
facial (fac-Alq3) and meridianal (mer-Alq3) forms havingC3

andC1 symmetry, respectively. Themer-Alq3 form was found
to be the preferred form of Alq3, being energetically more stable
than the facial structure. Thefac-Alq3 can be reconverted for
the most part to the meridianal molecule during evaporation
onto unheated substrates or after dissolving it in polar solvents.24

The vertical electronic excitation energies of Alq3 have been
computed with molecular orbital methods.16-20 In these theoreti-
cal studies, both the configuration interaction (CI) approach with
the semiempirical method ZINDO21 (CI-ZINDO) and the time-
dependent density functional theory (TD-DFT) have been used
to compute vertical excitation spectra16-19 and the electro-
absorption20 of Alq3. Recently, the lowest singlet excited state
(S1) of Alq3 was optimized by using the singles configuration
interaction (CIS) method.22,23 Ab initio CIS, ZINDO, and TD-
DFT methods were used to calculate emission energies and also
the corresponding absorption energies.22,23The optimization of

the S0 and S1 states of Alq3 at DFT and CIS have been carried
out with 6-31G(d)19 and 6-31G23 basis sets, respectively.

Theoretical analyses of chemical bonding and reactivity have
often been carried out at a qualitative level. By using modern
methods of bonding analysis it is possible to obtain insights
into the bonding situation of molecules which agree with the
physical mechanisms of chemical bond formation. One such
method is the energy partitioning scheme that is available in
the program package ADF.25,26 It is based on the work of
Morokuma,27 who suggested an energy partitioning procedure
for Hartree-Fock wave functions. This work was later pursued
by Ziegler and Rauk,28 who showed that DFT calculations of
interatomic interaction energies can be analyzed and interpreted
in terms of physically meaningful contributions to the chemical
bond. The energy partitioning analysis (EPA) has been proven
to give an understanding of chemical bonds in terms of
rigorously defined and physically meaningful contributions to
the chemical bond in main-group and transition metal com-
pounds.29,30

In this contribution, the energy partitioning analysis of the
bonding between the metal fragment Alq2+ and a single ligand
q- in Alq3 in its ground (S0) state is performed. The meridianal
isomer as shown in Figure 1 is considered, since only a racemic
mixture of themer-Alq3 has been confirmed by the crystal
structure without solvent,31 and the fact thatfac-Alq3 can easily
convert to themer isomer.24

2. Computational Details

The geometry ofmer-Alq3 in the S0 ground state was
optimized by using the hybrid B3LYP functional32,33 with
6-31G+(d) basis sets.34 For the geometry optimization of the
first singlet excited state (S1), configuration interaction with all
singly excited determinants35 (CIS) was used with 6-31G(d)
basis sets.36,37 To obtain estimates of the vertical electronic
excitation energies ofmer-Alq3, time-dependent density func-
tional theory (TD-DFT)38 using B3LYP was used with both
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6-31G(d) and 6-31+G(d) basis sets. To compare with previous
results for Alq3, calculations of the vertical electronic excitation
energies of the S0 and S1 states were also carried out by using
configuration interaction including single excitations with an
active space of (a) 15 occupied and 15 unoccupied molecular
orbitals and (b) all valence and all unoccupied orbitals in the
active space with the semiempirical method ZINDO, respec-
tively. The above calculations were carried out with Gaussian
98.39

To perform an energy decomposition analysis of the chemical
bonds, the calculation for the optimized ground state has been
carried out at the BP8640,41 level of DFT, using a valence basis
set of TZ2P quality with the frozen-core approximation.

The bonding interactions between the metal fragment Alq2+

and a single ligand q- have been analyzed with the energy
decomposition scheme of the program package ADF25,26which
is based on the EDA method of Morokuma27 and the ETS
partitioning scheme of Ziegler.28 The bond dissociation energy
∆E between two fragments A and B is partitioned into several
contributions which can be identified as physically meaningful
entities. First,∆E is separated into two major components∆Eprep

and∆Eint:

∆E prep is the energy that is necessary to promote the fragments
A and B from their equilibrium geometry and electronic ground
state which they have in the compound AB.∆Eint is the
instantaneous interaction energy between the two fragments in
the molecule. The latter quantity is the focus of the bonding
analysis. The interaction energy∆Eint can be divided into three
main components:

∆Eelstat gives the electrostatic interaction energy between the
fragments calculated with a frozen electron density distribution
in the complex.∆Epauli gives the repulsive interactions between
the fragments which are caused by the fact that two electrons
with the same spin cannot occupy the same region in space.
The term comprises the four-electron destabilizing interactions
between occupied orbitals.∆Epauli is calculated by enforcing
the Kohn-Sham determinant of AB, which results from
superimposing fragments A and B to be orthonormal through
antisymmetrization and renormalization. The stabilizing orbital
interaction term∆Eorb is calculated in the final step of the EPA
analysis when the Kohn-Sham orbitals relax to their form.
Further details of the method can be found in the literature.26

3. Results and Discussion

3.1. Geometries ofmer-Alq3 in the S0 and S1 States.The
molecule mer-Alq3 is a trischelate organic complex that
possessesC1 symmetry in which the central trivalent aluminum
atom has a distorted octahedral coordination. The structure of
mer-Alq3 is shown in Figure 1, where labels A-C are used to
denote the three different quinolate ligands. The nitrogen atoms
of A- and C-quinolate and oxygen atoms of B- and C-quinolate
are trans to each other. Selected optimized bond lengths and
bond angles at B3LYP/6-31+G(d) for the S0 ground state of
mer-Alq3 are given in Table 1, along with the Al-O and Al-N
distances which have been determined from X-ray structure
analysis.31 The agreement between the calculated and experi-
mental data is quite good. The theoretical bond lengths are a
bit longer than the experimental values, which is at least partly
due to solid-state effects.42 The ground-state structure ofmer-
Alq3 has been studied in previous theoretical work9,12,14,19,22

where only the bond lengths but no bond angles were given.
Table 2 summarizes the optimized bond lengths of the ground

state ofmer-Alq3 at the HF/6-31G(d) level and the bond lengths
of the excited state at the CIS/6-31G(d) level. The positive and
negative values in the∆LE-G (L ) A, B, C) columns indicate
bond elongation and contraction in the excited state for A-, B-,
and C-quinolates inmer-Alq3, respectively. Figure 2 gives the
scheme of the quinolato ligand and the atom labels used in Table
2. The comparison of the S0 and S1 state geometries for A-, B-,
and C-quinolates inmer-Alq3 indicates that the structural shift
is predominantly localized at the A-quinolate. The B- and
C-quinolates inmer-Alq3 are only slightly affected except for
changes in the Al-O and Al-N bond lengths. The changes of
the bond lengths between the S0 and S1 state are in agreement
with previous investigation.22 The change of bond angles
between S0 and S1 is found predominantly in the A-quinolate,
with the largest difference of 3.7°. Thus, the excitation from
the S0 to the S1 state yields significant structural changes in
only one ligand while the other two ligands remain nearly the
same. We want to point out that the predominant relaxation of
ligand A in the S1 state compared with that in S0 may contribute
to the observed large Stokes shift (126 nm) between the optical
emission spectra and absorption spectra.

Table 3 shows the calculated atomic partial charges in the
S0 and S1 states. Larger differences of the charges are mainly
found in A-quinolate, while those of the B- and C-ligands are
negligibly small. The larger positive (C5, O) and negative (N1,
C2, C4) values of∆AE-G correspond to the partial charge transfer
from the phenoxide side to the pyridyl side within A-quinolate.
This clearly indicates that the structural distortion inmer-Alq3
is caused by the exciton localization in the A-ligand rather than
by charge separation between Al and three ligands. The reason
for this will be explained in detail in section 3.3.

3.2. Frontier Molecular Orbital (FMO) Analyses and
Optical Properties of the S0 and S1 States.The excited state

Figure 1. The geometry ofmer-Alq3 with labels A-C for three
quinolate ligands

∆E ) ∆Eprep+ ∆Eint (1)

∆Eint ) ∆Eelstat+ ∆Epauli + ∆Eorb (2)

TABLE 1: Selected Optimized Bond Lengths (Å) and Bond
Angles (deg) former-Alq3 at B3LYP/6-31+G(d) (Alq3-L)
and Experimental Data from X-ray Structure Analysis
(Alq3-λexp) 31

Alq3-A Alq3-B Alq3-C Alq3-Aexp Alq3-Bexp Alq3-Cexp

O-Al 1.859 1.882 1.886 1.850 1.860 1.857
N-Al 2.083 2.126 2.065 2.050 2.087 2.017
Oa-Al-Nb 172.62 171.46
Ob-Al-Oc 166.60 168.22
Na-Al-Nc 170.63 173.82
Oa-Al-Na 83.12 83.63
Ob-Al-Nb 80.41 81.36
Oc-Al-Nc 82.47 83.43
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properties of Alq3 have been intensively investigated by
photoabsorption, photoluminescence, and electroluminescence
techniques.6,14,16,19,31,43-49 The experimental absorption spectrum
of vacuum deposited Alq3 thin films showed a maxima at 385
nm.48 Solution-phase investigations revealed an absorption
maximum at 390 nm, in close agreement with the results of
thin film measurement.44 The experimental photoluminescence
emission in solution was observed at 514 nm44 and the
electroluminescence emission in devices was recorded at 519
nm.6 We calculated the absorption and emission wavelengths
and the frontier molecular orbitals (FMOs) former-Alq3 using
the optimized geometries of the S0 and S1 states, respectively.
A graphical display of the FMOs of the S0 and S1 states is shown
in Figures 3 and 4. The calculated absorption and emission
wavelengths using CI-ZINDO and TD-DFT are summarized in
Table 4.

The FMO distribution of the S0 state shown in Figure 3
suggests a localization of molecular orbitals at each quinolate
ligand. The HOMO is localized mainly at the A-ligand, whereas

HOMO-1 and HOMO-2 are predominantly at the C- and
B-ligand, respectively. Moreover, the LUMO is localized mainly
at the B-ligand while LUMO+1 and LUMO+2 are localized
mainly at the C- and A-ligand, respectively. This pattern is in

TABLE 2: Optimized Bond Lengths (Å) of mer-Alq3 in the S0 Ground State (LG) and S1 Excited Electronic States (LE) at
HF/6-31G(d) and CIS/6-31G(d), Respectively, and Differences between the S0 and S1 States (∆LE-G)

AG AE ∆AE-G BG BE ∆BE-G CG CE ∆CE-G

N1-C2 1.298 1.376 0.078 1.300 1.300 0.000 1.298 1.298 0.000
C2-C3 1.409 1.358 -0.051 1.411 1.410 -0.001 1.411 1.411 0.000
C3-C4 1.361 1.419 0.058 1.363 1.363 0.000 1.362 1.362 0.000
C4-C10 1.416 1.400 -0.016 1.417 1.417 0.000 1.417 1.417 0.000
C10-C5 1.417 1.405 -0.012 1.418 1.418 0.000 1.418 1.418 0.000
C5-C6 1.363 1.422 0.059 1.364 1.364 0.000 1.363 1.363 0.000
C6-C7 1.412 1.358 -0.054 1.414 1.414 0.000 1.415 1.415 0.000
C7-C8 1.372 1.442 0.070 1.372 1.372 0.000 1.371 1.371 0.000
C8-C9 1.431 1.428 -0.003 1.428 1.429 0.001 1.430 1.429 -0.001
C9-C10 1.399 1.417 0.018 1.397 1.397 0.000 1.395 1.396 0.001
N1-C9 1.357 1.338 -0.019 1.352 1.353 0.001 1.353 1.352 -0.001
C8-O 1.299 1.262 -0.037 1.301 1.301 0.000 1.304 1.304 0.000
O-Al 1.826 1.904 0.078 1.849 1.855 0.006 1.855 1.852 -0.003
N1-Al 2.106 2.012 -0.094 2.166 2.117 -0.049 2.076 2.109 0.033

TABLE 3: NBO Charges of the Ligands for mer-Alq3 in the Ground (S0) and First Excited (S1) States and Charge Differences
between the S0 and S1 States (∆LE-G), Calculated at HF/6-31G and CIS/6-31G, Respectively, and Total NBO Charges on Al and
Each Ligand (qLX)

AG AE ∆AE-G BG BE ∆BE-G CG CE ∆CG-E

N1 -0.599 -0.765 -0.166 -0.607 -0.618 -0.011 -0.615 -0.609 0.006
C2 0.111 0.014 -0.097 0.106 0.115 0.009 0.126 0.123 -0.003
C3 -0.314 -0.287 0.027 -0.315 -0.316 -0.001 -0.312 -0.314 -0.002
C4 -0.130 -0.304 -0.174 -0.133 -0.129 0.004 -0.131 -0.132 -0.001
C5 -0.299 -0.105 0.194 -0.295 -0.292 0.003 -0.290 -0.290 0.000
C6 -0.181 -0.257 -0.076 -0.184 -0.186 -0.002 -0.187 -0.189 -0.002
C7 -0.335 -0.238 0.097 -0.337 -0.336 0.001 -0.338 -0.337 0.001
C8 0.440 0.511 0.071 0.425 0.424 -0.001 0.424 0.422 -0.002
C9 0.140 0.175 0.035 0.128 0.135 0.007 0.140 0.139 -0.001
C10 -0.077 -0.111 -0.034 -0.081 -0.082 -0.001 -0.080 -0.082 -0.002
O -0.942 -0.807 0.135 -0.944 -0.945 -0.001 -0.955 -0.951 0.004
H2 0.236 0.227 -0.009 0.263 0.263 0.000 0.260 0.261 0.001
H3 0.253 0.243 -0.010 0.256 0.256 0.000 0.255 0.255 0.000
H4 0.249 0.235 -0.014 0.251 0.251 0.000 0.249 0.249 0.000
H5 0.237 0.244 0.007 0.240 0.240 0.000 0.239 0.239 0.000
H6 0.241 0.251 0.010 0.243 0.243 0.000 0.242 0.242 0.000
H7 0.253 0.261 0.008 0.255 0.253 -0.002 0.251 0.252 0.001

Al S0 2.168 S1 2.160
qLX qAG -0.717 qBG -0.713 qCG -0.729 qAE -0.724 qBE -0.724 qCE -0.722

Figure 2. Structure and labels for each ligand (L refers to A, B, or C)
in mer-Alq3

Figure 3. Frontier molecular orbitals (FMOs) and their energies
(hartree) for the ground state (S0) of mer-Alq3 obtained by BP86/T2ZP
with a small core (isocontour value 0.05).
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agreement with a previous DFT study published by Curioni et
al.9 The spatial overlap between HOMO and LUMO is weak.
As a result, the stronger optical absorption does not correspond
to the transition from HOMO to LUMO, but from HOMO to
LUMO+2 on the A-ligand.

The shape of the FMO for the S1 state shown in Figure 4
demonstrates that the energy sequence of each ligand and the
extent of localization for the MO are different from those in
the S0 state due to the relaxation of the structure on ligand A.
The HOMO of the S1 state is localized mainly on the phenoxide
side of the A-ligand while the HOMO-1 and HOMO-2 are
predominantly on the phenoxide sides of the B- and C-ligand,
respectively. The LUMO is distributed over both pyridyl sides
of the A- and C-ligands. The LUMO+1 is localized mainly at
the pyridyl sides of the A-ligand and to some extent at the
C-ligand. The LUMO+2 is localized predominantly at the
pyridyl side of the C-ligand. This type of electron distribution
favors the optical transition between HOMO and LUMO.

The vertical electronic excitation energy former-Alq3
calculated with CI-ZINDO including all single configurations
from the highest 15 occupied and lowest 15 virtual orbitals (15/
15) is 385 nm. The CI-ZINDO value including all valence and
all unoccupied orbitals in the active space is 407 nm. The
calculated values of 385 and 407 nm for the lowest lying vertical
electronic excitations are in good agreement with the experi-
mental results of 385-390 nm. The emission energy calculated
with CI-ZINDO (15/15) is 461 nm, which deviates somewhat
from the experimental values 514 and 519 nm.6,44 A better

agreement with experiment is found when all valence and all
unoccupied orbitals are included in the active space, which
yields a theoretical result of 498 nm (Table 4). The difference
between the calculated absorption and emission wavelengths
at CI-ZINDO (76 and 91 nm) can be compared with the
experimental Stokes shift for Alq3 in solution, which is 126
nm.44 These calculations suggest that CI-ZINDO considering
all valence and unoccupied orbitals in the active space gives a
reasonable excitation energy for the transition between the S0

and S1 states. It is worth noting that the excited state is optimized
under gas phase, and as a result, the structural shift may be to
some extent favored over than that in the solution or solid phase.
Therefore, the calculated emission energy by CI-ZINDO devi-
ates somewhat from the experimental values.

The analyses of the lowest lyingπ-π* electronic transitions
presented here based on the CI-ZINDO calculations are as
follows: HOMO f LUMO+2 (62%), HOMO-2f LUMO
(27%), and HOMOf LUMO+1 (10%). Thus, theπ-π*
transition occurs mainly at the A-quinolate ligand, which is in
good agreement with the shape of the FMOs (see Figure 3).
However, the assignment of the electronic transitions former-
Alq3 by using the geometry of the excited state optimized at
CIS/6-31G(d) is theπ-π* transition between HOMO and
LUMO (see Figure 4). This comes from the different electron
distribution upon the geometrical relaxation or change of the
excited state on ligand A. The optical properties ofmer-Alq3
are in good agreement with the change of the NBO charge
distribution.

Table 4 gives also the calculated absorption and emission
wavelengths ofmer-Alq3, using TD-B3LYP with 6-31G(d) and
6-31+G(d) basis sets. The absorption wavelength is predicted
at 429 and 436 nm, respectively. The assignments of the lowest
π-π* electronic transitions are as follow: HOMO-2f LUMO,
HOMO-1 f LUMO, HOMO f LUMO+1, and HOMOf
LUMO+2. The emission energy is predicted to be ca. 533 and
543 nm by 6-31G(d) and 6-31+G(d) basis set, respectively. The
assignment of possibleπ-π* electronic transitions by using
the excited-state structure optimized at CIS/6-31G(d) is HOMO
f LUMO and HOMO f LUMO+1 (see Figure 4). The
estimated Stokes shifts at the TD-B3LYP level of theory are
ca. 104 and 107 nm, which is in good agreement with the
experimental value.

3.3. Energy Partitioning Analysis ofmer-Alq3. To explore
the nature of the metal-ligand interaction inmer-Alq3, we
carried out an energy partitioning analysis of the interaction
energy. Table 5 gives the most important results of the bonding
analysis for the interactions between one quinolate ligand (qL1

-)
and the AlqL2qL3

+ (qLi ) A or B or C) fragment.
The results show that the electrostatic energy plays a more

important role for the metal-ligand binding than for the orbital
interaction, i.e., the metal-ligand interactions have a larger
electrostatic character than covalent character. Note that the
electrostatic interaction energy (∆Eelstat) between qa and Alqbqc

fragments is weaker than those of qb-Alqaqc and qc-Alqaqb. It is

Figure 4. Frontier molecular orbitals (FMOs) and their energies
(hartree) for the first excited state (S1) of mer-Alq3 obtained by BP86/
T2ZP with a small core (isocontour value 0.05).

TABLE 4: Comparison of the Calculated Absorption and
Emission Wavelengths ofmer-Alq3 in S0 (λa) and S1 (λe)
from the Current Investigation with Previous Calculations
with CI-ZINDO and TD-DFT and Experimental Results

methods λa (nm) λe (nm)

CI-ZINDO 407 (385),a 356,b 377,c 386d 498 (461),a 484d

TD-B3LYP/6-31G(d) 429, 427e 533
TD-B3LYP/6-31+G(d) 436 543
TD-B3LYP/3-21+G** 415f 538f

experiments 390,g 385h 514,g 519i

a The ZINDO calculation results with the 15 occupied and 15
unoccupied molecular orbitals are given in parentheses for current study.
b Reference 20.c Reference 16.d Reference 23.e Reference 19.f Ref-
erence 22.g Reference 44.h Reference 47.i Reference 6

TABLE 5: Energy Partitioning Analysis of mer-Alq3 in the
Electronic Ground State at BP86/T2ZP, Using the
Fragments qL1

- and AlqL2qL3
+ (all values in kcal/mol unless

otherwise indicated)

qa
--Alqbqc

+ qb
--Alqaqc

+ qc
--Alqaqb

+

∆Eint -192.4 -190.8 -194.4
∆EPauli 152.5 157.1 158.0
∆Eelstat -215.3 -219.1 -221.5
∆Eorb -129.6 -128.8 -130.9
∆Eelstat, % 62.4 63.0 62.9
∆Eorb, % 37.6 37.0 37.1

Tris(8-hydroxyquinolinato)aluminum J. Phys. Chem. A, Vol. 108, No. 46, 200410299



suggested that the overall arrangement for three ligands is
responsible to the weaker∆Eelstat between qa and Alqbqc

fragments. The weaker attractive energy between qa and Alqbqc

fragments results in the HOMOs localizing on the A-ring for
both S0 and S1 states, thus the geometry change may easily occur
upon excitation ofmer-Alq3 for ligand A. This result also can
be used to explain the previous calculation, where the doped
metal atom prefers to interact with the A-quinolate ligand.12 It
is worth noting that the weaker electrostatic interaction between
the A-quinolate ligand and the Mq2 has been further confirmed
by other 13-group metals, and will be addressed in a separate
publication elsewhere.

4. Summary and Conclusion

The ground and first singlet excited state ofmer-Alq3 have
been optimized by using the B3LYP/6-31+G(d) and CIS/6-
31G(d) levels of theory. The electronic excitation for the ground
state and the emission of the excited state former-Alq3 have
been simulated by CI-ZINDO and TD-B3LYP approaches and
interpreted in terms of the nature of the FMOs and bond
analyses. For CI-ZINDO and the TD-B3-LYP level of theories,
the calculated wavelength for absorption and emission wave-
lengths agree very well with experiment. Therefore, further
quantum chemical calculations based on this step would be
useful for the design of emissive compounds, such as tuning
the emission energies of Alq3 derivatives. The S0 f S1

excitation is found to be mainly localized on the A-quinolate
ligand as evidenced by the structural shift and the NBO charge
difference between the excited and ground electronic states of
mer-Alq3. The energy partitioning analysis suggests that the
metal-ligand interactions ofmer-Alq3 have a higher electro-
static character than covalent character. The nature of the
A-quinolate ligand, which plays an important role in the optical
properties ofmer-Alq3, perhaps can be explained by the weaker
electrostatic attraction between the A-quinolate ligand and the
Alq2 fragment due to the overall arrangement, resulting in the
geometry change upon excitation on ligand A.
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