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Abstract In tris(8-hydroxyquinolinato)aluminum (mer-

Alq3) position for substitution plays an important role. We

explain the push–pull effect on the charge transfer and

optical properties, if only one of the ligand among three

ligands of meridianal isomer of mer-Alq3 has been

substituted. To check this effect, we substituted A-ligand

with electron-donating group at position 4 and electron-

withdrawing group at position 6. We designed 4-methyl-6-

chloro-(8-hydroxyquino)bis(8-hydroxyquinolinato)aluminum

(1), 4-methyl-6-cyano-(8-hydroxyquino)bis(8-hydroxyqui-

nolinato)aluminum (2), 4-amino-6-chloro-(8-hydroxyquino)

bis(8-hydroxyquinolinato)aluminum (3), and 4-amino-6-

cyano-(8-hydroxyquino)bis(8-hydroxyquinolinato)aluminum

(4) derivatives of mer-Alq3. All the studied derivatives in

the ground (S0) and first excited (S1) states have been

optimized at the B3LYP/6-31G* and CIS/6-31G* level of

theory, respectively. We have designed green light-emit-

ting materials like mer-Alq3 and blue light-emitting

materials. These derivatives are good candidates for com-

parable/better charge carrier mobility as mer-Alq3.
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1 Introduction

Tang and Van Slyke [1] demonstrated efficient electro-

luminescence from two-layer sublimated molecular film

devices. The development of such devices has progressed

significantly over recent years. They are now called organic

light-emitting diodes [2], which have high luminescence

and efficiency and are easily fabricated. The tris(8-

hydroxyquinolinato)aluminum (mer-Alq3) is a stable alu-

minum-chelated complex that is one of the most effective

organic material used in organic electroluminescent devi-

ces [3–11]. The efficiency of charge transport within the

organic layer(s) plays a key role. The charge transfer rate

can be described by Marcus theory via the following

equation [12].

W ¼ V2=h p=kkBTð Þ1=2exp �k=4kBTð Þ ð1Þ

There are two major parameters that determine self-

exchange electron-transfer rates and ultimately charge

mobility: (1) the transfer integral (V) between adjacent

molecules, which needs to be maximized and (2) the

reorganization energy (k), which needs to be small for

significant transport. The reorganization energy term

describes the strength of the electron–phonon (vibration)

and can be reliably estimated as twice the relaxation energy

of a polaron localized over a single unit.

By introducing the electron-withdrawing (EWD) and

electron-donating groups (EDG) into the hydroxyquinoline

ligands emissive color can be tuned [13]. In methyl

derivatives of mer-Alq3 red to blue shifts have been

observed by changing the position of substituent in mer-

Alq3 [14]. In this study our aim is to design high mobility

materials having more stability than the parent molecule,

thus we substituted A-ligand of mer-Alq3 by EDG at

position 4 and EWD at position 6 and then reverted the
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positions. The present work is in detailed theoretical study,

i.e., charge transfer, and optical properties on disubsti-

tuted derivatives of mer-Alq3 with push–pull (X–Y)

substituents (where X = CH3/NH2 and Y = CN/Cl). The

4-X-6-Y-(8-hydroxyquino)bis(8-hydroxyquinolinato)alumi-

num denotes for EDG (X) at position 4 and EWD group

(Y) at position 6 on 8-hydroxyquinoline A-ligand.

2 Computational details

All the calculations have been performed using the

Gaussian 03 [15]. Previously we have reported that basis

set has no significant effect for mer-Alq3 and its deriva-

tives (detail can be found in supporting information). In the

ground state (S0) molecular geometries have been opti-

mized at the B3LYP/6-31G* level, which has been proved

to be an efficient approach for mer-Alq3 and its derivatives

[16, 17]. The first excited state (S1) geometries have been

optimized by configuration interaction with all singly

excited determinants (CIS) approach which has been

applied by Halls and Schlegel [18]. In our group same

approach has been applied on mer-Alq3 and its derivatives

[17, 19] as well as other OLED materials [20–22], which

gave very good and reliable results.

In our previous studies, we have explained that PBE0

gave accurate and reliable absorption and emission ener-

gies for mer-Alq3 and its derivatives among PBE0,

B3LYP, BLYP, SVWN, and B3PW91 functionals. We

have also explained that basis set has no significant effect

for absorption and emission calculations (see Supporting

information). Thus, absorption and emission energies have

been calculated by time-dependent density functional

theory (TD-DFT) at the PBE0/6-31G* level [17]. The

reorganization energies have been calculated at the

B3LYP/6-31G* level of theory [23].

3 Results and discussion

3.1 Ground state geometries and electronic structure

Figure 1a is labeled with A–C designating the three dif-

ferent quinolate ligands of mer-Alq3. The structure is such

that the central Al atom (?3 formal oxidation state) is

surrounded by the three quinolate ligands in a pseudo-

octahedral configuration with the A- and C-quinolate nitro-

gens and the B- and C-quinolate oxygens trans to each

other. The molecular models used in our calculations,

obtained by systematic substitution of CH3/NH2 and CN/Cl

in position 4 and 6 on A-ligand, respectively, are shown in

Fig. 1b. In Table 1, we have reported selected geometrical

parameters of the mer-Alq3 and its disubstituted

derivatives, where both optimized and experimental results

[24] are listed for comparison. Comparative to optimized

mer-Alq3, the change has not been observed in the Al–N

bond lengths of 1, 3, and 4 while Al–N bond length of 2

slightly shortened, i.e., 0.008 Å. The change in the Al–O

bond lengths has not been found compared to optimized

mer-Alq3.
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Fig. 1 a The geometry of mer-Alq3 with labels A–C for three

quinolate ligands b the ligand labeling for substituted mer-Alq3

complexes considered in this work

Table 1 Selected optimized bond lengths in angstrom (Å), and bond

angles (�) for mer-Alq3 and its disubstituted derivatives at the

B3LYP/6-31G* level

Parameters Alq3 1 2 3 4 Expa

Bond lengths

Al–NA 2.084 2.084 2.079 2.085 2.084 2.050

Al–NB 2.126 2.127 2.118 2.128 2.126 2.087

Al–NC 2.064 2.063 2.058 2.065 2.063 2.017

Al–OA 1.855 1.856 1.857 1.853 1.856 1.850

Al–OB 1.881 1.882 1.882 1.879 1.881 1.860

Al–OC 1.884 1.885 1.885 1.882 1.885 1.857

Bond angles

NA–Al–NC 171.53 171.52 171.41 171.36 171.48 173.82

NB–Al–OA 172.57 172.67 172.45 172.65 172.61 171.46

OC–Al–OB 166.56 166.58 166.67 166.34 166.58 168.22

a Experimental data of mer-Alq3 from [24]
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The distribution patterns of HOMO, and LUMO of

studied derivatives of mer-Alq3 in the S0 states have been

shown in Fig. 2. It can be found that the HOMO is local-

ized on A-ligand, and LUMO is on B-ligand in mer-Alq3.

In 4-methyl-6-chloro-(8-hydroxyquino)bis-(8-hydroxyqui-

nolinato)aluminum (1), 4-amino-6-chloro-(8-hydroxyquino)

bis(8-hydroxyquinolinato)aluminum (3), and 4-amino-6-

cyano-(8-hydroxy- quino)bis(8-hydroxyquinolinato)alu-

minum (4) HOMO is localized on phenoxide ring of A- and

C-ligands while LUMO is on the B-ligand. As far as

4-methyl-6-cyano-(8-hydroxyquino)-bis(8-hydroxyquinoli-

nato)aluminum (2) is concerned HOMO is localized on C-,

and LUMO is on A-ligand. From Table 2, we have

observed that gap energies increased by substituting the

EDG and EWD on the positions (the maximum change has

been found for 2 and 4, i. e., 0.14 eV).

3.2 The electronic structures of the first excited states

Figure 3 represents the HOMO and LUMO distribution

patterns of disubstituted derivatives of mer-Alq3 in the

excited states (S1). In mer-Alq3 and 2, the HOMO is

localized on the phenoxide ring while LUMO is on the

pyridyl ring of A-ligand for S1 sates. In 1, 3, and 4, HOMO

is localized on the phenoxide ring while LUMO is on the

pyridyl ring of B-ligand. The HOMO and LUMO energies

of all the four derivatives are smaller than that of mer-

Alq3. The gap energies are almost same as parent molecule

except 2 which has 0.16 eV higher energy gap than that of

mer-Alq3, see Table 3.

3.3 Optical properties

The absorption and emission wavelengths have been

computed at the PBE0/6-31G* level of theory for the

disubstituted derivatives, investigated here. In Table 4, we

have summarized the calculated and experimental [25]

absorption and emission results. All of the four derivatives

have the same absorption wavelengths (ka) as mer-Alq3.

The emission wavelengths (ke) of the studied derivatives

revealed that the designed derivatives are green emitting

materials except 2 which have the blue emitting properties.

Its emission spectra being blue shifted (52 nm) compared

to mer-Alq3. The blue shift has been observed in 2, it is due

the increased energy gap (see Sect. 3.2).

3.4 Charge transfer properties

The overall relaxation energy consists of two terms which

are given by Eqs. 2 and 3.

kð1Þrel ¼ Eð1Þ Mð Þ � E0 Mð Þ ð2Þ

kð2Þrel ¼ Eð1ÞðM��Þ � E0ðM��Þ ð3Þ

Here, E0(M) and E0(M±�) are the ground-state energy of

the neutral state and the energy of the considered cation/
Fig. 2 Frontier molecular orbitals (FMOs) (0.05 e au-3) for the

ground states (S0) of disubstituted derivatives of mer-Alq3

Table 2 The HOMO, LUMO, and gap energies (Eg) in eV computed

at the PBE0//B3LYP/6-31G* level

Complexes HOMO LUMO Eg

Alq3 -5.26 -1.65 3.61

1 -5.46 -1.72 3.74

2 -5.60 -1.85 3.75

3 -5.33 -1.64 3.69

4 -5.49 -1.74 3.75
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anion state, respectively; E(1)(M) is the energy of the

neutral molecule at the optimal cation/anion geometry, and

E(1)(M±�) is the energy of the cation/anion state at the

optimal geometry of the neutral molecule.

Lin et al. [23] have calculated the internal reorganization

energy of mer-Alq3 at the B3LYP/6-31G* level. To com-

pare the results of reorganization energies, we have also

calculated the reorganization energies of disubstituted

derivatives of mer-Alq3 at the same level of theory. From

Table 5 it has been found that the reorganization energies

for hole and electron of 1, 2, and 4 are lower than that of

mer-Alq3. Among all of the four derivatives 2 has the

smallest k (e) because strongly deactivating group CN is at

position 6 and weakly activating group CH3 is at position 4.

In 1 weakly activating -CH3 and weakly deactivating -Cl

groups are at position 4 and 6, respectively. Similarly, in 4

strongly activating group -NH2 is at position 4 and strongly

deactivating group -CN is at position 6. In both the above

mentioned cases (1 and 4) weakly activating -CH3 and

weakly deactivating -Cl groups (strongly activating group

-NH2 and strongly deactivating group -CN) counterbalance

the effect of each other. May be due to this reason no sig-

nificant change in k (e) toward small value has been found

in these derivatives. The electron reorganization energy of 3

is the highest due to the strongly activating group -NH2 at

position 4 and weakly deactivating group -Cl at position 6.

The designed derivatives (1, 2, and 4) might be good con-

tenders for charge transfer materials. It is expected that

EWD substituents may improve the photostability. The 2

and 4 substituted by EWD group -CN decreased the electron

Fig. 3 Frontier molecular orbitals (FMOs) (0.05 e au-3) for the

excited states (S1) of disubstituted derivatives of mer-Alq3

Table 3 The HOMO, LUMO, and gap energies (Eg) in eV computed

at the TD-PBE0//CIS/6-31G* level

Complexes HOMO LUMO Eg

Alq3 -4.87 -1.65 3.22

1 -5.20 -1.97 3.23

2 -5.37 -1.99 3.38

3 -5.12 -1.89 3.23

4 -5.21 -1.98 3.23

Table 4 Calculated absorption and emission wavelengths (nm) of

mer-Alq3 and its disubstituted derivatives in S0 (ka) and S1 (ke) at the

TD-PBE0/6-31G* level

Complexes S0 exp(ka) S1 exp(ke)

Alq3 410 387 523 515

1 409 – 523 –

2 408 – 471 –

3 412 – 522 –

4 410 – 523 –

exp experimental ka and ke from [25]

Table 5 Calculated reorganization energies (in eV) for hole k(h) and

electron k(e) for mer-Alq3 and its derivatives at the B3LYP/6-31G*

level

Complex k(h) k(e)

Alq3a 0.242 0.276

1 0.205 0.225

2 0.136 0.176

3 0.245 0.367

4 0.194 0.245

a Alq3 data from [23]
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density in the center of the A-ligand as well as central point

of mer-Alq3 around Al, which might make oxidation more

difficult. The weakly deactivating group -Cl has been

substituted in 1 and 3 along with -CH3 and -NH2, respec-

tively (did not decrease the electron density in the central

part of the ligand nor in mer-Alq3). But one position sub-

stitution effect is not so significant (see Fig. 4).

4 Conclusions

We have designed 4-methyl-6-chloro-(8-hydroxyquino)bis

(8-hydroxyquinolinato)aluminum (1), 4-methyl-6-cyano-

(8-hydroxyquino)bis(8-hydroxyquinolinato)aluminum (2), 4-

amino-6-chloro-(8-hydroxyquino)bis(8-hydroxyquinolinato)

aluminum (3), and 4-amino-6-cyano-(8-hydroxyquino)bis

Fig. 4 Electrostatic surface

potentials for mer-Alq3 and its

disubstituted derivatives.

Regions of higher electron

density are shown in red and of

lower electron density in blue
(values in atomic units)
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(8-hydroxyquinolinato)aluminum (4) derivatives of mer-

Alq3. In the framework of our present theoretical investi-

gation, we can draw the following conclusions:

a. The 1, 3, and 4 are green light-emitting materials while

2 is blue one.

b. The electron reorganization energies of 1, 2, and 4 are

smaller than the parent molecule; dominant decrease in

reorganization energy has been observed in 2 where

strong deactivating group CN has been substituted.

c. The newly developed derivatives 1, 2, and 4 might

have comparable/better charge carrier mobility as mer-

Alq3.

d. The 2 and 4 might make oxidation more difficult and

improve the photostability.
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