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An unsystematic molecule PPV-Alq3 [3-(4-((E)-2-(8-hydroxy-3-(4-styrylstyryl)quinolin-Alq2-6-yl)vinyl)- 
styryl)-6-(4-styrylstyryl)quinolin-8-olate-Alq2; q＝8-quinolinolate], which combines poly(p-phenylenevinylene) 
with tris(8-quinolinolate)aluminum, has been studied using a localized-density-matrix method. The absorption 
spectra and electronic transition properties were analyzed and compared with both intermediate neglect of the dif-
ferential overlap method and the localized-density-matrix method. Great efforts have been made on investigating 
conjugated system on the absorption properties as these can be particularly important for many applications. Two 
different absorptions of the special molecule, tris(8-quinolinolate)aluminum grafted on poly(p-phenylenevinylene) 
units, were further discussed with density matrices. For the molecule, the first absorption peak is at 413 nm near the 
purple light. Two 8-hydroxyquinolines have very slight electronic transition properties. Another absorption peak is 
at 237 nm. The second characteristic peak of molecule is completely different from that of the first one, which 
comes from contribution of 8-hyroxyquinolines in the two different side chains. Our studies show that electronic 
transition properties of poly(p-phenylenevinylene) can be effectively tuned by grafting tris(8-quinolinolate)-    
aluminum on poly(p-phenylenevinylene) from the standpoint of transition energies, frontier molecular orbitals and 
density matrices. 
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Introduction 

Photoluminescence (PL) and electroluminescence (EL) 
have been extensively studied on small molecules and 
polymer materials due to their important applications. 
While tris(8-quinolinolate)aluminum (Alq3) is known as 
the typical small molecule in organic light-emitting di-
odes (OLED), it has a variety of technical applications 
since the first realization of a multilayered EL was de-
vised by Tang and Vanslyke in 1987.1 Alq3 and its two 
isomers, as the most common and important organic 
electroluminescence material in many experiments,2-5 
have been extensively studied. In addition, its theoretical 
investigations have been also discussed,6-9 for example, 
some groups incorporated with the 8-hydroxyquinoline 
were inducted or Al was replaced by other metals.10,11 On 
the other hand, π-conjugation organic polymers have 
been extensively studied as they play important roles in 
OLED since the discovery of poly(p-phenylenevinylene) 
(PPV) in 1990.12 Therefore, PPV has been extensively 

studied due to its high fluorescent yield and stability.13-17 
Some researches attempted to obtain perfect emission 
spectra by changing the substitution of PPV chain in or-
der to improve its optical properties. For example, as 
early as in 1933, Greenham and his colleagues18 synthe-
sized a fluorescent poly(cyanoterephthalylidene) (CN- 
PPV) with fairly good solubility, which has lower energy 
gap and can enhance EL efficiency. Furthermore, some 
other groups reported that PPV derivatives with other 
specific characteristics such as poly(2-methoxy-5-(2'- 
ethylhexyloxy)-p-phenylenevinylene) (MEH-PPV) and 
poly(p-phenylenevinylene) (C-ppv) had also been syn-
thesized.19 

As the typical illuminant materials, the excellent 
electronic and optical properties will be anticipated by 
designing a certain kind of polymer where Alq3 can be 
grafted on PPV based on the idea of molecular tailor, 
and some important excited states of the designed mate-
rials are studied. However, a lot of computational cost 
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must be requested to model computational details when 
the systems become larger and more complex. Gener-
ally speaking, the computational time tCPU is propor-
tional to certain power of the system size, i.e., tCPU∝Nx, 
where N is the number of electrons, and x is an exponent, 
which is usually larger than 1. For instance, the compu-
tational time of ab initio Hartree-Fock (HF) molecular 
orbital calculation has an O (N3—4) scaling. Therefore, in 
order to obtain abundant information with short compu-
tational cost, some theoretical chemists tried to develop 
a method that makes computational time linearly scaling 
to system size, i.e., tCPU∝N. In 1996, Yang20 employed 
the linear scaling semiempirical theory called “divide- 
and-conquer” to calculate the large molecule, and ac-
complished a protein systemic computation with a more 
than 9000 atomic number. Mukamel and Tretiak et 
al.21-23 utilized collective electronic oscillator (CEO) to 
calculate molecular excited state based on the same 
mechanism and obtained reasonable compromise be-
tween the numerical accuracy and computational cost. 
However, the localized density matrix theory (LDM) 
had been developed by Chen group.14-16,24-26 Its advan-
tages lie in decreasing the computational time since the 
number of matrix elements is reduced in the density 
matrix in the equation of motion. So the LDM method is 

the linear-scaling quantum chemistry method by simu-
lating molecular excited state properties, such as optical, 
electric and magnetic properties, even in the large mo-
lecular systems. The LDM method is based on the 
time-dependent Hartree-Fock (TDHF) approximation, 
which includes all single electron excitations and partial 
double, triple and the other multiple electron excita-
tions15 and “the nearsightedness of equilibrium systems”. 
The UV-Vis spectra of carbon nano tubes and silicon 
carbide nanocrystals have already been calculated by 
LDM and the consistent results with those in the ex-
periment obtained.27-29  

Computational detail  

In the present paper, density functional theory (DFT) 
calculations at Becke's three-parameter hybrid func-
tional (referred as B3LYP30,31) with the 6-31G* basis set 
were used to optimize the structures and obtain frontier 
molecular orbitals (FMOs). Tri-(8-hydorxyquinoline)- 
[6-((E)-2-(8-hydroxyquinolin-3-yl)vinyl)-3-((E)-2-(8-hy- 
droxyquinolin-6-yl)vinyl)quinolin-8-olate] (1), PPV (2), 
PPV-hydro [3-(4-((E)-2-(8-hydroxy-3-(4-styrylstyryl)- 
quinolin-6-yl)vinyl)styryl)-6-(4-styrylstyryl)quinolin-8- 
olate] (3) and PPV-Alq3 (4) are shown in Figure 1. 

 

Figure 1  Molecular structures of tri-(8-hydroxyquinoline), PPV, PPV-hydro and PPV-Alq3.  
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Previous calculations were performed with the Gaussian 
03 program.32 Based on the optimized stable structures, 
intermediate neglect of differential overlap (INDO) and 
LDM methods were employed to the subsequent calcu-
lations. The transition properties were obtained by 
INDO program and the electronic densities were re-
ceived by LDM theory. Meanwhile, there are two steps 
in the calculation of electronic density. One is the 
ground state calculation and the other is the time domain 
exited state calculations. Reduced single electron den-
sity matrices were obtained by using LODESTAR pro-
gram.26-28 

Results and discussion 

Geometry and transition 

The optimizations of the species at the level of 
B3LYP with the 6-31G* basis set are in one plane ex-
cept for PPV-Alq3, because the addition of Alq3 breaks 
the plane structure of PPV. The benzenes connected 
with 8-hydroxyquinolines in the main chain are dis-
torted (the dihedral is in the range of 8°—－8° for 
8-hydroxyquinolines in the main chain). 

The absorption spectrum of the species can be ob-
tained by using LDM models, as shown in Figure 2. As 
can be seen, for PPV, its π-conjugation length is the 
largest so that it should have the lowest energy excita-
tion among all the species. For tri-(8-hydroxyquinoline), 
it shows the highest excitation energy and lowest oscil-
lator strength, due to its shortest π-conjugation. The 
transition energies of PPV and PPV-Alq3 are just be-
tween those of tri-(8-hydroxyquinoline) and PPV. For 
PPV-Alq3, it has steric hindrance coming from Alq3, and 
thus is twisted to the larger extent so that it should have 
the higher energy excitation. 

 

Figure 2  Absorption spectra of tri-(8-hydroxyquinoline), PPV, 
PPV-hydro and PPV-Alq3. 

Meanwhile, the electronic transition properties listed 

in Table 1 were obtained by INDO and LODESTAR 
program. Energy gaps show orbital energy difference 
between HOMO and LUMO. For the oligomer PPV, the 
transition of first absorption peak is mainly from 
HOMO to LUMO. For the PPV-hydro, the first absorp-
tion peaks come from the transition between HOMO－1 
and LUMO. For the PPV-Alq3, the first absorption 
peaks come from the transition between HOMO－1 and 
LUMO＋1. However, another characteristic absorption 
peak of the PPV-Alq3 comes from the HOMO－2 to 
LUMO＋13, which is important to the subsequent dis-
cussions. Although the values of optical gap from the 
LDM theory are not the same as those from the INDO 
program, the trends of the change are consistent. 

FMO and electronic densities  

It is well known that the electron density distribution 
is important for luminescence in a molecule, those re-
siding in the FMO are least bound to the molecule and 
thus are most closely related to the charge transport 
properties of the material. In the Figure 3, we plotted the 
FMO of the first dipole-allowed excited states corre-
sponding to PPV (A), PPV-hydro (B) and PPV-Alq3 (C), 
and FMO of the D is another characteristic transition at 
237 nm for PPV-Alq3. For the A, B and C, the highest 
occupied π orbitals and the lowest unoccupied π* orbi-
tals mainly located on the main chain are along the 
stretched direction of molecule. But for the subordinated 
peak of infrared area of PPV-Alq3 at 237 nm, the transi-
tion configurations are completely different, are shown 
from individual QH with large contribution from the 
two different Alq3 moieties. D is another important ex-
cited state for PPV-Alq3. 

In order to interpret the transition properties, the 
contour plots (A), (B) and (C) of density matrices of the 
first peak are shown in Figure 4 corresponding to PPV, 
PPV-hydro and PPV-Alq3, respectively. The representa-
tions of coordinates are the atom orbitals in Figure 4. 
The diagonal part is the electron occupation number of 
each orbital and the off diagonal part represents the 
electron-electron coherence, and the larger density ma-
trix elements have the darker corresponding dots. 

We may compare the relative coherence sizes of the 
excitation size for the three molecules by examining the 
width of the dark stripes or bandwidth in the density 
matrix contour plots, the width of the three molecules 
increases in the order PPV-Alq3＜PPV-hydro＜PPV. It 
is evident that PPV-Alq3 has the smallest size and PPV 

Table 1  The properties of transition with INDO and LDM methods 

 Optical gap with INDO/nm Oscillator strength Transition orbital Configuration Optical gap with LDM/nm 

PPV 430.0 4.58 HOMO-LUMO 0.62 452 

PPV-hydro 402.3 5.90 HOMO－1-LUMO 0.11 426 

PPV-Alq3 372.8 5.12 HOMO－1-LUMO＋1 0.16 413 

PPV-Alq3 238.3 1.62 HOMO－2-LUMO＋13 0.40 237 
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Figure 3  FMO of A, B and C plotted by first dipole-allowed excited state, FMO of D plotted important excited state of Alq3. 

 

Figure 4  Contour plots of density matrices of PPV (A) E(t)＝2.74 eV at 452 nm, PPV-hydro (B) E(t)＝2.91 eV at 426 nm, and 
PPV-Alq3 (C) E(t)＝3.00 eV at 413 nm. x-y axes represent the indices of atom orbitals in Figure 1. 

 
has the best conjugated character in consistent with the 
aforementioned arguments of the FMO. In addition, it 
has been shown in Figure 4(A) that uninterrupted darker 
plots appeared on diagonal, interpreting that there are 
strongly mutual effects among the atom orbitals. The (B) 
and (C) are weaker than the (A), especially (C). For the 
(B) in Figure 4, atom orbitals 1—17, 27—38 and 48—
64 on the benzene also have strongly mutual effects. 

It is consistent with the properties from the picture 
(B) in Figure 3, which proves that LDM could excel-
lently explain mutual effects between the atom orbitals. 
As can be seen from the (C) in Figure 4, orbitals from 
coordinate 10 to 50 are responsible for the excited state, 
which comes from the contribution of benzene and QH 
in the main chain. But, the weak effects are observed 

where the coordinate from orbital 64 to 110 of QH in 
the side chains is negligible. 

Comparison for different excitation of PPV-Alq3 by 
LDM theory 

In order to reveal the properties of different excited 
states, PPV-Alq3 was divided into three segments, 
which are shown in Figure 5(A). Segment 1 along the 
extended direction of the molecule means the main 
chain, corresponding to the first 64 orbitals. Segment 2 
and segment 3 connected to the main chain by Al were 
divided into two parts, which are located on the two 
sides of the main chain. They are corresponding to orbi-
tals 65—87 and 88—110, respectively. So, Figure 5 
shows the excited state density matrixes corresponding 
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to the two different peaks of PPV-Alq3, E(t)＝3.00 eV 
(B) and E(t)＝5.23 eV (C) obtained by the LDM theory. 
The intensities of matrix elements are very sensitive to 
the distance between the orbitals. Figure 5(B) exhibits the 
typical feature of excited state density matrix at E(t)＝
3.00 eV as discussed in previous section. As can be seen 
from the Figure 5(B), mutual effects between orbitals 
happened in benzenes of the main chain and are irre-
spective to QH of segments 2 and 3. But for the excita-
tion in ω＝5.23 eV, the matrix elements of Figure 5(C) 
between segments 2 and 3 show the dark area from 76 
to 87 because of the mutual effects of two QH moieties. 
It induced a change of ∂ρ in the reduced density matrix 
and in turn the electronic transition formed. Surprisingly, 
Figure 5(C) shows almost identical results as the FMO. 
Thus, it is important to calculate the density matrix to 
investigate the excited configuration. 

Conclusion 

Electronic properties of polymerized Alq3 and 
8-hydroxyquinoline grafted on PPV units were dis-
cussed by the LDM method. (I) The results from the 
FMO, the absorption peak and density matrices are gen-
erally coherent. The strongest absorption peaks show 
red shift from the 8-hydroxyquinoline, PPV-Alq3, 
PPV-hydro to PPV. (II) For PPV-Alq3, absorption peak 
is at 413 nm near the purple light. Two 
8-hydroxyquinolines have very slight contribution to 
electronic transition. Another absorption peak is at 237 
nm. The characteristic peak of PPV-Alq3 is completely 
different from the first one. It comes from contribution 
of 8-hydroxyquinolines in the two different side chains. 
(III) LDM theory is more effective to obtain absorption 
spectra and electronic properties than other theories, 
which usually need a large computational cost. 

 

Figure 5  Contour plots of density matrices for the PPV-Alq3 respectively in E(t)＝3.00 eV and E(t)＝5.225 eV. x-y axes represent the 
indices of atom orbitals of Alq3. 
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