
Abstract
We have analyzed the structures of Alq3 in different 

polymorphs by solid-state NMR.  On the basis of the 
results, OLEDs were fabricated from different 

polymorphs of Alq3.  The current efficiency of the 

device fabricated from the mixture of -, -, and -Alq3

powders was higher than that from -Alq3.

1. Introduction

Tris(8-hydroxyquinoline)aluminum (III) (Alq3)

possessing both the electron-transport and light-

emitting properties, has been one of the most 

frequently used materials for organic light-emitting 

diodes (OLEDs), since the first use by Tang and 

VanSlyke in 1987 (1). The crystal structures, which 

had not been unrevealed for a long time, were 

analyzed in 2000 and later (2-6); crystalline Alq3 have 

at least four polymorphs, called -, -, -, and -Alq3.

The structural analysis has been carried out mainly by 

X-ray diffractions.  However, the detailed structures, 

especially the isomeric states (see Figure 1), are still 

controversial.  Here, we first review our recent solid-

state NMR experiments on the isomeric states of Alq3

(7, 8).  Second, we fabricate OLEDs from Alq3

powders with different polymorphs and investigate 

their OLED properties. 

2. Experimental  

Alq3 used in this study was synthesized from 

aluminium isopropoxide and 8-hydroxyquinoline (8-

quinolinol) with the molar ratio of 1 : 3.  Alq3

samples for solid-state NMR measurements were 

prepared as shown in refs. 7 and 8.  For Alq3

samples for device fabrications, the crude Alq3 thus 

obtained was purified in a temperature gradient 

sublimation apparatus.  This process yields -Alq3.

-Alq3 was prepared by annealing -Alq3 at 420 °C at 

5 h, followed by slow-cooling to room temperature. 

The sample, which consists of the mixture of -, -,

and -Alq3, was obtained by annealing -Alq3 at 

320 °C for 3 h, followed by quenching the sample to 

0 °C.  For the sample preparation of the -Alq3 and 

the mixture of -, -, and -Alq3, the -Alq3 powders 

were vacuum-encapsulated in quartz glass tubes prior 

to the above processes to avoid the effects of oxygen 

etc., which would degrade the device performance 

significantly.  The identification of polymorphs was 

carried out by X-ray diffraction measurements. 

Three kinds of OLEDs, devices A, B, and C, were 

fabricated from the powder samples of a) -Alq3, b) 

-Alq3, and c) the mixture of -, -, and -Alq3,

respectively.  The device configurations were ITO 

(70 nm) / NPD (40 nm) / Alq3 (60 nm) / CsCO3 (1.5 

nm) / Al. 

3. Results and discussion 

Relation between local structures and PL emission 

wavelengths (7) 

The - and amorphous Alq3 exhibit 

photoluminescence (PL) with the maximum 

Fig. 1. Two different isomeric states of Alq3;
meridional and facial Alq3 isomers.
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wavelengths, max, of 509-511 nm.  In contrast, blue-

shifted PL emissions with max of 466-470 nm are 

observed for - and -Alq3. To investigate the origin 

of the difference, dipolar decoupling/magic angle 

spinning (DD/MAS) 27Al NMR measurements were 

carried out.  Figure 2 shows the DD/MAS 27Al

spectra of -, -, - and amorphous Alq3 samples.  

The - and amorphous Alq3 show featureless broad 

patterns.  In contrast, the -Alq3 shows a significantly 

sharp, so-called axially-symmetric pattern.  The -

Alq3 exhibits a nearly axially-symmetric pattern.  

The relationship between the spectral pattern and the 

PL wavelength is obvious; the Alq3s with the broad 

DD/MAS 27Al spectral patterns emit yellowish-green 

light, whereas the Alq3s with the (nearly) axially-

symmetric patterns emit blue light. 

The line shapes of the DD/MAS 27Al NMR spectra 

in Figure 2 are determined by quadrupolar interactions, 

because the other interactions, the 1H-27Al dipolar 

coupling and 27Al chemical shift anisotropy (CSA), 

are eliminated by DD and MAS, respectively.  The 

quadrupolar interaction reflects the structural 

symmetry around the 27Al nuclei.  Therefore, the 

(nearly) axially-symmetric patterns in Figures 2(c) 

and (d) clearly indicate that the molecules in - and -

Alq3 are in the facial states with the C3 symmetry (9-

12).  In contrast, the meridional Alq3 is in the C1

symmetry.  The symmetry can be quantified from the 

asymmetry parameter of the electric field gradient 

(EFG) tensor, .  Detailed analysis indicates that the 

values, , are determined to be 0 and 0.24 for - and 

-Alq3, respectively.  From the DFT calculations, the 

 values of 0 and 0.72 are obtained for the facial and 

meridional Alq3 molecules, respectively.  The value 

for the facial Alq3 molecule agrees well with the 

experimental value for -Alq3.  Therefore, it is 

clearly concluded that the -Alq3 is composed of the 

facial isomers.  Although neither DFT-calculated 

values for the facial and meridional Alq3 molecules 

agree with the experimental for -Alq3, the 

calculation for the facial Alq3 under the -crystalline 

packing (4) gives  value of 0.26 (13).  This agrees 

well with the experimental for -Alq3, indicating 

that the isomeric state of -Alq3 is also facial and that 

the crystalline packing also affects the  value.  

Conversely, the  value of 0 for the -Alq3 indicates 

that the intermolecular interaction is negligibly small 

or the Alq3 in the -crystals holds C3 symmetry even 

under the crystalline packing.  Experimentally, -

Alq3 was more soluble in CHCl3 compared to the 

other crystalline forms, suggesting the small 

intermolecular interaction for -Alq3.

The - and amorphous Alq3 show similar spectra. 

These spectra for the - and amorphous Alq3 cannot 

be explained by a single parameter set of  and the 

quadrupole coupling constant, QCC.  This indicates 

that not only the amorphous but also the -Alq3

structures are locally disordered.  The disorder in the 

-Alq3 was also pointed out by the X-ray diffraction 

analysis (2, 6).  We could not obtain the values of 

and QCC from the DD/MAS 27Al NMR spectra of -

and amorphous Alq3 in Figure 2, due to the structural 

disorder.  Therefore, we further carried out 27Al

multiple-quantum/MAS (MQ/MAS) experiments. 

From our recent MQ/MAS spectra,  and QCC values 

are quantitatively obtained for - and amorphous Alq3,

by introducing the distribution of QCC.  It is also 

found that the -Alq3 has two distinctively different 

local structures.  The  and average QCC values 

obtained for -Alq3 are ( , QCC) = (0.7, 5.5 MHz) and 

(0.84, 6.4 MHz) for the two structures.  For the 

amorphous Alq3, we obtain ( , QCC) = (0.9, 7.0 MHz). 

(Note that we do not discuss the distribution of QCC in 

detail here.  Therefore, the values for the 

distributions are not included in this manuscript.) 

The value of  = 0.7 for one of the -Alq3 structures 

Fig. 2. DD/MAS 
27

Al NMR spectra of -,
amorphous, -, and -Alq3 (modified from ref. 7).
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is close to the DFT-calculated value for meridional 

Alq3,  = 0.72.  The larger values,  = 0.84 and 0.9 

for the other -Alq3 structure and amorphous Alq3

respectively, are assumed to be due to intramolecular 

structural deviations from the DFT-optimized 

structure or intermolecular packing.  The same 

conclusion is obtained from our cross polarization 

(CP)/MAS 13C NMR experiments (8) and 15N two-

dimensional double-quantum (2D DOQSY) NMR 

experiments. 

Electron-transport property in Alq3

The relation between the polymorphs and the 

carrier-transport properties of Alq3 is also one of the 

important issues.  From quantum chemical 

calculations by Curioni et al. (14), the electron 

injection barrier heights are calculated to be different 

for the meridional and facial isomers by 0.07 eV.  

According to the calculation, therefore, the minor 

facial isomers, if exist, are assumed to become traps 

for electron transport.  In contrast, Malliaras et al.

(15) suggest that the origin of traps for Alq3 electron-

transport is not the existence of facial-Alq3 but some 

impurities, such as oxygen, on the basis of their 

experimental results on the nondispersive electron 

transport for repeatedly purified Alq3.

In our solid-state NMR experiments, it is found that 

facial isomers do not obviously exist in the amorphous 

Alq3.  However, we cannot absolutely conclude 

whether the facial form is included or not in the 

amorphous Alq3 at the ppm or lower level.  Further 

experiments with significantly improved signal/noise 

ratio are necessary to clarify the detection of facial 

isomers in the abundant meridional isomers. 

OLEDs prepared from Alq3 in different 

polymorphs

As described above, the PL properties of Alq3 are 

found to depend on the crystalline forms; -Alq3 and 

amorphous Alq3 show yellowish-green emission, 

whereas - and -Alq3 show blue emission.  

Therefore, it is interesting to investigate the 

performances of OLEDs fabricated from Alq3 with 

different polymorphs (isomeric states).  We 

fabricated three OLEDs with the device 

configurations of ITO/NPD/Alq3/CsCO3/Al from 

different Alq3 polymorphs as described in the 

experimental section.  The first device, A, was 

fabricated from -Alq3.  The second device, B, was 

fabricated from -Alq3.  The third device, C, was 

fabricated from the mixed powder consisting of -, -,

and -Alq3.  According to ref. (2), -Alq3 was 

prepared from the acetone solution of Alq3.

However, Alq3 has not been dissolved well in acetone 

in spite of our several attempts, and we could not have 

prepared -Alq3 up to now.  We can prepare -Alq3

as shown in refs. 7 and 8.  However, the -Alq3 was 

contaminated by oxygen etc. during the preparation 

process, which could not be used for the device 

fabrication.

All the devices, A, B, and C, exhibit yellowish-

green EL emissions irrespective of the polymorphs 

before vacuum evaporation.  However, the three 

devices show different EL performances as shown in 

Figure 3.  The current efficiency of the device C is 

1.4 times larger than that of device A.  The current 

efficiency of the device B is 1.1 times larger than that 

of device A.  We carried out the same experiments 

several times to confirm the reproducibility.  The 

enhancement factors slightly change, but the current 

efficiencies of the three devices are always in the 

order of device C > device B > device A.  Therefore, 

we can conclude that the device fabricated from the 

mixed powder consisting of -, -, and -Alq3 shows 

higher current efficiency. 

The three devices show similar PL properties; the 

quantum yields for the devices, A, B, and C, were 

21 %, 22%, and 21 %, respectively.  The maximum 

wavelengths of PL spectra were 526, 527, and 522 nm 

for the devices, A, B, and C, respectively.  The 

device C exhibits slightly shorter wavelength, but the 

difference is quite small compared to the Alq3

powders before sublimation (520, 480, and 510 nm for 

-, -, and mixed-Alq3, respectively).  Further 

Fig. 3. Current efficiency – current density 
characteristics of the devices, A, B, and C.
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investigation is necessary to clarify the difference of 

the EL performances. 

4. Summary

From the solid-state NMR experiments, it is found 

that the - and amorphous Alq3 are composed of the 

meridional isomer, whereas - and -Alq3 are 

composed of the facial isomer.  Although the origin 

of the electron trap for Alq3 is not clarified, the 

relationship between the local structure and light-

emitting property is well established from our solid-

state NMR experiments; the fluorescence wavelength 

is mainly determined by the isomeric states. 

According to ref. (2), various solvated and 

nonsolvated Alq3 crystals, consisting of meridional 

isomers, exhibit different max from 493 to 515 nm.  

This shows that the intermolecular interaction also 

modifies the emission wavelengths, although the 

change is much smaller than the change due to the 

difference in the isomeric states.  For the facial Alq3,

the change in the emission wavelengths was not 

detected for - and -Alq3, although their 

intermolecular packing was found to be different as 

shown above. 

The OLEDs were fabricated from the three kinds of 

Alq3s with different polymorphs.  The emission 

wavelengths did not reflect the PL emission 

wavelengths of the Alq3 powders before vacuum 

deposition and resulted in similar wavelengths.  

However, a higher current efficiency was obtained for 

the device fabricated from the mixture of -, -, and 

-Alq3 powders.  We are now investigating the origin 

of the difference in the current efficiencies. 
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