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Abstract
X- and Q-band electron paramagnetic resonance (EPR) investigation of
different crystalline Alq3 (tris(8-hydroxyquinoline)aluminium (III)) fractions
formed by a train sublimation method are reported. Several paramagnetic
defect centres corresponding to 1/2, 1, and 3/2 spin are observed at room
temperature. Their intensity is dependent on the temperature, nature of the
crystalline phase, and preparation conditions. Spectra simulation and analysis
based on the spin Hamiltonian appropriate to a high spin system (S � 1)

suggest the existence of randomly oriented triplets and quartets in annealed
Alq3 fractions. The crystalline Alq3 phases responsible for the EPR powder
spectra have been identified by transmission electron microscopy measurements
performed on these sample fractions.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the discovery in 1987 [1] of its electroluminescent properties, Alq3 (tris(8-
hydroxyquinoline)aluminium (III)) has become one of the most used materials in organic
light emitting devices (OLEDs) [2]. Much research has been carried out aimed at improving
its light emission quantum efficiency and time stability. In spite of this, many fundamental
questions concerning its properties, their dependence on thermal and annealing treatments,
and its crystalline structure remain unanswered. Several experimental physical techniques
(x-ray powder diffraction [3–5], optical spectroscopy and luminescence [6–10], Raman and
infrared spectroscopy [11–13], NMR [14–16], ESR [17–19]) and theoretical methods of
bonding analysis and reactivity [20, 21] have been used to study the crystalline state of Alq3.
Recently a significant blue shifted luminescence of a new phase (the so-called δ-phase) has
been reported [10], increasing even further the interest in this material.
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Figure 1. Chemical structure of the Alq3 (C27H18AlN3O3) molecule.

Alq3 is an octahedrally coordinated chelate complex, where the aluminium ion is
surrounded by three identical quinolinolate anions (see figure 1). The two geometric isomers,
meridianal (mer-Alq3) and facial (fac-Alq3), have C1 and C3 symmetry respectively [20, 22].
In principle, the two isomers could coexist, although mer-Alq3 is energetically more stable
than fac-Alq3 by 4–7 kcal mol−1 [22]. Until recently, only the meridianal isomer was clearly
identified in the α- and β-Alq3 phases [3]. Recent x-ray structural analysis [5], optical
measurements [4, 6], vibrational analysis [13], and NMR investigations [14] have proved
that the newly discovered high temperature δ-Alq3 phase consists of the facial isomer of the
Alq3 molecule.

It is well known that the performance of OLEDs depends on various factors including bulk
properties of the organic material. Among the bulk properties, the local structural properties,
the carrier mobility, and the stability are very important as they influence the efficiency and
lifetime of the device. In order, therefore, to analyse local structural and electronic properties
of Alq3 crystalline phases in more detail, we performed electron paramagnetic resonance
(EPR) investigations. To date three EPR investigations have been reported. Ravi Kishore
et al [18] reported on the existence of a negative ion of Alq3 in solution and thin film, which is
paramagnetic with an effective paramagnetic moment of 0.9 µB per Alq−. However, they could
not detect any EPR signal even at low temperatures. On the other hand, the existence of a very
weak EPR signal for yellow Alq3 powder that is sensitive to γ -irradiation was communicated
in [17]. This was attributed to organic free radicals by Roy et al [19].

In the present paper we report on the first X- and Q-band EPR measurements carried
out in a large temperature range, 10–600 K, on sublimated solid Alq3. Further attention is
devoted to the discussion concerning the effect of annealing the crystalline Alq3 fractions in
an inert atmosphere, and of irradiation with an accelerated electron beam. The EPR results
are correlated with transmission electron microscopy (TEM) measurements performed on the
same Alq3 samples.

2. Experimental details

Polycrystalline powders of different phases of Alq3 were obtained by sublimation in a
horizontal glass tube with a temperature gradient (320–380 ◦C), or by direct annealing of
the powder at a defined temperature, in an inert atmosphere as described in [10, 23]. The
formation of the crystalline phases obtained is temperature dependent. In the glass tube three
main fractions (1, 2, and 3) of different crystalline phases of Alq3 were distinguished, which are
stable at room temperature. For some of our experiments we further distinguished six zones,
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Figure 2. Picture of a sublimation tube. The three main fractions 1, 2, 3 correspond to the blue,
yellow, and green crystalline Alq3, respectively. The positions labelled I–VI correspond to the
selected samples.

labelled I to VI, as shown in figure 2. Fraction 1 (a whitish microcrystalline powder with
blue fluorescence) is the smallest amount formed at the hottest zone. Fraction 2, composed of
yellowish acicular microcrystalline grains with green–yellow fluorescence, is the main fraction
in the middle zone of the tube. Fraction 3, formed in the coldest zone, contains small green
crystals of different morphologies with green fluorescence.

The EPR measurements were performed using an X-band JEOL JES-ME upgrade
spectrometer, equipped with a JEOL system for low and high temperature experiments (100–
570 K), and a Bruker ESP-300E spectrometer, at the Q band, where the temperature was
controlled in the range 10–300 K using an Oxford Instruments ESR-900 continuous-flow
helium cryostat. EPR spectra were recorded from 10 to 550 K, on Alq3 samples prepared as
follows: (a) as taken from the tube, (b) treated at different annealing temperatures (between
390 and 400 ◦C), and (c) exposed to high energy electron irradiation at room temperature (the
irradiation dose was 10 kGy).

The TEM measurements were performed with a JEOL 200CX electron microscope
operated at 200 kV. TEM specimens were prepared by fine grinding of the powder product and
collecting crystal grains on TEM grids covered with holey membranes. It is important to note
that no crystalline phase transitions were noticed during the observation of the samples in the
TEM, including selected area electron diffraction (SAED) pattern recording.

3. EPR and TEM results

For the neutral and undisturbed Alq3 molecule no EPR signal is expected, but for all samples
investigated we obtained an EPR spectrum, depending on the sample treatment and preparation
conditions. In the following we present in detail the features of these EPR signals for different
Alq3 fractions with the different crystalline phases, as identified by transmission electron
microscopy.

3.1. Structural information—TEM measurements

From x-ray powder diffraction measurements, fractions 2 and 3 are similar, with a triclinic
symmetry (SG P 1̄) and lattice parameters a = 6.27 Å, b = 12.91 Å, c = 14.73 Å; α = 109.6◦,
β = 89.7◦, γ = 97.7◦, and V = 1110 Å3 [4]. They correspond to α-Alq3 phase. The
crystal structure data for fraction 1, called the δ-Alq3 phase and recently published [5, 10],
also has a triclinic symmetry, but different cell parameters: a = 13.241 Å, b = 14.424 Å,
c = 6.177 Å; α = 88.5◦, β = 95.92◦, γ = 113.93◦, and V = 1072.38 Å3. Another high
temperature phase, namely γ -Alq3, has a trigonal symmetry (SG P 3̄1c) with lattice parameters
of a = b = 14.41 Å, c = 6.22 Å, α = β = 90◦, γ = 120◦ [4].
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(a)

(b)

Figure 3. Needle-like crystal grain (a) and the corresponding SAED pattern (b), revealing the
presence of a new unknown crystallographic phase. The 16.73 Å interplanar distance is not
characteristic of any of the known Alq3 phases. The 90◦ angle on the SAED pattern indicates
a crystallographic system with a symmetry that is higher than triclinic.

From the electron diffraction point of view, where individual grains can be selected for
TEM measurements, all selected fractions for the EPR measurements are a mixture of different
crystalline Alq3 phases, according to SAED patterns. Thus, the powder from fraction 1 is a
complex mixture of δ- and γ -Alq3 phases and a new Alq3 phase not yet indexed according to
any well known crystalline phases. The powder samples of fraction 3 prove to be a mixture
of α-Alq3 and the new, not yet specified, crystalline phase. An example of a SAED pattern
of an oriented grain belonging to this crystalline phase in fraction 3 is given in figure 3. We
note that the needle-like crystals of this phase, having a length of about 1.5–2 µm and a width
around 0.3 µm, are mainly seen in fraction 2 and are present in the annealed Alq3 fractions
as well. The 90◦ angle found on the SAED pattern seen in figure 3 indicates for this new
phase a crystallographic system with a symmetry higher than triclinic. None of the SAED
patterns recorded for individual oriented grains in all fractions could be indexed according to
the β-Alq3 crystalline phase.

In the samples of fractions 2 and 3, after annealing for two hours in an inert atmosphere,
the dimensions of grains are much smaller and the powder is generally a mixture of α-, γ -Alq3

phases and the new unspecified crystalline phase dependent on the annealing temperature in the
range 390–400 ◦C. On increasing the time of annealing up to 6 h onlyγ - and δ-Alq3 phases were
identified. Morphologically, the TEM images present crystallites of various irregular shapes
with sizes from tens of nanometres to a few micrometres long, as resulted from TEM specimen
preparation. Besides these small crystal grains, one can also note the presence of long needle
grains, about 0.5 µm wide and up to a few micrometres long. Another interesting result was
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(a) (b)

(c) (d)

Figure 4. (a) TEM image of typical micrometric grains showing cleavage steps. (b) Single-crystal
SAED pattern of a grain oriented close to the trigonal [1̄11] zone axis. (c) Single-crystal SAED
pattern of a grain oriented close to the trigonal [010] zone axis. (d) Single-crystal SAED pattern
of a grain oriented close to the trigonal [1̄10] zone axis.

obtained for an annealed fraction 2 suddenly quenched at 77 K. In this case, all single-crystal
SAED patterns recorded for individual grains were indexed according to the γ -Alq3 phase
only. In figures 4(a)–(d) we present a typical TEM image of large micrometric crystal grains
showing cleavage steps (figure 4(a)) and single-crystal SAED patterns recorded for different
such grains oriented along three principal zone axes (figures 4(b)–(d)). It has been shown
that the ratio between δ- and γ -Alq3 is strongly dependent on the preparation conditions [23].
As the recorded SAED patterns were indexable according to the γ -Alq3 phase, we consider
that this sample of fraction 2, annealed at 400 ◦C and quenched at 77 K, mainly consists of
the trigonal crystalline phase. More detailed information about TEM measurements on Alq3

phases will be given in [24].

3.2. EPR on microcrystalline Alq3 as synthesized

Six samples, I to VI, selected from six zones along the sublimation tube (see figure 2) have
been measured in the X band (9.5 GHz) and Q band (34 GHz). Typical EPR spectra are
given in figure 5(a); it shows two types of signal, here labelled A and B, that are centred in
the g = 2 and 4 regions of the spectrum in the X band, respectively. Their intensity IDI,
obtained by double integration, is dependent on the sample position in the glass tube, i.e. on
the temperature of preparation. In figure 5(b), the position dependence of the EPR signal
intensities of the six Alq3 samples is shown. All samples consisted of 20 mg powder that was
taken from the appropriate position of the sublimation tube. It is observed that the spectra
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(b)

(a)

Figure 5. (a) Typical EPR spectra in the X band at 93 K for Alq3 as synthesized and e− irradiated.
(b) Room temperature line intensity dependence of the A and B signals along the sublimation tube.
The dotted line is a guide for the eye.

of samples V and VI (fraction 3), taken from the coldest zone of the tube have the highest
intensities for both signals. The main spectral characteristics of these signals, the g values and
the linewidths �Bpp, are given in table 1.

In the Q band, signal A has a resolved anisotropic g-tensor with two distinct values,
g1 = 2.0040 and g2 = g3 = 2.0015 (similarly to an axial symmetry centre). The signals
observed around geff = 4.3 are weak, and clearly seen at low temperatures even for fractions
1 and 2. Both the A and B signals were measured at different temperatures. The inset in
figure 6 shows the temperature dependence of these signals in the region 100–290 K. Signal B,
which for samples of fraction 3 is structured at low temperature, behaves like that of a normal
paramagnetic centre; its intensity increases linearly with 1/T . On the other hand, signal A,
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Figure 6. Temperature dependence of the A signal line intensity IDI for Alq3 fraction 3 as
synthesized. The inset shows the temperature dependence of 1/IDI for both A and B signals
in the region 110–290 K.

Table 1. Room temperature EPR parameters of the A and B signals in sublimated solid Alq3.

Sample

fractions g(A)
eff signal g(B)

eff signal �B(A)
pp (mT)

I 2.002 — 1.17
II 1.998 — 1.51
III 1.998 — 1.48
IV 1.998 4.322 1.46
V 2.001 4.337 1.17
VI 2.002 4.341 1.20

with a rather narrow linewidth, has a particular nature; its integral intensity and linewidth are
not temperature dependent from 20 K to high temperature— T ∼ 440 K for fraction 3 or
T ∼ 390 K for fractions 1 and 2—when a fast increase of IDI appears. Such behaviour is seen
in figure 6. A slow recovery of the samples at room temperature is observed. The section
of the plot not dependent on temperature suggests that this signal could be associated with
delocalized unpaired electrons. So far we cannot explain the fast increase of the intensity, but
note that all samples were measured in a sealed quartz tube to avoid the influence of moisture
or oxygen.

Interesting results were obtained from irradiated samples. It is well known that irradiation
with heavily ionizing radiation provides information about the strength and stability of
molecular bonding. Under room temperature irradiation in accelerated electron beams of
6 MeV energy, with a dose of 10 kGy, we observed an increase of the signal A line intensity by a
factor of 10 (times). Similar behaviour, with a smaller increase of intensity, was communicated
in [17] for γ -irradiated commercial Alq3. In our case, the largest effect was observed for
fraction 2, and the smallest one for fraction 3. Signal B remained unchanged, as seen in
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Figure 7. X-band room temperature EPR spectra of e−-irradiated annealed Alq3 fractions (30 mg
of each fraction). Lines 3 and 4 of the Mn2+:MgO field marker are shown.

figure 5(a), proving that it is not associated with any broken chemical bond. On the other
hand, new free radical species appear under electron (or γ -) irradiation of annealed fractions
2 and 3. Examples of room temperature EPR spectra are plotted in figure 7. A hyperfine
structure due to the interactions with N and H nuclei was observed, partially resolved at low
temperatures [25].

3.3. Annealed Alq3 fractions

Very recently it has been found that by choosing a suitable temperature cycle, in an inert
atmosphere, a reversible conversion from Alq3 fraction 2 or fraction 3 to the high temperature
δ-phase of fraction 1 is possible [23, 26]. As the temperature has a significant influence on the
formation of these fractions, we made measurements on some selected Alq3 samples, annealed
at different temperatures in the interval 390–400 ◦C, for 2–6 h. The samples were subsequently
cooled down slowly to room temperature or were rapidly quenched in liquid nitrogen. Both the
X- and Q-band EPR spectra of these samples are clearly different as compared to the spectra
recorded for the material taken from the glass tube;new paramagnetic defect centres are formed,
spread over a 1.5 T magnetic field range. Generally, their spectrum intensity increases on
lowering the temperature, and the ratio of different lines depends on the annealing temperature
and the initial nature of the fraction. Typical X- and Q-band EPR powder-like spectra are
presented in figure 8(a); the low temperature dependence of the Q-band spectra, in the field
region 1100–1350 mT, is shown in figure 8(b), and the temperature dependence of a high field
line intensity of this region is plotted in figure 8(c). The measured sample was selected from
fraction 3, which was annealed at 390 ◦C for 6 h and slowly cooled down to room temperature.
The features of the observed EPR lines, as well as their intensity temperature dependence, are
indicative of systems with S � 1 electron spin states; these lines are, therefore, attributed to
localized quartet and triplet defect paramagnetic centres with low symmetry zero-field splitting
tensors. In addition we also observed the expected low field forbidden transitions �MS = ±2
and ±3, which support the assumptions made. This assignment is also corroborated by the
observation of a relatively large amplitude of the �MS = ±2 line in the X-band spectrum
shown in figure 8(a).
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Figure 8. Typical X- and Q-band spectra of an annealed Alq3 fraction recorded at 50 K (a), and
at different temperatures in the Q band for the central part of the spectrum, where �Ms = ±1
transitions are mainly observed (b). Temperature dependence in the Q band of a �Ms = 1 quartet
line intensity I1 at high field, multiplied by T (c). The (+) marked lines in (a) belong to the EPR
cavity. Forbidden transitions of quartets and triplets are marked with Q and T, respectively.
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Figure 9. Simulation of the central pattern �Ms = 1 spectrum, recorded in the Q band at 50 K. A
Gaussian line was used with �B = 2.5 mT.

The EPR spectra are fully described by the following spin Hamiltonian (SH) appropriate
to S � 1, with the usual notation [27]:

H = D[S2
z − (1/3)S2] + E(S2

x − S2
y) + µBB · g · S. (1)

The g tensor values and corresponding fine-structure splitting D and E parameters were
obtained by using the simulation/fit SIM program [28]. Figure 9 shows the simulation of the
Q-band EPR central pattern of the spectrum at 50 K. This spectrum consists of the overlapping
of different defect centres with S = 1/2, 1, and 3/2. The most important lines, with their
relative intensities dependent on the annealing temperature, belong to two quartets randomly
oriented. The D and E parameters of these quartets are given in table 2. The SH parameters
obtained for the other simulated centres are giso = 2.004, �B = 1.2 mT, for a doublet centre,
and |D| = 135 G, |E | = 20 G, giso = 2.006 for a triplet centre. Another interesting feature of
our EPR data results from the temperature dependence of an annealed Alq3 fraction suddenly
quenched to 77 K. When measuring, for instance, a sample from fraction 2 annealed at 400 ◦C
for 2 h, we observed a drastic change in the EPR spectrum after quenching treatment. The
central lines characteristic of quartet and triplet centres disappear and a very strong line appears
instead, having an orthorhombic g tensor with the principal values g1 = 2.0066, g2 = 2.0042,
g2 = 2.0016; see the inset of figure 10. The intensity of this signal was calibrated with a
DPPH probe having (5.32 ± 0.70) × 1017 spins/g by comparing their double integrals. The
number of spins resulting is (4.25 ± 0.85) × 1019 spins/g. From TEM measurements we
found that such samples mainly consisted of crystalline γ -Alq3 phase. In consequence we
associated the EPR signal of the sample with this high temperature phase of Alq3. We note
that a similar anisotropic EPR signal, with a less resolved structure and different intensities,
is observed for all annealed fractions slowly relaxed. We associate it with the same type of
paramagnetic defect centre as was observed in quenched annealed samples. This would mean
that the γ -Alq3 phase is present in all annealed Alq3 fractions.

A further characteristic that was obtained for this defect centre is the temperature
dependence of its EPR intensity. Figure 10 shows the plot of the double integration of
the spectrum intensity IDI versus T . From the data that are available so far, this behaviour
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Figure 10. Temperature dependence of the EPR line intensity, IDI, of the γ -Alq3 phase. The room
temperature spectrum in the Q band is given in the inset. The dotted line is a guide for the eye.

Table 2. EPR parameters g and fine-structure D and E values obtained from the spectra simulation.

Defect
centre |D| (cm−1) |E| (cm−1) g

Quartet 1 0.1563 0.0093 2.009; 2.006; 1.996
Quartet 2 0.2310 0.0078 2.006; 2.004; 2.000

cannot be explained. For a conclusive interpretation, further measurements such as ones of
the temperature dependence of the magnetic susceptibility are necessary. The sudden change
around 55 K shows that a kind of ‘phase transition’ takes place. We note that thermally
stimulated luminescence (TSL) and delayed luminescence measurements [26, 29–32] have
shown anomalies at temperatures of T ∼ 60 K and T ∼ 150 K, as in our measurements.

4. Discussion and conclusion

For the first time the formation of different paramagnetic centres in non-doped sublimated
solid Alq3, dependent on the preparation, temperature, and annealing, is reported. As
such treatments modify the crystallographic structure of the material, we correlate these
modifications with the EPR spectra and tentatively propose possible models for the observed
paramagnetic centres. For samples as synthesized (obtained by sublimation in a temperature
gradient), two different signals are observed: signal A in the region of g ∼ 2, and signal B in
the region of g ∼ 4. Their intensities have different temperature dependences (see the inset in
figure 6), demonstrating their different natures. The intensity IDI of signal A is temperature
independent from about 400 K down to low temperatures, even lower than 100 K. Such a
paramagnetic centre might be associated with quasi-free electrons, which, like free electrons
in metals, show a temperature-independentPauli magnetism. On the basis of just the EPR data,
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it is hard to propose an appropriate model for them. They might be associated with defects in
Alq3 units, having one electron in a delocalized orbital which overlaps with the corresponding
orbitals of other defects. The width of the narrow line, with the g value close to ge = 2.0023,
sustains such a hypothesis. The concentration of these defect centres is largest for the most
strained fraction (green fraction 3), making plausible the idea that the Alq−

3 anion can be
formed only in strained regions of the lattice. On raising the temperature above 390–440 K,
new centres are formed. The DSC data show that in this temperature range no evident structural
change takes place [23]. Therefore another mechanism has to be considered to explain the
observed increase of the EPR intensity. It could be the thermal excitations of electrons from
diamagnetic states to empty delocalized orbitals of the Alq3 unit. Other mechanisms cannot be
ruled out: effects of oxygen and water [32] (even if the samples were treated in sealed quartz
tubes they were exposed to air for a short period of time before), or creation of trap sites on
some Alq3 molecules capable of trapping electrons in delocalized orbitals. Evidently, other
measurements are necessary for a full understanding of the origin of signal A.

The second signal B, whose intensity is proportional to 1/T (see the inset in figure 6) must
be associated with a localized paramagnetic centre. Its resonance field suggests a forbidden
transition �M = ±2 of a triplet in the ground state. Taking the g value close to ge, as in all
triplet states, its resonance field is HB < H0/2, which means rather a large zero-field splitting.
Assuming a significant disorder in the matrix, the very anisotropic �M = ±1 transitions
are rather broad and consequently quite weak. The �M = ±2 spectrum is less sensitive to
zero-field splitting fluctuations, so it gives narrower lines. From this line one can obtain the
D and E values. The structured line of centre B was fitted with two triplet centres (S = 1)

having the following fine-structure parameters: D(1) = 0.115 cm−1, E (1) = 0.01 cm−1 and
D(2) = 0.135 cm−1, E (2) = 0.012 cm−1 (giso = 2.004 and a Gaussian line shape with a
linewidth of 2.5 mT was used). As we have already said, the ground state of the centre B is a
triplet state, so one model could be an Alq2−

3 di-anion. The existence of hyperfine interactions
with H and even N nuclei is not excluded. ENDOR and ESEEM measurements are necessary
to prove this supposition.

The essential changes in the EPR spectra for the annealed samples are related to
crystallographic changes in the samples induced by such thermal treatments. As x-ray and
electron microscopy diffractions show, the γ - and δ-Alq3 phases are dominant in annealed
samples. Recent studies [5, 15] have shown for these phases that the facial isomer is dominant
and stable. This isomer, having a C3 local symmetry, has a degenerate LUMO orbital associated
with a close non-degenerate orbital [20]. It seems very plausible that a tri-anion Alq−3

3 , with
three electrons in these lowest LUMO orbitals, has two doublet states close to a quartet spin
state (S = 1/2, 3/2). In the EPR spectra presented in figure 8, the most significant change
is the appearance of such a quartet state, with fairly large D and E values. It is clearly
seen in the Q band where D/hν ∼ 1/10, so a perturbation treatment is still reasonable.
As was already stated, �M = ±2 and ±3 transitions confirm its existence. The intensity
temperature dependence of this centre (given in figure 8(c)) fitted with y = a/T (1 + eb/kT ),
b (=3J ) = −43 meV, where J is the isotropic exchange coupling constant, shows that the
quartet state is lower than the doublet. At low temperatures a kind of phase transition around
55 K is observed for all annealed samples. Fast quenching of an annealed sample of fraction 2,
from 400 to −197 ◦C, induces a narrow and very strong EPR signal. TEM measurement
data showed that in this sample, microcrystals with γ -Alq3 structure predominate. The fast
quenching forbids the transformation from this high temperature phase to other Alq3 phases,
but leaves the structure with high strains. We assume that only less anisotropic lines can be
observed and these could probably correspond either to a mono-anion Alq−

3 or to the doublet
state of the tri-anion Alq−3

3 .
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In conclusion, different paramagnetic centres in microcrystalline Alq3 fractions, as
synthesized and annealed, have been observed and investigated. Their nature, their temperature
dependence, as well as the correlation with the crystal structure have been reported for the first
time, and possible models have been discussed. Further measurements are required to prove
their validity and to confirm the relation to the molecular symmetry, namely the connection to
either mer-isomers or fac-isomers of Alq3.
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