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Measurement of the intersystem crossing rate in aluminum
tris(8-hydroxyquinoline) and its modulation by an applied

magnetic field
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The rate constant for intersystem crossing in aluminum tris(8-hydroxyquinoline) was measured
using the time dependence of the luminescence under high excitation intensity and modeling using
a rate equation approach. Under high illumination levels intersystem crossing results in the transfer
of singlets into triplets, which due to their long lifetime effectively remove molecules from
participating in photoluminescence. The intersystem crossing rate was found to be ~2.2
X 10* s7! at 80 K. The presence of a magnetic field was found to increase the rate constant by
~10% with applied fields of ~100 mT. © 2009 American Institute of Physics.
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I. INTRODUCTION

The role of magnetic fields on the optical and electrical
performance of organic light emitting diodes (OLEDs) has
been receiving increasing attention in the last few years due
to the large increases in efficiency and current through de-
vices that can be obtained by the application of relatively
modest fields. In 2003 Kalinowski e al.' observed that for an
aluminum tris(8-hydroxyquinolate) (Alqs;) device an increase
of ~5% in light output could be obtained with the applica-
tion of a magnetic field of ~0.5 T. This increase in the
electroluminescence was attributed to the increased mixing
of electron-hole pair states prior to exciton formation. In
2007 Desai et al.” suggested that the increase in OLED effi-
ciency they observed in Alqgs based OLEDs could be due to
a similar process but they suggested that the magnetic field
was acting directly on the excitons, altering the intersystem
crossing rate, rather than on the pair states.

In 2001 Braun ef al.’ showed that for Alqgs it was pos-
sible to obtain significant triplet populations (~25%) at low
temperature (1.3 K) through optical excitation due to the
intersystem crossing from the singlet to the triplet states.
This work was extended in 2004 by Colle and Bﬂitting4
where they showed how it was possible to estimate the triplet
concentration in the steady state caused by the intersystem
crossing. In this work we have gone on to develop the rate
equation model for the system and have used it to estimate
the rate constant for intersystem crossing in Alq;. We have
also looked at the effect of a magnetic field on the photolu-
minescence intensity for Alqs; and have estimated the change
in the intersystem crossing rate caused by an applied mag-
netic field.

Il. EXPERIMENTAL METHOD

Experiments were performed on powdered Alqs;, which
was purchased from Aldrich and purified by train sublima-

“Electronic mail: w.gillin@qmul.ac.uk

0021-8979/2009/106(4)/043511/6/$25.00

106, 043511-1

tion. Freshly purified material was placed into a continuous
flow cryostat in a nitrogen ambient. Photoluminescence was
excited using a 10 mW 405 nm laser, which was focused
onto a <0.I mm spot. The laser was mechanically modu-
lated at 5 Hz with a rise time of ~100 ws. Luminescence
was dispersed in a monochromator and detected using a S-20
photomultiplier or a silicon avalanche photodiode. To deter-
mine the effect of a magnet field on the photoluminescence
the cryostat was placed between the poles of an electromag-
net and the photoluminescence intensity was measured using
conventional lock-in amplification. Measurements were
made as a function of increasing magnetic field alternated
with measurements at 0 mT. The two null field measure-
ments were used to provide an average against which the
effect of the magnetic field could be determined.

lll. RESULTS AND DISCUSSION

Figure 1 shows a typical photoluminescence decay tran-
sient for Alqs recorded at the peak of the photoluminescence
spectrum at a wavelength of 520 nm and at sample tempera-
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FIG. 1. Time dependence of the 520 nm photoluminescence from Alq; at 80
and 120 K. The inset shows the model used to fit the luminescence decay.
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TABLE I. Experimentally determined and fitting decay times for the pho-
toluminescence and the percentage change in photoluminescence intensity
from the initial value as a function of temperature. The parameters used for
the fitting were kigc=22X10* s7!, a=1.4%108/S(initial), and E,
=15 meV. The errors in the experimentally determined average lifetimes
are =10%.

Temperature
80 K 100 K 120 K
Experimental (7) 326 us 225 us 222 us
Experimental Al —9.9% —7.3% —3.8%
Fitted 7 335 us 227 us 175 us
Fitted Al —10.1% —7.3% —5.6%

tures of 80 and 120 K. Photoluminescence spectra were re-
corded for both the prompt and steady state emission and no
change in spectral shape was observed. It can be seen that the
photoluminescence decay is very temperature sensitive and
was difficult to observe above 120 K with the excitation
intensity available. The rise time of the signal perfectly
matches the laser intensity and is defined by the speed with
which the mechanical chopper can switch the beam. The
decay in the luminescence is analogous to the bleaching of
laser dyes5 and has previously been attributed to intersystem
crossing from the singlet to triplet states.” The triplet states,
being long lived, effectively remove molecules from further
photoexcitation.

We have fitted the decay process with a stretched expo-
nential function of the form,

I=1Iy+1, expl— (t/7)7], (1)

where [ is the steady state intensity, /; is the initial intensity,
7 is the lifetime, and B is the stretching function. This is an
empirical fit that is widely used to fit nonsingle-exponential
decay processes. Although there is no physical significance
to the fit it is widely used to describe a superposition of
exponential relaxation times.® In this case it highlights the
fact that the Algs is not homogeneous, as might be expected
from a sample where there are various grain sizes, which
could locally affect the exciton lifetimes. Using this stretched
exponential function, it is possible to define a lifetime distri-
bution function and calculate an average relaxation time (7),
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T = Ir(l), 2
(7) 5\ (2)
where I'( ) is the Gamma function. It is these {7) values that
are given in Tables I-III. It should be noted that the experi-
mental reproducibility of this data is =10%.

In order to interpret this data we have a simple rate equa-
tion model (shown schematically in the inset to Fig. 1). In
this model we have a pump, which populates the singlet level
from the ground state and two transfer processes either back
to the ground state (fluorescence) or into the triplet state
through intersystem crossing. From the triplet state there is
the possibility for intersystem crossing back into the singlet
level, which we have made thermally activated to account
for the temperature dependence observed, or there is decay
of the triplet state back to the ground state. The rate equa-
tions for this system can be written as,

Bo _ S\ + kT, - aS
_— = —a )

dt SO1 T1 0

ds,
= So+ kiscTy exp(— E/kT) — kgS; — kiscS
dT,

dr kiscS1 = krTy = kiscTy exp(— E/kT), ®

where S, Sq, and 7T are the populations of the ground state,
singlet state, and triplet state, respectively, kg and k; are the
rate constants for singlet and triplet decay, kigc is the rate
constant for intersystem crossing, a is the pump rate, and E,
is the activation energy for the triplet to singlet interchange.
Literature values for the singlet lifetimes show that it varies
by <25% over the temperature range of interest. However,
in the rate equation model, because the rate constant for sin-
glet recombination is >1000 times greater than the next
smallest term (the ISC rate), small perturbations in kg have
no effect and hence the value was kept constant for all the
modeling. A lifetime of 18 ns for the singlet state was taken
as representative of the literature values’ and was used for all
temperatures. Values for the triplet lifetime were dependent
on temperature and taken from the delayed lifetime data of
Ref. 8 for temperatures between 80 and 120 K. The equa-
tions were solved numerically to determine the populations
of the three levels as a function of time and the time depen-
dence of the singlet population was compared to the lumi-

TABLE II. Experimentally determined and fitted decay times for the photoluminescence and the percentage
change in photoluminescence intensity from the initial value as a function of initial intensity. The fitting
parameters were the same as used in Table 1. The errors in the experimentally determined average lifetimes are

*10%.

Percentage intensity

100% 79.4% 50% 31.6% 10%
Experimental (7) 326 us 358 us 319 us 305 us 361 us
Experimental AL —9.9% —8.2% —7.6% —5.8% —2.6%
Fitted 7 335 us 340 us 352 us 360 us 369 us
Fitted Al —10.1% —8.8% —5.7% —3.7% —1.2%
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TABLE III. Experimentally determined effect of magnetic field on the decay times for the photoluminescence
and the percentage change in photoluminescence intensity as a function of magnetic field. The errors in the

J. Appl. Phys. 106, 043511 (2009)

average lifetimes are =10%.

Magnetic field

0 mT 55 mT 82 mT 109 mT 135 mT 162 mT
Experimental (7) 214 us 210 us 198 wus 215 us 189 wus 171 us
Experimental Al —43 —4.3 —4.7 —4.8 —43 —4.5

nescence decay curve. Given that kg and k; are defined, the
only variables in the model are kigc, E,, and the pump inten-
sity a. The fact that the photoluminescence decay is very
temperature sensitive and is not visible at temperatures
greater than 120 K shows that the activation energy for back
transfer from the triplet to the singlet state must be low. We
found that a value of 15*=5 meV was needed to model the
observed temperature dependence while keeping all other fit-
ting parameters constant. Given the ~0.5 eV difference in
energy between the singlet and triplet energies9 this value is
very small and this will be discussed later.

Figure 2 shows the output from the rate equation model
as either (a) kigc is changed while keeping the pump intensity
constant or (b) the pump intensity is changed while keeping
kigc constant. It can be seen that the values for kigc in the
model primarily define the decay time in the observed pho-
toluminescence whereas the excitation intensity, a, deter-
mines the magnitude of the drop in photoluminescence ob-
served. In Fig. 2(a) kysc is varied from 2 to 3 X 10* s~! and
the lifetime of the decay decreases from 367 to 250 us with
little change (<1%) in the magnitude of the steady state
intensity. From Fig. 2(b) however, it can be seen that reduc-
ing the pump intensity by 90% reduces the lifetime by less
than 10% but has a dramatic effect on the magnitude of the
steady state intensity. In order to observe a significant drop in
the S, population with time an excitation intensity of greater
than kg/ Sy(initial) is required. From Fig. 1 we have measured
the average decay time and reduction in intensity of the pho-
toluminescence as a function of temperature and the data are
presented in Table I. Also given in Table I are the results
from the rate equation model as a function of temperature
using E =15 meV, kjgc=2.2X 10* s7!, and an intensity of
1.4 10%/ S, (initial). This intersystem crossing rate is ~100
times greater than the triplet recombination rate at 80 K and
~2500 times less than the singlet recombination rate. The
fact that kygc is so much less than kg means that the model is
insensitive to small changes in the singlet lifetime.

In order to test the model, the laser intensity in the ex-
periment, at 80 K, was varied using neutral density filters to
79.4%, 50%, 31.6%, and 10% of its initial value. This was
found to have very little effect on the decay lifetime ob-
served in the photoluminescence with any changes being less
than the experimental reproducibility of ~10%. However the
reduction in excitation intensity resulted in a dramatic reduc-
tion in the luminescence decay from its initial value, when
the laser is first switched on. Table II gives the experimen-
tally determined average lifetime and intensity reduction and
the values obtained from the rate equation model using the
same parameters as used for the modeling of the temperature

dependence. It can be seen that both the lifetime and reduc-
tion in intensity show very good agreement. The effect of
laser intensity should also show up any triplet-triplet annihi-
lation (TTA) process if it were occurring in our samples, as
TTA scales as the square of the triplet concentration. Our
results showed no evidence of TTA (for example delayed
fluorescence) and hence we did not need to include it in the
rate equation model.

The only difference between the model presented here
and that given by Colle and Briitting4 is that in their work
there was no intersystem crossing back from the triplet to the
singlet state. We have tried to model the data by removing
this process from the rate equation model. Although it is
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FIG. 2. The calculated time dependence of the singlet population derived
from the rate equation model presented in Eq. (3). The data are presented as
percentage change in intensity from the initial value. In part (a) the intensity
is kept constant and kqgc is varied while in part (b) kigc is kept constant and
the intensity is reduced.
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possible to adjust kigc and excitation intensity to model de-
cay curves at a given temperature the effect of changing the
excitation intensity by a factor of 10 is to change not just the
magnitude of the luminescence decay but also to alter the
decay time by an order of magnitude. This is completely
contrary to the experimental results we have obtained. These
results clearly show that not only does intersystem crossing
occur from the singlet to the triplet state but also that it must
occur in the opposite direction with very similar efficiency.
The modeling we have employed has assumed a single inter-
system crossing rate and activation energy. From the work of
Célle and Giirditz’ on Alqgy phosphorescence they found that
the triplet lifetime was not a smooth function of temperature
but had troughs, which corresponded to phase transitions. It
would be expected that over a wider temperature range than
we have used in our work there may well be changes in the
intersystem crossing rate as well as the triplet lifetime. This
would be particularly true when extending the work to room
temperature where the triplet lifetime has been estimated to
be ~25 us (Ref. 10), which is a factor of ~200 smaller than
that at 80 K. Such a lifetime would give a rate constant for
triplet recombination, which was greater than the rate con-
stant for intersystem crossing that we have determined at low
temperatures. Despite the fact that this model is capable of
fitting all the data from both the temperature and the excita-
tion intensity dependence using a single set of parameters,
which is impossible if the back transfer from the triplet state
to the single state is removed, it is not at all clear what the
mechanism for triplet to singlet conversion is. We have used
a simple Arrhenius activation over an energy barrier in order
to explain the observed temperature dependence but the mea-
sured barrier height of 15 meV is much smaller than the
~0.5 eV energy separation between the triplet and singlet
levels. What is clear from this very low activation energy is
that the back transfer from the triplet to singlet is only a
factor of 5-10 less than the intersystem crossing rate from
the singlet to triplet state. Given the very large difference in
energy a simple thermal barrier from the triplet to singlet
state does not appear to be possible. One possible mecha-
nism would be through higher excited states of the triplet.
Transient state absorption spectroscopy of Alqs; has shown
triplet absorption at a wavelength of ~510 nm,""'? which is
coincident with the singlet emission wavelength of Alqs. It is
therefore possible that, given the very high concentration of
singlet recombination in our samples, the triplet to singlet
interchange could be through an intermediate higher energy
triplet state, which would overcome the problem of the en-
ergy barrier; this is illustrated in Fig. 3. In this scheme the
excited state absorption (ESA) is an allowed process, as is
the relaxation from the 7, to T, state. This would suggest
that the instantaneous population of the 7, level would be
lower than that of the T, level. However, exactly analogous
to the singlet state the presence of intersystem crossing into
the S| level would compete with relaxation to the 7T, level
and provide a route to convert triplets to singlets. If this were
to be the case then the simple Arrhenius expression that we
have used in the rate equation model would only be an ap-
proximation and the true system would be more complicated.
Despite this, it is clear from our data that there must be a
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FIG. 3. A schematic of the back transfer process via ESA from the first
triplet state (7) to the second triplet state (7,). The photons for the ESA are
provided by the emission from the singlet state. There may be some small
temperature dependencies in these processes that would be responsible to
the small activation energy term that we have in the approximated Arrhenius
expression in our rate equation model.

transfer mechanism from the triplet to singlet state and which
must therefore be proportional to the triplet concentration. It
is this fact that the allows the simple model to provide a
good fit to the data and the Arrhenius term is accounting for
some small temperature dependence in some of the terms in
the more complicated model. Although we could change the
rate equations to account for processes in Fig. 3, at the mo-
ment they are speculative and it would make the rate equa-
tions more complicated, with more fitting terms. This would
detract from the central observation that a back transfer pro-
cess is essential in order to explain the results.

In order to determine the effect of a magnetic field on the
intersystem crossing we repeated the photoluminescence de-
cay measurements as a function of magnetic field, at a given
intensity and temperature; the results are shown in Table III.
Although the measurements with applied field showed a gen-
eral reduction in the decay time there is scatter in the data
and the change in the decay time is at most ~10%. Accord-
ing to our model a ~10% drop in the decay time will need
an ~10% increase in kjgc. We are therefore only able to say
that while the effect of a magnetic field appears to be to
increase kigc, any effect is small and from our model results
is no more than a ~10% change. In order to provide more
comprehensive evidence of an applied magnetic field actu-
ally affecting the intersystem crossing rate we measured the
photoluminescence intensity using traditional lock-in ampli-
fication at a frequency of 146 Hz and using a time constant
of 500 ms. The long time constant was necessary to reduce
the noise in the data. To account for any drift in the sample
photoluminescence intensity with time a measurement at null
field was taken before and after every applied field measure-
ment and the average of the two was used as the background
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FIG. 4. (Color online) The percentage change in the PL intensity as a func-
tion of magnetic field measured using lock-in amplification at temperatures
of 100 and 250 K.

to determine the effect of the field. Using this approach Fig.
4 shows the effect of a magnetic field on the photolumines-
cence intensity of Alqgs as a function of magnetic field at
temperatures of 100 and 250 K. No significant effect can be
seen over this temperature range.

From Fig. 2(a) it can be seen that while a change in kigc
did not have a large effect on the magnitude of the photolu-
minescence decay it does have some effect (<1%). Using
lock-in detection the signal intensity is predominantly deter-
mined by the small shift in the steady state photolumines-
cence intensity. From Fig. 2(a) we have determined that a
10% change in kigc, from 2.2 to 2.5 10* s~!, will produce a
decrease in the steady state photoluminescence intensity of
—0.67%, which is almost identical to the change seen in Fig.
4. We therefore have internal consistency between our at-
tempts to measure the changes in the decay time and the
results obtained using lock-in detection and both suggest that
the application of a magnetic field increases the intersystem
crossing rate by ~10%.

The shape of the curve in Fig. 4 looks superficially simi-
lar to that seen for the effect of a B field on the efficiency of
an OLED*"™"® with a rapid change in photoluminescence
intensity at low magnetic fields followed by a saturation as
the field is increased. In recent work on the magnetoresis-
tance of Alqgy based OLEDs*"*™"° we have observed that
there is an increase in the efficiency of OLEDs with applied
field, which is consistent with an increased singlet formation
rate. We have suggested that this may be due to an increase
in the intersystem crossing rate, which could result in the
conversion of electrically generated triplets into singlet exci-
tons. In electroluminescence the formation rate of triplets is
three times that for singlets and hence the operational device
would be expected to contain a significant triplet population.
This fact is of course exploited in OLEDs by doping with
phosphorescent triplet emitters.'® In photoluminescence,
however, it is only singlet excitons which are primarily gen-
erated and hence an increase in the intersystem crossing rate
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would be expected to result in a decrease in the photolumi-
nescence intensity as the singlets are increasingly converted
into triplets.

Mermer et al.'” showed that some organic magnetoresis-
tance data could be fitted empirically by an expression of the
form B?/(B>+B2). Sheng et al.'"® went on to show that this
magnetic field dependence could be derived from either a
hyperfine or spin-orbit19 interaction. For the efficiency of
Alg; based OLEDs we have shown that the data cannot be
fitted with a single one of these curves but is very well de-
scribed by two with different critical fields,"

B? B?
Ay +A, .
(B*+B?) (B*+B))

(4)

We suggested that, as this expression would accurately fit the
efficiency data but not the organic magnetoresistance data,
this may be evidence that the magnetic field was acting pri-
marily upon the intersystem crossing between the singlet and
triplet states. The fact that two of these “Lorentzians” were
needed to fit the data may have been evidence that there are
two processes acting on the exciton. We must stress however
that we have no evidence as to what the mechanism is or
indeed whether these empirical fits have any physical mean-
ing. The curve in Fig. 4 has a similar form to that obtained
for the efficiency of Alq; OLEDs and fitting the dual Lorent-
zian to the data produces critical field values that are very
similar to those obtained in Ref. 12 (B;=3 mT and B,
=28 mT for photoluminescence compared to B;=3.25 mT
and B,=36 mT for electroluminescence). The prefactors for
the two processes (A, and A,), however, are very different. In
the efficiency data from Ref. 12 the ratio A;/A, was ~2. In
this photoluminescence data we find that ratio is ~0.2. The
fact that the critical fields for the two processes are so similar
suggests that the same process is responsible for the change
in intersystem crossing in the two situations. However, the
difference in the relative strength of the two processes indi-
cates important differences. Throughout our work on organic
magnetoresistance2’13’15 we have suggested that the effect of
the magnetic field is to alter the intersystem crossing of the
excitons, whereas other authors'?’ have suggested that the
intersystem crossing may occur at the level of pair states
before the excitons are formed. As, in this work, we would
expect to be dominated by intersystem crossing at the exci-
tonic level and it is the larger B, value which dominates we
suggest that this may be the magnetic field dependence of the
exciton intersystem crossing rate. In the electrically pumped
system, where the lower B values dominates, this may be
the magnetic field dependence of the intersystem crossing of
pair states prior to exciton formation. The fact that we have
some of this process in the photoluminescence data would be
evidence that there is some exciton dissociation and subse-
quent recombination during the photoluminescence process.
However, we still are not able to state categorically what
mechanism it is that is controlling the change in the intersys-
tem crossing rate.
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IV. CONCLUSIONS

We have shown that in Alqjs it is possible to estimate the
intersystem crossing rate by modeling the time dependence
of the photoluminescence under high excitation intensity. Us-
ing the model we derive an intersystem crossing rate, kigc, of
22x10* s7! at a temperature of 80 K. The model also
shows that intersystem crossing also occurs from the triplet
to singlet state with only a relatively small energetic barrier.
However, the mechanism behind transfer from the triplet to
singlet state is not known.

We have also shown that a magnetic field acts to in-
crease the intersystem crossing by ~10% for fields up to
~100 mT. Comparisons of this data with the effect of a
magnetic field on the efficiency of an Alq; OLED suggest
that the magnetic field may affect the mixing of a pair state
prior to exciton formation as well as the exciton itself.
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