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Department of Physics, 
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Switzerland 

(Received February 5, 1974) 

The triplet exciton kinectics in thc host-guest system anthracene-tetracene is studied. Inten- 
sity and time dependence of  the delayed fluorescence emission of both host and guest are 
investigated for guest concentrations between lo-" and mol/mol. The host triplet state 
is excited using a xenon arc lamp or  a krypton ion laser for steady state and a specially 
shaped, xenon flash or a pulsed ruby laser for the transient measurements. The guest concen- 
trations are measured down to 5 x lo-' mol/mol with an accuracy of 20% by observing the 
prompt guest fluorescence excited directly with a suitable line of an argon ion laser. 

For relative guest concentrations smaller than 2 X 10" mol/mol the measurements can 
be described satisfactorily by assuming that  the guest molecules act as traps with a lifetime 
of 0.8ms, a trapping rate for the host excitons of Y*N with y* = 1.8 X 10." cni3s-' 
( N  = density of guest molecules), and a detrapping rate of about 100s-' . The analysis in- 
volves host-host as well as host-guest annihilations. The observed magnetic field dependence 
of the delayed fluorescence (directional resonances) agrees with the kinetic measurements. 
At higher guest concentrations additional traps govern the triplet kinetics. 

1. INTRODUCTION 

Impurities or guest molecules can significantly influence the triplet energy trans- 
fer phenomena in an organic host crystal. The most striking effect of certain 
guest molecules is their ability to trap host excitons and thus influence the 
triplet kinetics a t  guest concentrations as low as l O +  mol/mol.' j2 The trapped 
excitons may be thermally released or decay to the ground state. It is also 
possible that they are annihilated by interaction with a free host exciton; a 
process which can lead to delayed guest fluorescence. 

Rise and decay of the delayed fluorescence gives detailed information about 
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384 J. FUNFSCHILLING AND I. ZSCHOKKEGRANACHER 

the trapping, detrapping and annihilation processes which the triplet excitons 
undergo. If the fluorescence does not decay with a single exponential function 
but rather with a composition of several exponentials, we get information about 
the traps involved in the triplet kinetic, since each additional characteristic decay 
time corresponds to a new trap species. 

As reported previously,3 the decay of the delayed fluorescence in the host- 
guest system anthracene-tetracene contains in fact more than one decay time. In 
this paper we will present detailed and more complete measurements of the time 
dependence of the delayed fluorescence in this system over a broad range of 
guest concentrations between 104-1 O5 mol/mol. The measurements include 
studies of the delayed host and guest fluorescence for different excitation meth- 
ods (ruby laser, xenon flash, xenon arc lamp and krypton ion laser). Since the 
magnetic field dependence of the delayed fluorescence has proved to give good 
information about annihilation p r o c e ~ s e s ~ - ~  we also use magnetic field experi- 
ments to clarify and check the conclusions we obtain from the time dependence. 

A model is presented which satisfactorily describes the experimental findings 
for guest Concentrations smaller than 2 x lo-' mol/mol. The problems arising at 
higher guest concentrations are discussed. Since detrapping is a thermally acti- 
vated process the temperature dependence of the delayed fluorescence intensity 
is usually investigated.'-" It will be shown that in our case the temperature 
dependence gives practically no information about the involved annihilation and 
trapping processes (cf. Figure 6) .  

So far most studies of the triplet kinetics in mixed organic crystals were done 
at high doping levels lo4 rnol/mol,'~ '9 '*)where guest-guest interactions are 
the dominating processes. In this case the host fluorescence is hardly observed 
either because the host triplets are not excited at all or because their density is 
strongly reduced by trapping effects. Since much smaller guest concentrations 
are used in our experiments it is possible to investigate the host fluorescence as 
well as the guest fluorescence. In order to study very low doping levels a new 
method has been used to measure the guest concentration down to 5 x 
mol/mol with an accuracy of 20%. 

To our knowledge, time resolved spectroscopy has so far never been used to 
study the triplet kinetics in lightly doped crystals, i.e. in crystals where the 
lifetime of the free triplets is between sec and it is the first time 
that the time dependence of both host and guest fluorescence has been analysed. 

and 

2. EXPERIMENTAL PROCEDURE 

Scintillation grade anthracene from different supliers was used as starting mate- 
rial. The material was zone-refined in two steps with a total of up to 60 passes. 
The crystals were grown by the Bridgman method. The guest material (tetracene) 
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FLUORESCENCE AND TRIPLET EXCITON KINETICS 385 

was added to the growing tube in crystalline form or dissolved in benzene. 
The lifetime of pure undoped anthracene was determined to be 20 msec. 
Guest concentration in the crystal was evaluated in a new way. We excited 

the guest directly with the 4579-8-line of an argon ion laser and not via energy 
transfer. Fortunately, anthracene does not absorb at this wavelength. The energy 
is too low to excite the anthracene singlet state (E = 3.15 eV) and too high to 
excite the anthracene triplet state (E = 1.83 eV), but just right to excite the 
fluorescent tetracene singlet state (E = 2.4 eV). This has been controlled experi- 
mentally: pure crystals showed fluorescence signals corresponding to not more 
than lo-" mol/mol fluorescent impurities, which is reasonable even for high 
purity crystals. If anthracene singlets would have been excited, the long wave- 
length part of the anthracene fluorescence would have given a much larger signal. 
Anthracene Raman lines limited the accuracy of these measurements. For high 
doping levels the guest concentration was determined by comparing the fluores. 
cence intensity of a known crystal weight dissolved in benzene with the fluores- 
cence intensity from standard solutions. For weakly doped crystals we assumed 
that the tetracene concentration was proportional to the observed tetracene 
(crystal-) fluorescence. 

In our earlier experiments3 we used a phosphoroscope arrangement which is 
commonly used for studying ttiplet kinetics in doped organic crystals. The ad- 
vantage of this method is that host triplets can be formed via intersystem cros- 
sing from the host singlets thus giving a high triplet population. Especially in 
doped crystals, a high triplet excitation efficiency is required since the yield of 
delayed fluorescence is up to  lo6 times smaller than in pure crystals for the 
same excitation level. However, both the use of a phosphoroscope and indirect 
population via the first excited singlet have serious disadvantages. Using the 
strongly absorbed singlet excitation, we get a non-uniform distribution of exci- 
tons in the crystal and diffusion terms may come into the triplet kinetic equa- 
tions. As pointed out by Em there is an inherent loss of information by using 
a phosphoroscope since we can observe only a part of the fluorescence decay, 
i.e., we lose an initial dead time of some 100,~s of the decay and the whole 
buildup. In doped crystals however, there are fast components just at the begin- 
ning of the decay which can make up over 90% of the delayed fluorescence 
intensity. 

In order to avoid these disadvantages we excite the host triplets via the 
SO -+ TI transition. Although the absorption coefficient for this forbidden tran- 
sition is small, we can populate the triplets using a very intense light source such 
as a xenon flash, a ruby laser or a krypton ion laser. Since the ruby laser pulse is 
very short, (31 40 ns), we can approximate it in the kinetic equations by a delta 
function. To reach a steady state population of the triplet states the exciting 
light pulse should be much longer. The pulse of a xenon flashlamp would be long 
enough (some ms), but since it has a complicated pulse shape, analysis of the 
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386 J. FUNFSCHILLING AND I. ZSCHOKKE-GRANACHER 

experimental curves would be quite difficult. To get fluorescence signals which 
are easy to analyse mathematically we therefore constructed an apparatus which 
gives a square wave flash. l3  In experiments with the krypton ion laser a rotating 
disk chopper produced the desired square wave excitation. 

If not stated differently the exciting light was incident normal to the ab-plane 
of the crystals, fluorescence observed in the direction of the a axis and the 
experiments were done at room temperature. 

The delayed fluorescence was detected by a cooled photomultiplier using 
suitable interference fdters to select the host or the guest fluorescence. Three 
interference filters in series were needed to separate host and guest fluorescence 
as well as to reject the exciting light. These filters attenuated light outside the 
430 to 460 nm and 480 to 510 nm bands (for the host and the guest fluores- 
cence, respectively) more than five orders of magnitude. The host fluorescence 
was completely separated from the guest fluorescence, but the guest fluores- 
cence always contained a fraction (5%) of the host-fluorescence from the long 
wavelength tail of the anthracene fluorescence. In order to measure the spectrum 
of the delayed fluorescence (Figure 1) a monochromator was used instead of the 
filters. The characteristics of these filters and the spectral sensitivity of the 

photons /s 

arbitrary units 

I , )A 
LOO L50 500 550 nm 

I I 

FIGURE 1 Delayed fluorescence emission spectrum of an anthracene crystal doped with 
3.1 X lo-' mol/mol tetracene.'Excitation: 900-W xenon arc lamp combined with a Schott 
RG 610 filter to eliminate all wavelengths shorter than 600 nm. The signal is corrected for 
photomultiplier and spectrometer spectral sensitivity. 
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FLUORESCLNCE AND TRIPLET EXCITON KINETICS 387 

photomultiplier were measured to get comparable values of the host and guest 
fluorescence intensities. This calibration is accurate only to a factor of two, but 
most results discussed later are independent of it. For high guest concentrations 
the signals were corrected for singlet energy transfer as well using the transfer 
constant k = 6 x lo4 given by Benz and Wolf. l4 Steady state measurements 
were made with the photon counting technique, and transient measurements 
with a signal averager (50,us/point) or with a transient recorder (100ns/point). 

For the magnetic field experiments a light guide separated the crystal from 
the photomultiplier to avoid any influence of the magnetic field on the detector 
system. A 4.2 kG permanent magnet was used to produce the magnetic field. 

3. MODEL FOR THE TRIPLET EXCITON KINETICS 

The kinetics of triplet excitons in our crystals can be described by a model 
similar to the one introduced by Siebrand I s  to explain the temperature depen- 
dence of delayed fluorescence in pure anthracene crystals. The model introduces 
m different triplet traps Ni (i = 1, ... m). Kinetic equations for the triplet densi- 
ties ni (i = 0 for the host and i = 1, ... ,m for the traps N j )  are then given by: 

(1) 

where I ( t )  = incident light intensity, and ai = absorption coefficient of N j .  The 
term within the summation describes monomolecular decays, trapping and de- 
trapping processes. Figure 2 shows the processes included in Eq. (1) if we have 
only one trap (rn = 1). Since the experimentally observed delayed fluorescence is 

’ hos t  N o  t r a p  N, 

FIGURE 2 The processes described by Eq. (1) if only one trap is considered. 
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388 J .  F~NFSCHILLING AND I. ZSCHOKKE-GRANACHER 

proportional to the square of the exciting light, we can omit biexcitonic pro- 
cesses and trap saturation effects in the kinetic equations. l6 

The solutions of Eq. (1) are: 
- for the rise (index r )  of the triplet populations 

( I ( t )  = 0 f o r t <  0, and I ( t )  = I  for t > 0): 

- for the decay (index d) of the triplet populations 
( I ( t )  = I  for t < 0, and I ( t ) =  0 for t  > 0): 

The introduced parameters are: 

nio = steady state triplet concentration. The nio are 
steady state solutions of Eq. (l), taking I ( t )  = I .  

= decay rate constants, depending only on qik from Eq. (1). 

= weight factors for the various decays, depending upon 
qik and ai from Eq. (1). 

h k  

aik 

Note that for any time t the following relationship holds: 

nri ( t )  + ndi ( t )  = nio = const. (4) 

One can get Eq. (4) directly from Eq. (l), if one examines the functions 

zi ( t )  = nri ( t)  + nd i  ( t)  

These functions obey Eq. (1) with the boundary conditions 

zi (0) = nio 

These are just the boundary conditions for the steady state soiutions zi = const. 
The observed delayed host ( G A )  and guest ( @ T )  fluorescence is given by 

where f i k  and f i k  are the fractions of the annihilations between a triplet Ti and 
a triplet T k  that lead to host- and to guest-fluorescence respectively. Yik is the 
corresponding annihilation rate constant. Eq. ( 5 )  and (6 )  include host-host, 
host- trap and trap-trap annihilation processes. 
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FLUORESCENCE AND TRIPLET EXCITON KINETICS 389 

4. THE INFLUENCE OF TRAPS ON THE DELAYED FLUORESCENCE 

We want to discuss Grst the necessary conditions under which a triplet trap can 
be observed at all. Observable effects which are due to traps are: changes of the 
triplet kinetics (i.e. of triplet concentrations and decay rates) or additional new 
triplet annihilation processes which may even lead to trap fluorescence. 

A direct method to find trap effects is therefore to search for new decay rates 
in the fluorescence decay curves. This method works if the influence of the trap 
on fluorescence is large. Smaller influences can be detected if the traps, in 
addition to normal trapping processes, are directly excited by the incident light. 
According to Eq. (1) the triplet densities are proportional to the incident light 
intensity I .  A variation of 1 changes the yield of the fluorescence but not its 
time dependence. However, if the spectral distribution of the exciting light is 
changed, the time dependence may change as well if the trap absorption spec- 
trum (described by ai (h))differs from the host absorption spectrum a&). Even 
rotating the polarisation of the exciting light might therefore influence the trip- 
let kinetic. Since one compares measurements made on the same crystal, one can 
detect very small effects with this method. 

The magnetic field dependence of the delayed fluorescence on the other hand 
is a convenient tool to demonstrate the influence of traps (and of guests) on 
triplet annihilation processes.’ If it changes with varying guest concentration 
one can conclude that new annihilations due to a new trap occur. The angles at 
which these new directional resonances are obsei-ved may even give information 
about the nature of the trap involved. 

Finally one can get information about traps by measuring the efficiency of 
delayed fluorescence as a function of guest concentration. A trap can lower or 
enhance the efficiency by acting as a sink or as a reservoir for triplet excitons 
respectively. 

Note that all these methods described yield more information than the tem- 
perature dependence of delayed fluorescence (see Figure 6). 

5. DISCUSSION OF THE EXPERIMENTAL RESULTS 

5.1 Delayed fluorescence at small guest concentrations 

All our experiments indicate that at guest concentrations smaller than 
ck = 2 x lo-’ mol/mol only one trap is important. Yet even with one trap there 
are several adjustable parameters left in the kinetic analysis for fitting the experi- 
mental rise and decay curves. Fortunately the magnetic field measurements help 
to decide which processes are responsible for the observed fluorescence. A sub- 
stitutionally introduced guest molecule has two possible orientations in the lat- 
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FIGURE 3 The steady state delayed fluorescence intensity q5 as a function of tile direc- 
tion of a magnetic field of 4.3 kG for a pure c = 0, a lightly and a heavily doped crystal. The 
fluorescence yield of host (0 )  and guest (=) are normalised to 100% at the maximum. 
The crystal a-axis encloses an angle of 40" with the direction of observation and the 
magnetic field H is rotated in a plane perpendicular to this direction. 9 is the angle 
between the c*-axis and H. The angles a and p of the directional resonances are computed 
with the theory of Johnson and Merrifield. "> 23 The 01's correspond to host-host and the 0's 
to host-guest annihilations. The accuracy of the intensity is 0.3% and that of the angles is 
2". 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

7:
04

 2
3 

Fe
br

ua
ry

 2
01

3 



FLUORESCENCE AND TRIPLET EXCITON KINETlCS 39 1 

tice of the anthracene host. The finestructure tensor of the triplet state of such a 
guest is diagonal in these two directions. The tensor of the free triplet exciton is 
diagonal in a third direction which is an average over the two possible orienta- 
tions. The triplet-triplet annihilation probability depends on the mutual orien- 
tation of the fine-structure tensors of the two triplets. Therefore, in a doped 
crystal, three different types of annihilations and their corresponding resonances 
should be observed in a magnetic field if the crystal contains substitutionally 
introduced guests which act as exciton traps; namely free--free, free-guest 
with orientation 1 and free-guest with orientation 2. This was observed first by 
Groff et al.’ The guest fluorescence in Figure 3 also shows resonances at the 
angles corresponding to free-guest annihilation for substitutionally introduced 
traps with a D/E ratio corresponding to that of anthracene l7 or tetracene l8 (D 
and E are the fine-structure constants). 

On the other hand, the host fluorescence in Figure 3 displays resonances 
typical for the annihilation of two free triplets but also additional weak reson- 
nances at the angles corresponding to free-guest annihilations. We can therefore 
learn from these measurements that the host fluorescence originates from both 
free-free and free-guest annihilations. The guest fluorescence is primarily due 
to free-guest annihilations although small contributions of host-host annihila- 
tions cannot be completely ruled out. Having identified the nature of the annihi- 
lation processes in this way we can now use these results for fitting the measured 
time dependence of the delayed fluorescence signals (Figure 4a and 4b) which 
gives us numerical values for the various rate constants. 

At small doping levels two decay times are observed (Figure 4a), indicating 
that only one trap which is probably the guest is important. With this assump- 
tion one can use Eqs. (1) to (6) to fit the four experimental curves in Figure 4 
for each crystal (rise and decay of both host- and guest-fluorescence respec- 
tively). Figures 4a and 4b show such a fit which is best if one assumes that 72% 
of the host fluorescence is due to free-free and 28% due to free-trap annihila- 
tions, and that 17% of the guest fluorescence is due to free-free and 83% due to 
free-trap annihilations. If q oo q ol, i.e. all vanishing host triplets appear as trap 
triplets, one can obtain from this fit the values of the annihilation rate constants 
given in Table 1. If the above assumption does not hold then q 00 > q o1 and the 
values in Table 1 forfol x y o1 andfo l  x y o1 are lower limits. 

A simple proof can be given to show that in our case the anthracene host 
fluorescence does not originate exclusively from mutual annihilation of free 
anthracene triplets. Regardless of how many traps are involved it follows from 
Eq. (4) that @decay = (dq50 - dGrisJ2 should hold if free-free annihilation 
is the only process that can lead to host fluorescence. In the experimental curve 
however, the actual rise is slower than is expected from the  decay curve accord- 
ing to this relation (Figure 4b). This clearly indicates that host-trap annihilations 
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392 J .  F~NFSCHILLING AND I. ZSCHOKKEGRANACHER 

I ' t  
ms 

1 

0 t 
ms 

FIGURE 4 Comparison between the experimental curves (.) and the calculations (-1 of 
the time dependence of delayed fluorescence. (a) Decay of the anthracene ( @ A  ( t ) )  and 
the tetracene ( @ ~ ( t ) )  fluorescence on a logarithmic scale. (b) Build-up of the anthracene 
@A and tetracene @T fluorescence on a linear scale. The values of the annihilation rate 
constants used for the fits in Figure 4a and 4b are listed in Table 1. For comparison the 
indicate the rise of the host computed from the decay by using Eq. (4) under the assump- 
tion that only host-host annihilations lead to host fluorescence. 
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FLUORESCENCE AND TRIPLET EXCITON KINETICS 393 

TABLE 1 

The table lists the parameters qoo,  q,, and q,,  introduced in Eq. (1) computed from the 
time dependent measurements of the crystals with low quest concentrations, and the anni- 
hilation rate constants of eqs. 5 and 6 as used in the fit of Figure 4. For the evaluation of 
the annihilation constants the ratio # J A / # J ~  which is known only to  a factor of two has been 
used. The values of q,,, f,, yo' and Yo, yo, are lower limits if the equation qal  f qO0 does 
not hold, i.e. if the tetracene molecules are not the only traps that influence the host 
triplet concentration. The direct triplet decay yb, (Figure 2)  yields a negligible contribution 

to qoo in the guest concentration region studied (1 0-8 to los7 mol/mol). 

Rate constant for Experimental value 

Decay of free triplets (N  =density of 
guest molecules) 
Decay of guest triplets 
Detrapping 
Host-host annihilations leading to fo, Yo0 = 0.5 fo, Yo0 
guest fluorescence 
Host-guest annihilations leading to fo, Yo1 = 0.1 foo Yo0 
host fluorescence 
Host-guest annihilations leading to fol = 0.7fO0 Y ~ O  

guest fluorescence 

lq,, I = y * N ,  y* = (1.8 t 0.4) lo-" crn3 s-' 

i q , ,  I = 1.2k 0.2 ms-' 
q,, = 0.18 t 0.1 ms-' 

can also contribute to the host fluorescence at guest concentrations as low as 
3 x lo-* moI/mol. 

The fit gives the different decay rates of the free and the trapped excitons. 
Similar fits can be made for all crystals with guest concentrations smaller than 
Ck. The results are listed in Table 1. It turns out that the decay rate of the 
trapped excitons q 11 is approximately independent of the guest concentration c 
and that the decay rate of the free host excitons q oo is proportional to c ; 4 00 = 
y*N, where N = density of guest molecules and y* = (1.8 If: 0.4) x lo-' ' cm3 
S-'. This value is close to that of the bimolecular annihilation rate constant 
y = 2 x lo-" cm3 s-', l9 indicating that the cross section for trapping is equal to 
the cross section for annihilation. This above mentioned proportionality between 
400 and the guest concentration holds even for high guest concentrations 
if one identifies q oo t o  be the decay rate corresponding to the first fast decay 
observed in the ruby laser experiments (Figure 5). 

Our value of y* is in fair agreement with the value reported by Groff et a1.' 
7" = 3.7 x lo-" cm3 s-', but is much larger than the value reported by Baessler 
et al. 'O, y* = 5.8 x cm3 s-I. Since the latter value has been measured at 
high guest concentrations (c > mol/mol), traps may well simulate a longer 
free triplet lifetime. At high guest concentrations mathematical descriptions 0; 
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qoo xenon flash excitation 

D qoo r u b y  laser excitation 

9 00 

ms-1 

1000 

100 

10 

1 

g u e s t  concent ra t ion  mol/mol 

FIGURE 5 Host ( @ A  ) and guest (@T ) stcady state delayed fluorescence intensity and 
inverse triplet lifetime 4 ,,,, as a function of the guest concentration c .  Extreme care was taken 
to use identical geometry for all crystals. The correction factors used to account for the 
different spectral overlap of the fluorescence with the fil ters and with the photomultiplier 
are accurate to a factor of two. For comparison the values of @A and y on as measured for a 
pure crystal are: = 8.7 X lo6 and 4 = 0.05 ms-* . 
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triplet dynamics become very complicated and observed decay rates naturally 
less meaningful (see Sect. 5.2). 

The fits also yield an estimation for the detrapping rate constant: 4 10 2 
(.I8 * 0.l)ms-'. This value is larger than one would expect from the host-guest 
triplet energy separation aE if the traps are tetracene molecules: lo q = y" M 
exp 2 0.03 ms-' . Regardless of this discrepancy we have good reasons to 
assume that the observed traps are the guest molecules since 

a) they are present in all tetracene doped anthracene crystals, 

b) annihilations with trapped excitons lead to tetracene fluorescence, 

c) the trap density is proportional to the guest concentration, 

d) the trap is introduced substitutionally into the host. 

Detrapping processes as well as host-trap annihilations leading to host fluores- 
cence are both highly improbable if one takes the value of the triplet energy 
measured in pure tetracene crystals as the triplet energy of the guest. If the 
energy of the tetracene triplet state is slightly higher when embedded in the 
anthracene host crystal, both processes would become more probable. 

Dependence of the fluorescence yield on the guest concentration agrees with 
the above results: host fluorescence @ A varies as f2 with the guest concentra- 
tion c (Figure 5) and guest fluorescence 4 as c-I. One would expect this result 
if @ A is primarily due to free-free and QT to free-trap annihilations, as it 
follows from the magnetic field experiments as well as from the time dependent 
measurements. 

5.2 Delayed fluorescence at high guest concentrations 

At guest concentrations above Ck = 2 x mol/mol new phenomena are ob- 
served. They indicate that new kinds of traps become important. As discussed in 
Sect. 4, dependence of the triplet kinectics upon the spectrum of exciting light is 
a very strong indication of the presence of a new trap. Figure 7 shows the rise of 
delayed fluorescence for three different excitation spectra: Two different laser 
lines and a xenon flashlamp were used as excitation sources. One of the two laser 
lines at  6764 a lies at a maximum, the other at 6471 8 at a minimum of the 
anthracene triplet absorption spectrum. If there are traps absorbing in this 
region their presence should be observable preferably at 6471 8. For the xenon 
flash with a broader spectrum the rise lies in between the two curves observed 
with laser excitation as one would expect. A similar effect is shown in Figure 8 
where the host-guest fluorescence intensity ratio / QT is plotted versus guest 
concentration. Again the curve corresponding to the xenon arc excitation lies 
between the two other curves. 
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396 J. FUNFSCHILLING AND I. ZSCHOKKEGRANACHER 

As to the magnetic field measurements, host and guest fluorescence have 
almost the same magnetic field dependence as shown in Figure 3. One would 
expect therefore, that in both cases the fluorescence originates from the same 
annihilation process which would mean that the time dependence should be the 
same as well. This however is not the case as seen in Figure 7. With an introduc- 
tion of a new trap this discrepancy can be removed by assuming that this trap 
has the same fine-structure tensor and the same orientation in the host lattice as 
the guest but different kinetic parameters. 

The fluorescence yield of the host and guest fluorescence is plotted against 
the guest concentration in Figure 5. Again one can observe that for c > Ck new 
effects become important, since @ A  decreases slower than c - ~  above ck. The 
decay rate 4 oo however, shown on the same figure, still increases proportionaly 
to c which corresponds to a steady decrease of the free host triplet concentra- 
tion. To explain the high host fluorescence yield we have to look for a new 
source of excitons, either free or trapped ones. Traps can act in this way. If the 
lifetime of the trapped excitops is longer than the lifetime of the free excitons, 
the overall triplet population (host and trap) is enhanced and therefore the ob- 
served host fluorescence can be higher than it would be without the trap present. 

As long as we cannot study the triplet kinetics as a function of the excitation 
spectrum to get the trap absorption spectrum, it is difficult to get more quanti- 
tative data about this trap. To do this one would need an extremely intense light 
source since the fluorescence of heavily doped crystals is 1 O6 times smaller than 
that of  pure crystals as shown in Figure 5. 

Q 

.,... h o s t  undoped c r y s t a l  - h o s t  

P--Q guest 

- 8  c = 10 mol / m o l  

c = 3 . 7  ic 10-6 mot I mol 
*- host 

~ - a  guest  

0 4  I m T  
100 200 300 O K  

FIGURE 6 Host and guest fluorescence intensity @ as a function of the temperature T 
for a pure, a lightly and a heavily doped crystal. The signal is normalised to 1 at  T = 500 "K. 
Excitation: 1000 w xenon arc lamp with a Schott RG 610 filter. 
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in 
0 L 

397 

FIGURE 7 The rise of the delayed fluorescence for excitation with two different krypton 
ion laser lines and with a xenon flash combined with a Schott RG 610 filter. The signals are 
normalised to  1 for steady state conditions (f-+-). The 676 nm line of the laser falls on a 
maximum, the 647 nm line on a minimum of the singlet-triplet absorption spectrum of 
anthracene. *' 
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To summarise the results, we can say that at high guest concentrations a new 
triplet trap governs the triplet kinetics and the delayed fluorescence of the host. 
The guest fluorescence is less affected by it. The trap can be an intrinsic anthra- 
cene property as well as a consequence of the guest molecules. Since its in- 
fluence begins at guest concentrations where the triplet lifetime of the host is 
about 30p, one can assume that the trap lifetime has the same order of magni- 
tude. Unfortunately, at high guest Concentrations our experimental accuracy is 
not good enough to seperate such an additional decay time from the two decay 
times already present. 

5.3 Temperature dependence of the delayed fluorescence 

A qualitative confirmation that detrapping processes are involved in the kinetics 
of doped crystals is given by the temperature dependence of the delayed fluores- 
cence (Figure 6). The guest fluorescence decreases and host fluorescence in- 
creases with increasing temperature as one would expect if detrapping processes 
are playing a role, i.e. if q 10 increases with increasing temperature. Analysing the 
transient measurements of the same two crystals shown in Figure 6 one finds 
that the proportion of the slow component in the decay is smaller for the higher 
doped crystal. But this slow component is temperature dependent since it is due 
to thermally released excitons, so a less pronounced temperature dependence of 
the highly doped crystal as shown in Figure 6 is reasonable. 

6. CONCLUSION 

To understand the delayed fluorescence in doped organic crystals it is necessary 
to investigate in detail the triplet kinetics as well as the magnetic field depen- 
dence of the delayed fluorescence of host and guest. Using these two methods 
we have demonstrated that a tetracene molecule in an anthracene host crystal 
acts as a triplet trap with a lifetime of 0.8 ms and a trapping cross-section equal 
to that for anthracene triplet annihilation. This trap is the only one observed at 
relative tetracene concentrations smaller than 2 x lo-' mol/mol. Both, host- 
host and host-guest annihilations can lead to host as well as to guest fluores- 
cence. There is evidence that triplet excitons trapped a t  tetracene molecules in 
the anthracene lattice have a somewhat higher energy than the triplet state in 
pure tetracene crystals since considerable thermal detrapping is observed as well 
as anthracene-tetracene annihilations which lead to  anthracene fluorescence. 

At higher guest concentrations an additional trap appears and influences the 
transient measurements and the host fluorescence yield. Direct evidence for this 
trap is the dependence of the triplet kinectics upon the spectrum of the incident 
light. 
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1. 

.5 

4 0 
A T ..... xenon flash 

X- - - laser 6471 A 

8 .C .I 
Id8 16 mol/mo\ 

FIGURE 8 The dependence of the host to gucst delaycd fluorescence intensity ration 
(QA/QT) plotted as a function of  the guest concentration c for thc three different excita- 
tions used i n  Figure 7. 

The nature of this new trap is not known except that it absorbs the exciting 
light and that it has a long enough lifetime to reach triplet densities comparable 
with the density of the free triplets. 
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