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Determination of the Singlet -Triplet 
Absorption Coefficient in Anthracenet 
Z. BURSHTEIN, J. LEVINSON and A. MANY 

The Racah Institute of Physics. The Hebrew University of Jerusalem, Jerusalem, Israel 

(Received July 17, 1973) 

Measurements of the delayed-fluorescence excitation spectrum in anthracene could so far 
yield only the relative variation of the singlet-triplet absorption coefficient 01 with wave- 
length. In the present work the absolute magnitude of (Y is derived from studies involving the 
interaction of photo-generated triplet excitons with trapped electrons introduced into the 
sample by coptact injection. Such an interaction results in the liberation of trapped elec- 
trons on the one hand and in the quenching of the tripletexciton lifetime on the other. The 
former process is studied by photocurrent measurements while the latter is monitored by 
triplet lifetime measurements. The value of &so determined is (1.2, k0.2) x 10-3 cm-' at  
the first singlet-triplet absorption peak (6780 A). 

INTRODUCTION 

The absolute magnitude of the singlet-triplet absorption coefficient in anthracene 
has not been determined so far. The difficulty in such determination lies in the 
fact that the singlet-triplet transition is forbidden to a first approximation by 
virtue of spin-orbit coupling and hence is very weak. Only the relative variation 
of the absorption could be obtained, through the measurement of the excitation 
spectrum for delayed fluorescence.' 9 z  The delayed-fluorescence process- results 
from the radiative decay of singlet excitons produced by the mutual annihilation 
of pairs of photo-generated triplet excitons.l>* The excitation spectrum for 
delayed fluorescence is thus proportional to the square of the singlet-triplet 
absorption coefficient a. However, not all triplet-triplet annihilation processes 
necessarily produce singlet excitons. This method can therefore yield only the 

f The research reported herein has been sponsored in part by the European Research 
Office, U.S. Army, London, England. 
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46 Z. BURSHTEIN, J. LEVINSON AND A. MANY 

product fa, where f is the fraction of triplet-triplet annihilation processes that 
lead to delayed fluorescence. 

The measuerement of Q described in this paper is based on the interaction of 
photo-generated triplet excitons with trapped electrons.3 Under the proper con- 
ditions, such an interaction results in the liberation of trapped electrons on the 
one hand, and in the lowering of the triplet lifetime on the other. Combined 
measurements of the two effects yields a. 

THEORETICAL CONSIDE RATIONS 

Electron trapping processes in anthracene have been studied in detail by Many et 
al.3 These workers introduced trapped electrons into the anthracene sample by 
injection from an alkali or alkaline-earth metal contact. The photocurrents 
measured in the reverse polarity (non-injecting mode) were shown to arise from 
direct optical excitation of the trapped electrons at long wavelengths, while in 
the triplet absorption region (A <, 6900A) de-trapping by interaction with photo- 
generated triplet excitons was found to play the dominant role. Moreover, in 
the samples studied the traps invoived were sufficiently deep in energy so that 
the thermal release of trapped electrons within the measurement time was com- 
pletely negligible. For sufficiently high reverse voltages, such that the electron 
Schubweg is large compared to the sample’s thickness L, the saturated reverse 
photocurrent density is given by3 

where q is the electronic charge and nt the density of trapped electrons. As 
de-trapping proceeds, the photocurrent decays until it vanishes when all the traps 
are emptied. For the present investigation, however, we are interested only in 
the initial photocurrent ( t  = 0), which monitors the number of trapped electrons 
injected during the prior application of the forward voltage. Accordingly, in 
Eq. (I) ,  as well as in the following discussions, J will be taken to represent the 
initial photocurrent density. 

The de-trapping rate can be expressed as 

dnt/dt = -(uFnt + R t n t T ) ,  (2 1 
where F is the photon flux, u the cross section for direct photo-excitation out of 
the traps, T is the concentration of triplet excitons and R t  the rate constant 
characterizing the triplet-trapped electron interaction. The rate equation 
governing the triplet concentration i s 2  

where 0 is the monomolecular decay-rate coefficient (reciprocal of the triplet 
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ABSORPTION COEFFICIENT IN ANTHRACENE 47 

lifetime 7) and Ttot is the overall bimolecular annihilation rate constant. 
The influence of the traps on the triplet lifetime provides a link between 

Eqs. ( 2 )  and (3). In Eq. ( 2 ) ,  p is the decay-rate coefficient in the presence of a 
trap density nt.  If we denote by Po the coefficient in the absence of trapped 
electrons (nt  = 0) then4,5 

P - Po=Rtn t .  (4) 

It is worth mentioning at this point that Weisz et al.4 have verified the linear rela- 
tion between P - la, and the number of triplet quenchers (created in their case by 
gamma irradiation) over more than two orders of magnitude. 

Under steady-state conditions and for low photon fluxes such that 
ytotT << 0, one obtains from Eq. (3) the steady-state triplet concentration as 

T = a F / P .  (5) 

Steady-state conditions are obtained a few triplet lifetimes (20 - 25 msec) fol- 
lowing the onset of illumination. This is considerably shorter than the decay 
time of the reverse photocurrent3 (Eq. (1)). Thus the measured initiul photo- 
current corresponds to steady-state conditions as far as the triplet concentration 
is concerned. 

Using Eqs. ( 2 ) ,  (4) and (5) one obtains from Eq. ( 1 )  

J - J D  = :4&(0 - po)/P . (6) 

where JD 
saturated reverse photocurrent. Eq. ( 6 )  can be re-written as 

iqLaFnt is the contribution of direct photoexcitation to the total 

2(v - vo)/L = 46 - 60)lP (7) 

where 77 J/qF and QD JD/qF are the quantum yields (electrons per incident 
photon) of the respective photocurrents. Experimentally, a plot of (7 - v ~ )  
versus (0 - f l o ) / ( 3  should thus yield the value of the singlet-triplet absorption 
coefficient a at the wavelength studied. 

It should be noted that Eq. (7) is valid irrespective of the type and energy 
distribution of the traps present, provided all traps are sufficiently deep. For the 
case of several sets of traps, Rlnt should be replaced by a suitable summation 
but this leaves Eq. (7) unchanged. 

EXPERIMENTAL 

The measurements were carried out on single-crystal anthracene platelets grown 
in this laboratory from the vapour phase. The platelets, 50 - 100 p in thickness, 
were enclosed in a sandwich-type cell. A transparent conducting glass served as 
one electrode while the other was an injecting contact consisting of a Hg-Na 
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48 2. BURSHTEIN, J. LEVINSON AND A. MANY 

amalgam. The sample holder, the photocurrent measuring circuit and the optical 
system were similar to those described el~ewhere.~ For better spectral resolu- 
tion, however, a Jarrel-Ash grating double monochromator has been introduced. 
Also, an RCA type IP-28A photomultiplier has been added for delayed-fluores- 
cence measurements. 

For exciting the delayed fluorescence, light from a 150 WKondo projection 
lamp was focussed on the sample through a Corning C.S.3-67 filter which cuts 
off light below h == 5000 A. The exciting light was chopped (at frequency of 
70 Hz) by a perforated rotating disc. Care was taken to ensure a symmetrical 
waveform, with the duration of illumination equal to that of darkness. The 
delayed fluorescence from the anthracene sample (hpeak = 4200 A) was isolated 
by means of a double Kodak Wratten filter No. 47 in series with a 2-cm thick filter 
of a saturatedsoiution of CuSO, in water. The fluorescence signal detected by the 
photomultiplier was fed into a type HR-8 PAR lock-in amplifier tuned to the 
fundamental frequency (70 Hz). The exciting-light intensity was sufficiently low 
so that ytotT<</3(see Eq. (3)). Under these conditions the delayed-fluorescence 
intensity should be proportional to the square of the exciting light intensity, ‘32 
a relation which was indeed verified experimentally. 

The triplet lifetime in the presence of different trappedelectron concentra- 
tions was derived by the phase shift method.6 It can readily be shown that for 

,LIGHT SIGN - 

\ DELAYED- 

- FLUORESCENCE 

SIGNALS 

FIGURE 1 Vector diagram of signals fed into lock-in amplifier. S o  and S are the delayed- 
fluorescence signals before and after application of injecting voltage, $0 and @ -their phase 
angles with respect to the exciting-light signal. The phase diffeFnce &#I obtained from 
measurement of the in-phase component S 11 (along So ) and the 90 -out-of-phase component 
(Sd. 
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ABSORPTION COEFFICIENT IN ANTHRACENE 49 

the symmetrical waveform of the exciting light used, the phase angle @ by which 
the fundamental component of the delayed fluorescence (angular frequency a) 
lags behind that of the exciting light, is related to the triplet lifetime 7(=1/p) by 
the relation tan@ = W T .  The phase angle 4 is read off the phase dial of the lock-in 
amplifier. 

The accuracy in the measurement of @ is about lo, which is adequate for the 
determination of and P o .  It is not sufficient, however, for deriving the dif- 
ference p - P o ,  which is usually small compared to Bo and is of primary im- 
portance in obtaining a! (see Eq. (7)). Accordingly, the procedure illustrated by 
the vector diagram of Figure 1 was employed. First the phase angle @o (and 
hence P o )  corresponding to no applied voltage across the sample is determined. In 
this process the phase angle of the delayed-fluorescence signal (vector S o )  has 
been rotated by 4o so as to give maximum signal at the amplifier meter (and 
zero reading 90" off this angle). With the phase dial set in this position, an 
injecting voltage is now applied. As a result the triplet lifetime is decreased and 
the delayed-fluorescence signal (vector S) assumes a new angle 4. The small 
change ij@ is obtained by measuring (on the amplifier meter) the in-phase (S 11) and 
the 9O0-out-of-phase (SL) components of S, it being given by the relation 
tan(6#) =Sl/SIl. This leads to  a rather accurate determination of 64(+O.OS0) and 
hence of the change P - so brought about by the injecting voltage. 

RESULTS AND DISCUSSION 

The experimental procedure consists of the following steps. First the triplet 
lifetime ro (and thus Po = I /  r0) is measured in the absence of an applied vol- 
tage. Next a forward, injecting voltage of a given magnitude is applied and the 
reduction in lifetime (i.e. - P o )  caused by the trapped electrons introduced by 
injection is determined. The voltage polarity is then reversed and the saturated 
reverse photocurrent J at the onset (t = 0) of a known photon flux F is measur- 
ed. This sequence of measurements provides one experimental point in the plot 
of the quantum yield q(=J/qF) versus (0 - p o ) / p  (Eq. (7)). The sequence is re- 
peated for various injecting voltages. The reason why p -  Po and J are not 
determined simultaneously (during the application of the reverse voltage) is that 
for the light intensities used in measuring the triplet lifetime, optical bleaching 
of the traps is too rapid to permit such a maesurement. In the forward polarity, 
on the other hand, the traps are continuously being replenished by injection and 
the trapped-electron content which the triplet lifetime monitors is fixed and 
determined by the applied voltage. The justification for this procedure lies in the 
fact that the traps involved are stable thermally3 so that the same density of 
trapped electrons exists in the forward polarity (when 0 - Po is measured) andin 
the reverse polarity (when J is measured). In principle, one should also consider 
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50 Z. BURSHTEIN, J .  LEVINSON AND A. MANY 

the effect on f l  of the free electrons which are present during the lifetime 
measurement. For injecting voltages below the trapped-filled limit,3 however, 
the free electron densities (estimated from the photocurrents during the lifetime 
measurement) were always six to seven orders of magnitude smaller than the 
total density of injected (trapped) space charge. Thus, even though the interac- 
tion rate constant of triplets with free electrons is larger than that with trapped 
electrons517 ( compared to 3x10-" cm3 sec-I), the contribution of free 
electrons to the triplet-exciton quenching process can safely be neglected. 

An interesting effect has been observed in the course of the measurements. 
Immediately following the application of the Hg-Na contact, a four-fold increase 
in the delayed fluorescence took place while the phase angle and hence the 
triplet lifetime remained unchanged. This means that the exciting light intensity 
has been doubled, most probably due to the almost complete reflection of the 
incident light at the amalgam/anthracene interface. After about 15 minutes, 
however, the fluorescence signal decreased to its original level (prior to the 
application of the contact), indicating that the reflectivity of the interface has 

WAVELENGTH A ( A 1  

~ 

I 

0 I8000 
1 19000 

WAVE-NUMBER 0 1  E X C I T I N G  L I G H T  1 C n I ' l  

FIGURE 2 (a) Spectral yield 17 of saturated reverse photocurrent. Sample thickness 
1 lop; injecting voltage applied prior to photocurrent measurement 600 V. (b) Relative 
variation of singlet-triplet absorption coefficient obtained by taking the square root of the 
delayed-fluorescence excitation spectra measured by Avakian et 1.' 
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ABSORPTION COEFFICIENT IN ANTHRACENE 51 

I 0 THICKNESS 37 p , 0, = 560sec-' I 
0 THICKNESS 107 p ,  o,, = 410 sec-' 

A 
7 

0 

( 0 -  RJ/B ( percent 

Plot of  2(17 - q ~ ) / f ,  against @ - po)/p for three different samples. The dif- FIGURE 3 
ferent points for each sample correspond to different injecting voltages. 

become as small as that of the free surface. This effect is very likely due to some 
chemical reaction between sodium and anthracene. In any case, since all 
measuremts of the reverse photocurrent were carried out well after the applica- 
tion of the amalgam contact, the photon flux F used in deriving the photocurrent 
yield 77 (Figures 2 and 3) was taken as the measured incident flux. 

The relative magnitudes of the quantum yieid for de-trapping by direct 
optical excitation ( q ~ )  and through interaction with triplet excitions ( q - - q D )  
can be assessed from spectral yield of the saturated reverse-photocurrent shown 
in Figure 2(a). The forward, injecting voltage used in filling up the traps prior to 
the measurement was 600 V. The yield values correspond to the initid reverse 
photocurrents, before significant optical bleaching of the traps takes place. The 
light intensities used were sufficiently low such that several points (covering part 
of the spectrum) could be taken without appreciable bleaching. Re-filing of the 
traps by injection was necessary in order to cover the entire spectrum. For 
comparison we have reproduced in Figure 2(b) the delayed-fluorescence excita- 
tion spectrum obtained by Avakian et al.' Actually, the ordinate here represents 
the square root of the fluorescence intensity so that the curve shown depicts the 
relative variation of the absorption coefficient of the singlet-triplet transition. It 
is seen that the two spectra are very similar, except that in the case of the reverse 
photocurrent there is a small additional contribution (vD) due to de-trapping by 
direct photoexcitation. The variation of V D  with wavelength cannot be derived 
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52 Z. BURSHTEIN, J. LEVINSON AND A. MANY 

from the data of Figure 2(a). However, qD is seen to be small compared to the 
overall yield at the absorption peaks, so that even a rough estimate of its mag- 
nitude does not introduce a large error in ?? - q D .  In particular, the rneasure- 
ment of a described below refers to  the first absorption peak (6780 A) for which 
qD must lie between lo-' and 2 ~ l O - ~ ,  the yield values just below and beyond 
the peak. That qD varies slowly in this range is evidenced also by the data of 
Weisz et als who studied electron de-trapping processes by employing light 
pulses short compared to the triplet lifetime. Under these conditions the contri- 
bution of the triplets could be neglected so that the photocurrent reflected the 
direct photoexcitatin process only ( ' 7 ~ ) .  

Figure 3 displays the results obtained at the first triplet absorption peak 
(6780 A) for 2(q - qD) /L  versus (0 - Oo) /P.  The three sets of points correspond 
to three different samples. In each sample the trappedelectron density, and 
hence q and 0, were changed by varying the injecting voltage. In all cases, 
however, the injecting voltages were kept below the trapped-filled limit so as to 
eliminate the presence of a significant density of free electrons. The spread of 
the points near the origin is rather large because of the relatively large error 
involved in the measurement of small changes in triplet lifetime (0 - Po) .  Never- 
theless, the points, especially those away from the origin, provide a reasonably ac- 
curate estimate for the slope of the straight line. According to Eq. (7), this slope 
should be equal to the singlet-triplet absorption coefficient a. The value so ob- 
tainedisa(6780A)=(l .2*0.2)~ 10-3cm-1. 
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