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Summary 

Measurements of the mean fluorescence lifetime TV, the lifetimes 7nF of 
the delayed fluorescence, the phosphorescence lifetime 7p, the fluorescence 
quantum yields @F, and the ratios of the phosphorescence and the delayed 
fluorescence quantum yields & and $DF respectively, to the fluorescence 
quantum yield #F were carried out for three acridine dyes: acridine yellow, 
acridine orange and proflavine in poly(viny1 alcohol) films as a function 
of temperature. From these measurements, rate constants were determined 
for the radiative and radiationless transitions for both the lowest singlet 
excited state SI and the triplet state TI. The temperature dependence of the 
efficiency & of the population of the triplet state was also examined. 

1. Introduction 

In recent years acridine dyes and their cationic and dicationic forms 
have become the objects of numerous photophysical and photochemical 
investigations. The reason for the particular interest in this group of com- 
pounds is their ability to intercalate with biological macromolecules and 
their possible use as absorption and fluorescence probes. In particular, the 
photochemical reactions and the efficiencies & of the population of the 
triplet state were investigated as a function of pH [ 11, as well as the acid- 
base equilibria in the ground state [2] and in the singlet and triplet excited 
states [3]. A report of the interaction of a&dine dyes with DNA was 
included in refs. 4 - 8. For some acridine and anthracene dyes, the proba- 
bilities of the transitions S1----+ T1 were investigated by the method of 
sensitized delayed fluorescence (Parker’s method), and the values of $T were 
found to be 0.30 * 0.05, 0.45 + 0.05 and 0.53 f 0.07 for a&dine orange 
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(AO), proflavine (PF) and acriflavine respectively (all in ethanol) [ 91. The 
shifts [lo] and the broadening [ ll] of the fluorescence and the delayed fluo- 
rescence spectra were studied in poly(viny1 alcohol) (PVA) films as a function 
of temperature. Recently, measurements of the linear dichroism of the 
cationic [12, 133, the neutral and the dicationic [ 141 forms were carried 
out for acridine dyes in oriented PVA films, which enabled the orientation 
coefficients and the directions of the electronic transition moments to be 
determined. 

The detailed examination of the excited-state parameters of this group 
of molecules may prove to be very useful for their application to further 
biophysical and biochemical investigations of macromolecules. The param- 
eters of the triplet state have recently been determined for A0 [ 151. 

The aim in the present paper is to investigate the radiative and radia- 
tionless transitions from both the singlet Si and the triplet T1 states for AO, 
acridine yellow (AY) and PF in PVA films. 

AY A0 fF 

In our examination of the effect of temperature on the electronic tran- 
sitions we assume that the rate constants kF and kp of the radiative transi- 
tions (Fig. 1) are much less affected by temperature than those of the 
radiationless transitions, which are expressed by 

* 

k,=k,*+A,exp 

where x denotes n, m, ST and TS as is appropriate (see below). 

so V v 

Fig. 1. Jabfoiiski diagram. 

2. Experimental details 

(1) 

A0 and AY (Fluka AG) were purified by the method described in refs. 
9 and 12; PF was purified in a column with active aluminium and then re- 
crystallized from ethanol. The method of preparing PVA films was similar to 
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that reported by Tanizaki et al. [16]. Mean fluorescence lifetimes were 
measured with an accuracy of 10 ps by means of a phase fluorometer [17, 
IS]. The phosphorescence decay measurements were carried out using two 
coupled choppers. The values of the ratio #r/& of the phosphorescence 
quantum yield to the fluorescence quantum yield and the values of the ratio 
$JDF/@F of the delayed fluorescence quantum yield to the fluorescence 
quantum yield were measured by means of two synchronized choppers 
powered by a generator at a frequency of 40 Hz. The true values of @p/$F 
and @nF/@F were computed by Fourier analysis of the measured signals. The 
fluorescence quantum yields were measured by using a spectrofluorometer 
[19] which employed A0 in ethanol as a standard (r#+’ = 0.46 [l]). A special 
optical cryostat enabled measurements to be made in the temperature range 
80 - 300 K. The cell was thermostatted with an accuracy to +I K and the 
quantum yields were measured with an accuracy to f 0.002. 

3. Results and discussion 

The results from the measurements of the temperature dependence of 
the mean phosphorescence and delayed fluorescence lifetimes rp and rnF 
respectively, and @p/& and f$nF/&, are presented in Fig. 2. The temperature 
dependences @F, & and ratios $J DF/#r are given in Fig. 3. At low tempera- 
tures (T< 130 K), the values of the mean lifetimes and the quantum yields 
become constant for each of the substances investigated and are virtually in- 
dependent of temperature. Equation (2) is fulfilled very accurately for each 
of the substances investigated at low temperatures. 

@PO=& 
%l-#Fo 

The above implies that k,‘, km0 and k.,’ in eqn. (1) 
that only ksTo is non-zero. 

3.1. Them& deuctioation of the singlet state S1 
Thermal deactivation of the singlet state SI (cf. 

Fig. 1) may involve three processes: a radiative 

(2) 
are equal to zero, and 

the Jablonski diagram, 
transition with a rate 

constant kF and two radiationless processes with rate constants k, and ksT. 
Using the notation in Fig. 1 one obtains 

(3) 

The measurements of the fluorescence quantum yields and the mean fluores- 
cence lifetimes at different temperatures indicate that the rate constant kF is 
independent of temperature (cf. Table 1). The rate constants ksT and k, of 
the radiationless transitions can be expressed by the relations 

@T $P kF 
kST= - = - - 

TF @F?P kp 
(4) 
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Fig. 2. Effect of temperature on the values of the quantum yield ratios &p/& (X) and 
@p/$p (0) and on the mean lifetimes up (0) and TDF (A) for acridine dyes in PVA films: 
(a) AY; (b) AO; (c) PF. 

1 ksT --_1-- 
#JF JZF 

kF (5) 

From eqn. (I) 

@P kF ksT-JZST% _ - - 
4~ rpkp 

(6) 

1 
k,= 

&T 
--I-- 

4F kF 
(7) 

The values of the parameters AsT, A,, EAST and EAn can be found imme- 
diately from a logarithmic plot of relations (6) and (7). The parameters for 
the thermal deactivation of the lowest singlet excited state S1 of the a&dine 
dyes in PVA films determined from the linear plots of eqns. (6) and (7) are 
listed in Table 1. 
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Fig. 3. The fluorescence quantum yield @F (e), the triplet state population quantum yield 
& (x) and the value of the ratio #&$~p (0) as functions of temperature for acridine dyes 
in PVA films: (a) AY; (b) AO; (c) PF. 

3.2. Therma! deactivation of the triptet state T1 
Deactivation of the triplet state T1 involves the following processes in 

the case of acridine dyes (Fig. 1): a radiative transition S,, + T, (phosphores- 
cence), a radiationless transition with a rate constant k, and a transition 
which is the reverse of intersystem crossing, proceeding with a rate constant 
kTs. Using the notation in the Jabkoliski diagram, one obtains the relation 

kp TP @F km TDF 
(8) 

where 

TDF = TP = (kp + k, + kTS)-l (9) 

The measured values of the mean phosphorescence and the delayed fluores- 
cence lifetimes rp and ~nv respectively, and the values of the ratios #nv/&, 
@nF /#p and @r/&? are given in Figs. 2 and 3. A characteristic temperature 
dependence is displayed by the delayed fluorescence. The values #DF/& at 
low temperatures are negligibly small, grow from 240 K (but not monoton- 
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ically), and attain a maximum value at about 290 K for A0 and at 310 K for 
AY and PF. In all cases, at low temperatures (T< 160 K) the mean phos- 
phorescence lifetime becomes constant and equal to the radiative phos- 
phorescence lifetime [rp ‘= l/kr). The values for the efficiency & of the 
population of the triplet state at low temperatures determined using eqn. (8) 
do not exceed 3% and 15% at room temperature, whereas in liquid solutions 
the values of & are two to three times as large [ 91. The parameters for 
thermal deactivation of the triplet state T1 can be determined from 

and by analogy 

km= 1 -kkp-kZTS =A,exp - - 
TP 

(11) 

Logarithmic linear plots of eqns. (10) and (1 I) enable the values EATS, EAm, 
ATS and A, to be immediately determined. The values of the triplet state T1 
parameters of acridine dyes in PVA films have been listed in Table 2. The 
values of EATS obtained for AY and PF (3150 and 3000 cm-l respectively) 
are in good agreement with those determined from the fluorescence and 
phosphorescence spectra (the value Es, --ET, is 3200 and 3100 cm-’ for AY 
and PF respectively). Such agreement has not been observed with A0 for 
which EATS = 2550 cm-l but Es, -ET, = 3000 cm-r. The values of the activa- 
tion energies for the radiationless processes Sr -=+-+ Ti and T, w S1 are 
almost identical, with the exception of PF (cf. Tables 1 and 2). The activa- 
tion energies EAm which lead to the radiationless deactivation Ti ++-+ So {rate 
constant, km) are in each case higher by several hundred reciprocal centi- 
metres than the activation energies for the series of aromatic compounds 
reported in ref. 21. 

4. Conclusions 

(1) For all acridine dyes investigated, the equation tip + & = 1 has been 
found to be obeyed excellently at low temperatures. The rate constant kF of 
the radiative transition Si + So was found to be independent of temperature 
from the fluorescence quantum yields #F and mean lifetimes rF measured as 
a function of temperature. 

(2) It was found that the delayed fluorescence quantum yield at higher 
temperatures (T > 300 K) did not grow with increasing temperature. The 
additional thermal deactivation process (e.g. Ti w T,) might be one of the 
reasons for this. 

(3) A relatively good agreement was found between the activation 
energies determined for the processes Si w T1 and T, + S1. It was also 
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found that the values of the activation energies of the processes T1 wyv\-, SO 
were markedly higher for acridine dyes than those obtained with other 
aromatic compounds. 

(4) The efficiency @T of the population of the triplet state at room 
temperature was found to be two to three times lower in PVA films than 
in liquid solutions. 
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