
Journal of Photochemistry, 13 (1980) 67 - 74 
0 EIaevier Sequoia S.A., Lame -Printed in Switzerland 

67 

EMISSION AND INTERSYSTEM CROSSING QUANTUM YIFaLDS OF 
ANILINE SOLUTIONS: PHOTOSTATIONARY -STATE DIAGRAM 

G. PERICHET, R. CHAPELON and B. POUYET I 

Labomtoire de Photochimie, Universitd Claude Bernard Lyon I. 43. Boulevard 
novembre 1918, 69622 Villeurbanne (Rwnce) 

(Received June 2l,1979;inreviaedform October 20,1979) 

du II 

We measured the emission quantum yields of aniline in various solvents. 
For phosphorescence (in ether-isopentane-ethanol at 77 K) a photoioniza- 
tion by a biphotonic process occurred for exciting wavelengths below 290 nm. 
Using tris(dibenzoylmethano)europium as the acceptor in a triplet-triplet 
energy transfer the intersystem crossing quantum yields of aniline in liquid 
solutions at 20 “c were measured. We also calculated the quantum yields of 
aniline transitions and constructed state diagrams. 

1. Introduction 

Several techniques have been used to measure intersystem, crossing 
quantum yields - either spectroscopic methods using flash photolysis [ 1 - 31 
and delayed fluorescence [ 4 - 61 or methods using an energy transfer [ 7 - lo]. 
Spectroscopic methods are inefficient for aniline because the aniline triplet 
state has never been observed with flash photolysis and this molecule has no 
delayed fluorescence. 

When biacetyl is used as the acceptor in the triplet-triplet energy trans- 
fer, the biacetyl reacts with aniline and, because it undergoes enolization 
with ethanol, it can be used only with paraffinic solvents_ 

We formulated a method using tris(dibenzoylmethano)europium (EuDa) 
as the acceptor. The EuDs intersystem crossing quantum yields were mea- 
sured using benzophenone and then diphenylamine as donors 1111. This 
meant that the aniline intersystem crossing quantum yields could he measured. 
We also calculated the quantum yields of aniline transitions. 

2. Experimental mat4wials 

2.1. Appamtus 
We used a Beam-type Jobin 6 Yvon spectrofluorimeter for the emission 

and intersystem crossing quantum yield measurements. This apparatus is 
energy corrected [ 121. 



2.2. Products 
Aniline was purified by distillation under atmospheric pressure and then 

under a vacuum. Benzophenone, diphenylamine and 9,lOdiphenylanthracene 
were purified by recrystallization. 

EuDs was prepared by direct reaction of EuCls with dibenzoylmethane. 
The chelate complex was purified by two recrystallizations and dried under a 
vacuum at 60 “c for 24 h [ll] . 

We used solvents which were free of fluorescence. For the phosphores- 
cence measurements either methylcyclohexane-pentane (MP) or ether- 
isopentane-ethanol (EPA) mixtures were used as solvents [ 121. 

Concentrated solutions contained 3 g 1-l of aniline (optical density 
greater than 2 in the range 300 - 200 nm). Dilute solutions had optical 
densities between 0 and 1.5 (thickness, 1 cm). 

3. Results 

3.1. Fluorescence QF and phosphorescence aP quantum yields 
The results [ 123 are summarized in Table 1 (relative error 10%). It can 

be seen that there is a variation of @v with concentration for the cyclo- 
hexane solutions and a variation of +p with exciting wavelength for the EPA 
solutions. We also measured the fluorescence quantum yields in several 
solvents of various polarities. The results are summarized in Table 2. aF 
decreases with increasing dielectric constant for the solvents without 
hydroxyl groups. Dioxan and water show peculiar results. 

3.2. In tersystem quantum yields + I c 
We used a triplet-triplet transfer process with EuDs as the acceptor in 

liquid solutions at 20 ?I This process has been described previously [ 111. 
We obtained @rc and roT (triplet lifetime for aniline molecules) values and 
the results are summarized in Table 3. The concentration of aniline is 10-s M 
and the relative errors are about 5% for TOM and about 10% for @rc. 

TABLE 1 

Aniline Solvent Temperature XW (nm) AF- XP- % @P 
concentration (-1 (-1 

3g1-1 
3 g1-1 
3g 1-l 
3gr1 

8 x 10-'M 
8 x lo-'M 
8 x lo-'M 
8 x lo-'M 
8x lo-'M 

Cyclohexane 20 "c 266 -310 315 
Ethanol 20 "c 266 -300 339 
Mp 77K 266-290 330 
EPA 77K 265 -290 340 

Cyclohexane 
Ethanol 
MP 
EPA 
EPA 

20 "c 
20 "c 
77 K 
77 K 
77 K 

266-295 316 
276 -295 339 
275-300 330 
290 340 
290 340 

0.08 
0.10 

420 0.08 0.074 
420 0.10 0.76 

0.17 
0.10 

420 0.17 0.65 
420 0.10 0.86 
420 0.10 0.50 
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TABLE2 

Solvent DiCleCtFiC Absorption Fluoreecerace Energy of 
conefont 

La r bu %mx @P 
9+-T"' 

(=@ I-1 (=a 
(cm 1 

Cyclohexane 2.023 287.6 1760 315 31746 0.17 
Diethylether 4.336 289 1920 331 30211 0.13 
Benzene 2.284 289 1800 327 30681 0.14 
DiOlluI 2.209 290 2260 339 29498 0.13 
T~trahYCkfurRll 7.39 290.5 1840 335 29860 0.12 
Bum01 17.8 286 1480 340 29411 0.11 
Propanol 20.1 285.6 1440 340 29411 0.10 
Ethanol 24.3 284 1480 340 29411 0.10 
Methanol 33.62 282 1430 340 29411 0.09 
Water 80.37 280 1300 342 29239 0.12 

32937 
32266 

31992 
31923 
32062 
32062 
32062 
32132 
- 

TABLE3 

Solvent 

Cyclohexane 0.75 8.1 x lo-' 
Ethanol 0.90 8.3 x lo-' 

4. Discussion 

4.1. Ftuorescence and phosphorescence quantum yields 
For cyclohexane solutions aPF varies from 0.17 (dilute solutions) to 

0.08 (concentrated solutions). It is apparent that aniline molecules in the 
singlet state are autodeactivated and that this deactivation increases with 
aniline concentration. For pure aniline the fluorescence intensity is almost 
zero 1131. 

The variation of @‘p with exciting wavelength has been studied previously 
[ 141. For exciting wavelengths below 290 nm a photoionization process 
occurs (biphotonic process) with the formation of a delayed phosphorescence. 

The results for the variation of *r with the polarity of the solvents 
without hydroxyl groups are in agreement with those of Kochemirovskii 
[ 151 and Blais and Gauthier [ 133. For the solvents containing hydroxyl 
groups it has been shown [ 16 - 203 that a bond is formed between the solvent 
and the substituted aromatic hydrocarbon. In the case of aniline this bond is 
between the hydrogen of the solvent and the non-bonding electrons of the 
nitrogen; a 1:l complex is formed (see Fig. 1). Consequently increasing the 
solvent polarity leads to a partial blocking of the nitrogen lone pair, to an 
enhancement of the n -+ A transition and to a low +r value. This is in good 
agreement with previous results [ 131. 
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In the case of dioxan Forbes [21] and Meallier 1201 have shown the 
formation of an aniline-dioxan bond (see Fig. 2) which enhances the electron 
transfer from the nitrogen to the ring, thus explaining the strong red shift of 
the absorption spectra and the high aF value. 

4.2. Quantum yields and state diagrams 
For a low concentration of aniline in a deaerated solution and for 

hxx > 290 nm (no radical formation) we propose the following reaction 
scheme : 

so +hv - Sl light absorption I 
% w so internal conversion k, 6%) 
s1- TI intersystem crossing k,c C%) 
TL U 90 intersystem crossing kn CT,) 
Tl - Sc-fhv’ phosphorescence kr (T,) 
Tl - sc + hv” fluorescence kF (sl) 

If 7 is the measured lifetime and r” is the radiative lifetime, then Q F and QP 
are the fluorescence and phosphorescence quantum yields respectively. 

k°F = l/rOv = *r/rp 

1 1 @p koP co= - 
TP rp l--F 

o I-(@P+@F) 
koD =k p 

@P 

F P 

For liquid solutions (at 20 “c) 

k IC = *'1c/7* 

and 

* koT = ~/TO= 

In Table 4 are summarized the fluorescence and phosphorescence quan- 
tum yields, the lifetimes of the excited states and the various radiative and 
non-radiative constants for aniline. 

N:- H-O-R 

Fig. 1. The 1~1 complex formed between a solvent containing a hydroxyl group and 
aniline. 

Fig. 2. The complex formed between dioxan and aniline. 
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5. Conclusions 

Using EuD, we measured the intersystem crossing quantum yields @lc 
and the triplet lifetimes T”~ at 20 “c for aniline. These results allow photo- 
stationary state diagrams to be constructed (Figs. 3 and 4). 

In liquid solutions (at 20 ‘C) rf, F + aP = 100% for polar solvents and the 
radical quantum yield is very small. This result agrees with radical quantum 
yield measurements carried out in our laboratory using flash photolysis (0.8%). 

100 z 

83 x 
2.1x108 s 

-1 

J 
d 

17 x a 

4.3x107 s-’ 

a+b+c+d-18% ME’ 801. 77 K 

a+c-8% cyclohexane sol. 20 o C 

Fig. 3, State diagrams for anilineMP (77 K) and anilb~cyclohexane (20 “C). 
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a+b+c+d"5X 

100 % 

10 x 

3.7x107s-' 

a+c-0% 

d 

,' 

b 

1.ox10-* s-' 

EPA sol. 77 R 

ethanol ml. 20 OC 

Fig. 4. State diagrama for aniline-EPA (77 K) and aniline-ethanol (20 O C). 

For aniline-cyclohexane solutions QF + aP = 92%. In our laboratory a 
radical quantum yield of 1.3% has been found using flash photolysis. How- 
ever, a labile compound which absorbs between 350 and 460 nm with a 
lifetime of several hours has been detected using flash photolysis. E&cause of 
this long lifetime the compound is probably not a radical and it may be an 
important intermediate in the aniline photo-oxidation. 
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