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The concentration dependence of mean fluorescence lifetimes of 
chlorophyll a in methanol was studied in the concentration interval 3 X 
10sg - 7.3 X lo-’ mol l-1 at room temperature. The values found experi- 
mentally were corrected for reabsorption of fluorescence using the average 
molar absorptivity FF derived from spectral properties of overlapping 
fluorescence and absorption spectra of chlorophyll a. 

1. Introduction 

For a study of radiationless excitation energy transfer in chlorophyll a 
solutions using measurement of the mean fluorescence lifetimes it is neces- 
sary to correct the values of T,,~ determined experimentally for reabsorption 
of fluorescence. As there is a relatively small Stokes shift (Av = 216 cm- ‘) 
between the main fluorescence band (X, = 676 nm) and the absorption band 
(AA = 665.7 nm) of chlorophyll a in methanol [ 1,2] , it is possible that the 
short-wavelength part of the fluorescent light will be effectively reabsorbed. 
Furthermore, the fluorescent radiation of the shortest wavelength, the 
intensity of which is minimum, has a high molar absorptivity in the over- 
lapping spectral region. 

Let us consider that the light incident on the cuvette containing the 
chlorophyll a solution has the same spectrum as the fluorescence of 
chlorophyll a. The total incident radiation energy within the wavenumber 
interval between u1 and v2 (the region of overlap of the absorption and 
fluorescence spectra) is given by 

where I,-,(V) is the intensity of the incident light with wavenumber Y. The 
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total energy F of the light transmitted through a layer of thickness d of the 
chlorophyll a solution with concentration C is lower because of absorption 
(eqn. (2)): 

“2 
F= 

s lo(v) exp{-e(v)Cd} dv (2) 
“, 

where e(y) is the molar absorptivity of chlorophyll at wavenumber P. The 
average molar absorptivity for reabsorption of fluorescence, which is 
constant for the whole region of overlap of the spectra, can be defined by 
eqn. (3) by analogy with the experimental method of Rohatgi and Singhal 
[S]: -- 

The average molar absorptivity TF was derived [4] for the chlorophyll a 
fluorescence reabsorption assuming a gaussian shape for the overlapping 
fluorescence and absorption bands which have mirror symmetry. This 

(3) 

average molar absorptivity for reabsorption of fluorescence is a decreasing 
function of the product of the solution concentration and the thickness of 
the absorbing layer through which the fluorescent radiation passes. To 
correct the mean fluorescence lifetimes we can use the relations derived for 
correction of the quantum yield for the effect of reabsorption [3,5] and the 
known relations between the quantum yield and the lifetime of fluorescence 
[ 61. In the absence of reabsorption and re-emission phenomena the intensity 
1 of fluorescence reaching the detecting system is given by 

I = La&xp (4) 

where IekxP is the intensity observed in the presence of reabsorption phe- 
nomena. The correction factor Kreabs for the overlap of absorption and 
emission has been derived by Rohatgi and Singhal [ 51 : 

K 
E + FF 1 - exp (--eCd) 

reabs 
= - 

1 - exp {--(e + Gr)Cd} (5) E 

where e, C and d are the chlorophyll a molar absorptivity at the excitation 
wavelength, the chlorophyll a concentration and the layer thickness for 
fluorescence absorption (d is the cell thickness in our experimental set-up) 
respectively. 

Values of the quantum yields and the fluorescence lifetimes in the 
presence (T,,~, oexp) and in the absence (r,4) of reabsorption are related by 

rexp 4 exp -=- (6) 
7 (#J 
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On the basis of all these relations it is possible to correct the values of r,,* 
found experimentally using the following relation: 

r=r erp /&em (7) 

2. ExperimentsI 

Chlorophyll a solutions of concentration 3 X lO_’ - 7.3 X lo-’ mol l-1 
in methanol were prepared under nitrogen using conditions which minimized 
the possibility of chlorophyll photooxidation by atmospheric oxygen during 
the preparation of the samples. Measurements were carried out in closed 
quartz cuvettes. The concentrations of the solutions were determined from 
absorption spectra measured using a Specord Zeiss spectrophotometer [ 71. 
For fluorescence excitation by a nitrogen laser in the UV spectral region 
(A = 337.1 nm) it was necessary to purify the methanol (p-a., for UV 
spectroscopy) by drying it over calcium oxide with subsequent distillation. 

For the measurement of the fluorescence decay we used an experimen- 
tal arrangement with a nitrogen laser (with a pulse halfwidth of less than 
2 ns and a peak power of about 150 kW) and a high speed SP 102 photo- 
diode (with a rise time of less than 2 ns) for monitoring the time dependence 
of the fluorescence 183 . The exciting laser beam was focused onto the front 
wall of the cell containing the solution. An RGl glass filter was placed 
between the back cell wall and the photodiode (transmission about 90% for 
X > 640 nm) for removal of the exciting radiation. The system was cali- 
brated using a solution of Rhodamine l3 of concentration 16-s mol l-1 (in a 
mixture of 10% methanol and 90% ethanol). The value we obtained (7 = 
3.24 + 0.02 ns) agrees very well with that (3.2 ns) reported by Knof et al. 
[9] for a temperature of 300 K. The fluorescence decay curve observed for 
a molecule excited by a short pulse of laser light is a convolution of the 
excitation pulse shape (distorted by the detecting system) with the e-pulse 
response of the luminescent system. The deconvolution of the experimental 
decay curves of chlorophyll a fluorescence was carried out in the time 
interval in which the intensity of the exciting pulse was negligible. Further- 
more, we assumed a specific functional form for the decay law, i.e. a single- 
exponential form : 

Statistical tests showed that such an assumption for the fluorescence 
decay of chlorophyll a (of concentration 10m6 - lO-5 moll-l) in methanol 
solutions was justified. The mean fluorescence hfetimes T,,~ were estimated 
from the linear regression function 

(9) 

using a least-squares method. Correlation coefficients for the linear 
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regression function were in the range 0.9950 - 0.9990 for all measurements. 
A set of 12 subsequent fluorescence decay measurements of the same sample 
showed high reproducibility of the measurements and sample stability. 

3. Results and discussion 

Fluorescence spectra of chlorophyll solutions of low concentration 
(where aggregation of the molecules is insignificant) are characterized at 
room temperature by two bands: a main band with a maximum in the range 
670 - 680 nm and a long-wavelength band at 730 nm (Is70/1730 = 4.5 [2] ). 

The wavelength (337.1 nm) of the nitrogen laser pulse used for the 
excitation of the fluorescence falls within the Soret absorption band of 
chlorophyll a (molar absorptivity E = 3.18 X lo* mol-1 1 cm). Figure 1 
illustrates the dependences of the average molar absorptivity Z;F for re- 
absorption of fluorescence and the correction factor Kreabs calculated from 
expression (5) on the product Cd of the concentration and the cell thickness. 
The values of Kreabs determined in this way were used for the correction of 
T~:,~ according to eqn. (6). This method of correcting reXp for reabsorption 
effects was tested using fluorescence lifetime measurements of chlorophyll a 
solutions of two concentrations in cuvettes of various thicknesses. Table 1 
shows that the deviations of the corrected values for such different cuvette 
thickness values are very small. The concentration dependence of both the 
experimental and the corrected mean fluorescence lifetimes of chlorophyll a 

r 1 

- 1.1 

- 1.0 

10 
30 Cd [xlbBmo, I-‘rnj . 

Fig. 1. The.dependences of the average molar absorptivity FF for reabsorption of fluotes- 
cence and the correction factor &epbai on the product of the chlorophyll a concentration 
C and the layer thickness d. 
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TABLE 1 

Test of the method of correcting fluorescence liietime8 of chlorophyll a for the 
reabsorption effect 

Conceerrtro tion 
(mol 1-1) 

d -0.198cm d =0.491 cm d -0.998cm r(m) 

resp (-1 -r (-1 T- (n4 7 (=I rexp (m) 7 (-1 

1.22 x10-= 6.12 6.89 6.41 5.88 6.90 6.92 5.897 
2.16 x10-' 6.19 6.81 6.67 5.81 7.30 5.79 5.803 

20 40 
. c [As%ol 1.1 

Fig. 2. The concentration dependence of experimental (7_) and corrected (7) mean 
fluorescence lifetimes of chlorophyll a in methanol solution. 

is illustrated in Fig. 2. The values of 7,_ are influenced by two factors which 
have opposing effects. The process of reabsorption of fluorescence results in 
an increase in the lifetime; this effect is predominant at concentrations lower 
than 4 X 10m6 mol 1-l, as shown by the marked increase in r,,* in this 
region. With increasing concentration, however, the probability of radiation- 
less energy transfer from the primary sites of excitation will increase, 
resulting in a decrease in the mean fluorescence lifetime as shown by the 
decreasing concentration dependence for the corrected values r. For 
chlorophyll a molecules, the excited singlet states of which are weakly 
coupled [lo 1, the excitation is transferred via the FiSrster resonance mecha- 
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nism’ [ll] . The Ftirster transfer rate is directly proportional to R-6, where R 
represents the mean intermolecular distance, and concentration quenching of 
this type depends on the second power of the concentration. The mechanism 
proposed for this type of concentration quenching is energy migration by a 
Fbrster-type resonance transfer between like molecules, followed by 
trapping at a pair of molecules, i.e. at a statistical pair trap [12] . The 
statistical pair is any two chlorophyll molecules which do not interact 
appreciably in their ground states but interact strongly when one of the pair 
becomes excited. At low concentrations, where the mean distance between 
molecules is large, the energy migration is slow, the trap concentration is low 
and we observe little quenching. Figure 2 shows that the corrected values 7 
may be fitted to an empirical equation of the form [ 12,133 

with 7. = 5.872 ns and k = 4.15 X lo6 molp2 i2. 
The values reported for the fluorescence lifetimes of chlorophyll 

solutions (1O-6 - 10v5 mol l-l) in diethyl ether or ethanol vary between 4.9 
and 7.8 ns [14,15] . The decisive majority of these experimental values of 7 
were not corrected for the reabsorption effect, although in the experimental 
arrangement described the effect of reabsorption must have affected the 
results of the measurement. The value (r = 6.8 ns) for the fluorescence 
lifetime of chlorophyll a solutions in diethyl ether (C = 4 X lo- ’ mol l-1 ; 
T = 300 K) given by Avarmaa et al. [ 15 ] is in good agreement with our 
experimental values (see Fig. 2). Compared with other correction methods 
involving complicated mathematical correction factors [ 163 , our procedure 
for correcting the mean fluorescence lifetimes (or quantum yields) using the 
average molar absorptivity Fv enables rapid evaluation of experimental 
results. Spectral properties of chlorophyll a in a number of polar solvents 
(10e6 - 10v5 mol l-l), e.g. almost perfect mirror symmetry of the spectra 
and not very large differences in the hdfwidths and Stokes shifts of the 
fluorescence and absorption bands [l, 21, allow the values of Fv and Kreabs 
derived for methanol solutions to be used for other solvents. 
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