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Measurements of fluorescence quantum yield mp/n,, of Na-fluorescein (donor; D) versus concen-
tration of rhodamine B (acceptor; A) in viscous solutions have been carried out. The donor con-
centration in these solutions was as follows: Cp, = 2:10-2 M (system I), 1.5:10-2 M (II), 10-2 M
(I111), 3-10-3 M (IV), and 5-10~5 M (V). The experimental results have been compared with current
theories of nonradiative electronic energy transfer (NEET). In the case of very strong migrarion
(systems I, II, and IIT), a significant influence of correlations (between configurations of D and A
molecules in the surroundings of successively excited donors) on quantum yield mp/m,; has been
determined. Experimental values have been found to be clearly higher in comparison with those
predicted theoretically. The influence of possible factors on the decrease in the effectiveness of
excitation energy transport to traps—acceptors in systems of very strong migration has been dis-
cussed.
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INTRODUCTION

Nonradiative electronic energy transfer (NEET) due
to dipole-dipole interactions plays an important role in
many natural and artificial systems [1, 2].

The theoretical description of NEET in disordered
systems is in general too complicated to be solved ex-
actly. Exact expressions for fluorescence decay ¢p (¢)
and quantum yield of donor my, in the presence of ac-
ceptor were obtained by Forster [3] only for the limiting
case of neglecting the energy migration in the set of
donors.

However, in the case of the donor concentration
considerably exceeding the acceptor concentration Cp»
C,, the energy migration (EM) may have an essential
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influence on the luminescent characteristics of these sys-
tems [4].

The theoretical results describing NEET in such
systemns were obtained [5~10] on the assumption that EM
takes place in the set of donors without any correlations
between D and A molecules before and after the exci-
tation jump. In other words, we assume that EM is a
Markov-type process.

Further progress in the NEET theory was made by
partial consideration of the above-mentioned correlations
and the dependence of the NEET kinetics on the R A/
R.pp ratio of the critical distances for energy transfer
from D* to D and D* to A [11-15].

The experimental verification of the latest NEET
theories is limited to a few fluorescence decay and emis-
sion anisotropy measurements and Monte Carlo simu-
lations of certain Iuminescent quantities [16-18].

In this paper, we present the results of investiga-
tions concerning the influence of energy migration and
correlations on fluorescence quantum yield of a doror
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in the presence of an acceptor and compare the obtained
results with contemporary NEET theories.

THEORETICAL BACKGROUND

The experimental studies of the NEET process in
condensed systems containing statistically distributed D
and A molecules are carried out through measurements
of luminescent characteristics of these systems for both
pulse and continous excitation. In the latter case, mea-
surements of donor fluorescence quantum yield mp ver-
sus acceptor concentration C, is also investigated.

Correct interpretation of the obtained results re-
quires the knowledge of the relation between mp, and C,.

This relation was found by Forster [3] for the lim-
iting case Cp, < C, on the assumption that the interaction
between D* and A molecules which leads to NEET ac-
cording to kinetics,

D* + AkoaD + A (1)

is a dipole-dipole interaction and that the NEET rate
constant from D* to A equals [ 19 ]
6
— _;l__ RoDA
on = == (R22) @

ToD

where 7., denotes the actual lifetime of donor excited
state for C, = 0 and R p, is the critical distance. How-
ever, for Cp » C,, NEET from D* to A may occur as
a result of subsequent one-stage processes D* + D

kBP D + D* with the final process (1). In this case the

time evolution of excitation energy transport in the set
of D and A molecules after pulse excitation may be
expressed as follows [5,10]:

bolt) = RONS) ~ | Bt = 1)

N (¢ = ') p(t') ar’ €)
where
No() = exp[—2va(t/top) "] “)
and
Ry() = exp[—2vp(t/1o0)"] )

Function ¢, (f) describes the fluorescence decay due to
excitation energy migration among donors and its trans-
fer to acceptors, and yp and vy, denote the reduced con-
centrations of donor and acceptor, respectively [see Eq.
(9]. N,(r) and R,(f) describe the deactivation of the ex-
cited donor by acceptors and donors, respectively, ran-
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domly distributed in the donor surroundings. Function
N,(f) obtained by Forster represents the static fluores-
cence quenching of the donor by acceptors, whereas
function R,(¢) describes the transition of excitation en-
ergy from one configuration of donors to another and
therefore pictures the rate of excitation energy random
walk over configurations.

Expression (3) was found by Vugmeister [20] oth-
erwise when investigating the spatial and spectral spin
diffusion in diluted paramagnetics and discussed by Bur-
shtein [14,21]. The integral equation (3) allows one to
evaluate the fluorescence quantum yield my from the
following expression:

0

Mo = ke |, exp(~thro) ol
= ke bp(s = 158) (6)

where kg is the rate constant for fluorescence emission.

Calculation of Laplace transform &(s) leads to the
formula [5,10]

Mp = Mop [1 = AV ~ a - fy)] )

where
f(y) = w2y exp(y)[1 — erf(y)] 8
1
Y=%Yp *T Ya = E"Tllz (Co/Copp + CalCopa)s
a=yhy (9

Mop is the absolute quantum yield of donor fluorescence
for y — 0, and Cp and C s denote critical concen-
trations for NEET from molecules D* to D and D* to
A, respectively.

It should be emphasized that Eq. (3) and subse-
quently Eq. (7) were obtained on the assumption that
the configurations of D and A in the surroundings of the
excited donor D* are independent before and after the
excitation energy jump. Partial consideration of the cor-
relations may be achieved [22] when R.(¢) is replaced
by a function,

R(t) = exp[~2 2~ "yp)(the)?]  (10)
obtained by Huber et al. [ 23 ].
Inserting ( 10 ) in (3 ) gives [ 14 ]
Mo = Mep [1 =AY - & fiv)] (A1)
where

7

Y =27y + v @
=27yp 27 yp + ya)7t (12)
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Equations (7) and (11) differ only in substitution of lower
concentration 2~ Y2y, for yp.

Hence the above correction decreases the effective
range of excitation energy migration and trapping by
acceptors and consequently increases the donor fluores-
cence quantum yield. A numerical analysis of Egs. (7)
and (11) leads to the conclusion that the most significant
influence of the correlations on the quantum yield mp
may be expected in systems of a high donor concentra-
tion.

However, it is well-known that formation of dimers
or statistical pairs of dye molecules playing the role of
excitation energy traps is a major obstacle in investiga-
tions of the NEET process for high donor concentrations.

EXPERIMENTAL

In order to determine the influence of the correla-
tions on the donor quantum yield in a two-component
system, five glycerol-alcohol solutions of Na-fluorescein
(donor) and rhodamine B (acceptor) were prepared. The
donor concentrations Cy, for systems I-V were fixed at
2:10-2, 1.510-2, 10-2, 3:10-3, and 5-10-° M, respec-
tively. The acceptor concentration C, varied from 10-3
to 6.3:10-% M in all the systems.

Na-fluorescein (POCh; Gliwice, Poland) was pur-
ified by recrystallization in air from a mixture of ethyl
alcohol and ethyl acetate. Rhodamine B (Schuchardt)
was purified by multiple crystallization from ethyl al-
cohol and evaporation in vacuum. Anhydrous glycerol
(Fluka AG) and spectrally pure ethanol were used as
solvents without any additional purification. Table I pre-
sents certain data referring to investigated systems.

The absorption spectra were measured on the Spe-
cord M-40 spectrophotometer. Both fluorescence spectra
and relative quantum yields were measured for frontal
excitation and sample observation using the apparatus
described in Ref. 24. The quantum yield was measured
in the spectral range of ( 520 * 1 } nm by using the
method proposed by Forster [3], which is based on com-
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parison of the donor fluorescence intensity of the D and
A systems of different acceptor densities in layers of the
same optical density. If I; and I, are the observed flu-
orescence intensities corresponding to the acceptor con-
centrations C; and C, for luminophore layers of thicknesses
d, and d,, ensuring the same absorption, then the inten-
sity ratio [Y /I3, reduced to the surface layer, can be
found from the relation

B = (I/L) F(§)
where
F§) =[1 - Bdg®)1 — Bd; g(0)]

g =[1 - (1 + &exp(—HI{E[1 — exp(— )]},
£ = 1010 (exe + Eons) Cd

£ and g, denote the decimal molar extinction coef-
ficients for the exciting and observed light, respectively,
and B is the optical system constant. The intensity ratio
IY/15 is equal to the fluorescence yield ratio for the in-
vestigated system of concentrations C; and C,, respec-
tively. For extremely low acceptor concentrations the
quantum yield myp, is constant and equal to the limising
value Mgp.

In systems of high D and A concentrations, over-
lapping of the absorption and fluorescence bands leads
to reabsorption and secondary fluorescence, influencing
the quantum yield mp.

In order to obtain the true values of fluorescence
yield mp, one should use sufficiently thin samples of
thickness d fulfilling the condition [25]

C* Coue -d < 0.1 (13)

where C is the dye concentration, and e_,, is its maxi-
mum value of extinction. In our case, because of high
concentrations Cp = 10-? M and €,,, = 0.7-10° M-!
cm~?, fulfillment of condition (13) would require cu-
vettes of thicknesses d ~ 1 wm. However, as has recently
been shown [26], the adsorption of dye molecules and
their increased concentration in the surface layer may

Table I. Data Characterizing Na-Fluorescein and Rhodamine B Systems in Solutions

T Viscosity Aex Aos

Donor Acceptor Solvent (K) n (P-s) (nm)  (nm)

Na-fluorescein, Rhodamine B, Glycerol 300 1.4657 0.630 500 520
CyoH1405Na,, CyH;, 05N Cl, + 10% ethanol
MW 376.29 MW 479.03 + 0.1 N NaOH
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influence the measurement results. Therefore the quan-
tum yield measurements were carried out in cuvettes
thick enough (d = 0.053 cm) to neglect the effects men-
tioned above.

The influence of reabsorption and secondary fluo-
rescence on the quantum yield mp, was taken into account
by applying the Budo and Ketskemety theory [27]. Cal-
culations of the ratio of secondary to primary fluores-
cence for individual concentrations were performed on
the following assumptions:

(1) nonradiative and radiative excitation energy

transfer from A* to D does not take place, and

(2) fluorescence is registered in the region of no

acceptor fluorescence.

Both conditions were fulfilled (cf. Fig. 1). The true
values of mp were obtained using the self-consistent
method with an accuracy of 10-4. All the calculations
considering secondary effects were computed numeri-
cally.

The values of n, were also corrected for the spatial
anisotropy distribution of the polarized fluorescence (cf.
Refs. 28 and 29).

RESULTS AND DISCUSSION

Figure 1 presents the absorption and emission spec-
tra of Na-fluorescein and rhodamine B in glycerol-al-
cohol solutions. It has been found that the absorption
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spectra of both dyes do not change with increasing con-
centrations up to 10-2 M. Lutz et al. have shown [16]
that for Na-fluorescein in ethanol the presence of dimers
may be neglected up to 3-10-2 M. Hence the presence
of fluorescence quenching centers in the investigated range
of concentrations may be neglected. One can see from
Fig. 1 that the overlapping of the acceptor fluorescence
(Rh B) and the donor absorption (Na-F1) spectra may be
practically neglected, and so the nonradiative and radia-
tive back transfer of the excitation energy from A* to D
can be left out of account.

Figure 2a shows the experimental results of the flu-
orescence quantum yield of donor mp for system I as
well as the theoretical curves calculated from Egs. (7)
and (11) for critical concentrations listed in Table II.
Curve 2 corresponds to the case in which correlations
have been partially taken into account. It describes the
experimental results better than curve 1, which has been
calculated assuming that no correlations exist. However,
in both cases the theoretical curves considerably differ
from the experimental points. If one measures the influ-
ence of correlations on the excitation energy transfer by
means of the differences of quantum yield mp/m p cal-
culated from Egs. (11) and (7) (curves 2 and 1), it is
evident that these differences are prominent within the
range of moderate concentrations and disappear for very
high and very low concentrations Cy. It should be em-
phasized that curves 1 and 2 were calculated with no
fitting parameters.
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Fig. 1. Electronic absorption and fluorescence spectra of Na-fluorescein (donor) and rhodamine
B (acceptor) in glycerol-ethanol solutions.
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Fig. 2. Na-fluorescein (donor) fluorescence quantum yield at fixed
domnor concentration yp, versus reduced concentration vy, of rhodamine
B (acceptor): (2) vp = 3.83; (b) yp = 2.88; (¢) vp = 1.92; (d)
= 0.576; (¢) yp = 0.01.
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Table I1. Values of Electronic Energy Transfer Parameters for the
Systems Investigated

R
Coop  Capa Ropp Ropa = —<0A ToD

— — z
103M10°M (A @A) B ¥ Rop  myp (nS)
463 232 440 555 0476 <1 126 0.9°3.6%

4 Based on Ref. 30.
» Based on Ref. 29.

The critical concentrations were evaluated from re-
lation [19]:

Copx = 4.23:1071° 1% (np I—c—f;( Inx)™ "2,
X=D A4 (14

where 7 is the refractive index, n,p is the absolute quan-
tum yield of donor fluorescence, and I,y is the overlap
integral. k% is the orientation factor, representing the
effect of mutual orientation of D* and X molecules and
is usually expressed as

kix = (cosbr — 3 cosBy cosby)? (15)

where 0 is the angle between dipole moment vectors of
D emission and 4 absorption, whereas 68y, and 0 are the
a_r_;gles between these dipoles and the separation vector
Rpx. The absolute yield of Na-fluorescein was taken as
Mop = 0.9 [30]. Similar values in the range 0.9 = 0.05
were obtained by other authors by means of different mea-
surement methods [31]. We assume that k3, = k3, = k2
= 0.476, a value corresponding to the statical distribution
of immobile molecular dipoles [ 32 1. Because of the
incomplete rigidity of the medium, the dipoles can slightly
reorient themselves within the excited donor lifetime 7.
An increase in k7 in relation to the limiting value 0.476
calculated as in Ref. 24 for 1., = 3.69 ns [29] and D
molecule rotation time 7, = 250 ns does not exceed
0.003. The rotation time 7, was obtained from the Stokes—
Einstein relation for the radius of the Na-fluorescein
molecule » = 0.5 nm and viscosity and temperature T
listed in Table 1. Finally, the relative change in critical
concentrations C,pp and C,pa, caused by k2 increase and
Mep deviations, does not exceed 3% and may be ne-
glected. We also neglected the translational diffusion of
D and A molecules since the mean diffusion length A/
< 1A <Rpx

Figures 2b—2e present results for systems of lower
donor concentrations. As one can see, the influence of
correlations on the excitation energy transport decreases
with concentration Cp, and disappears in system V, in
which there is no energy migration. In this case the the-
oretical curves practically overlap in the whole range of
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C, concentration. The most interesting is the observed
deviation of experimental points from the theoretical curves
for systems of Cp, = 102 M.

Systems I, II, and III differ from systems IV and
V in that the former have high concentrations of donor
molecules. In such systems the effect of a finite volume
of D and A molecules may lead to an increase in quantum
yield np/Mmqp. As has recently been shown [33] in the
case of organic dye solutions for which the critical dis-
tances R,pp and R, are considerably larger than the
distances rpp, and rp, of closest approach of interacting
molecules, the effect mentioned above may be entirely
neglected for v < 10 if Rypx » Srpx (x = D, A). Our
systems fulfill these conditions and vy,,,, < 6. Let us add
that Eqs. (7) and (11) were obtained within the frame of
hopping approximation, which is suitable for systems
with z = R pa/Ropp < 1 [11, 15], while for the inves-
tigated system z = 1.26. Therefore higher than expected
experimental values of np/m.p may be related to a non-
hopping mechanism of the excitation energy transfer [18].

In order to explain this problem, in Fig. 2 the ex-
perimental results have been compared also with the the-
ory elaborated by Loring, Anderson, and Fayer (LAF)
[13], which, unlike other theories, contains evident de-
pendence of theoretical results on the ratio of critical
distances z = R p,/R.pp and therefore includes not only
the hopping (z < 1) but also the diffusive (z » 1) mech-
anism of energy migration [11,15].

Curve 3 was calculated from Eq. (16) obtained within
the three-body approximation of the LAF theory [13]:

/Mo = q(r/re)~ (16)

where

I

1 - (w/2) (q/2)Y* v}, + 0.1887 - g
-y'3 + (03832 — @) - g

rir,

"Yp " Ya
—x + (@ + y)? 2
oo [
x = (m/4) - (yp - 27172
+ Ya)
y=1-0.3371vy2 — 0.1887 v'%,

— {0.13716 — a + B) ¥Yp " Ya

!

vp =21 yp, YA =21y,

o and P are functions of z = R, ps/R.pp. Their values
for chosen z are listed in Ref. 13. Curve 3 was calculated
for a = 0.28939 and B = 0.67027, which correspond
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to z = 1.26. It practically overlaps curve 2 over the
whole range of concentrations. The maximum differ-
ences of mp/m.p values computed from Eqgs. ( 11 ) and
( 16 ) do not exceed 0.016 and 0.014 for systems I and
II, respectively. That is why the energy migration mech-
anism in the investigated systems is still a hopping one,
although R, clearly surpassses R.pp. Let us point out
that for systems of z = 1, Eqgs. (11) and (16) predict
practically identical concentrational changes of the quan-
tum yield for any values of vy, and y,. However, unlike
Eq. (16), the analytical form of Eq. (11) is much sim-
pler. The experimental results are still considerably higher
than the theoretical results. This cannot be interpreted
as a result of the measurement accuracy ( dimensions of
circles take into account the standard deviations).

Therefore we consider one more reason which may
be responsible for these discrepancies between experi-
mental and theoretical curves, i.¢., the application of the
mean value of the orientation factor k2 when deriving
Egs. (7), (11), and (16). It is usually assumed that k2
= 2/3 [19] for sufficiently fast rotational Brownian mo-
tion of D* and A molecules and [k = 0.476 [34,35]
for a statistical distribution of fixed molecular dipoles.
In solutions of high viscosity every act of excitation en-
ergy transfer proceeds for a fixed mutual distance and
orientation of the interacting molecular dipoles [cf. Eq.
(15)].

Such an exact treatment of the orientation factor
was considered in the Monte Carlo simulation of the
fluorescence quantum yield of system I. The simulation
has been conducted in the similar fashion as presented
in Refs. 17 and 18. To avoid finite-system size effects,
periodic boundary conditions have been imposed. Tak-
ing into account the convergence tests, the number 200
was chosen as an appropriate quantity of donor mole-
cules in one configuration. Simulations have been sam-
pled until the maximum value of the standard deviation
of quantum yield was less than 0.5%. The results of
simulations carried out for the values of m,p and R8yp/
k?, RS/ k? listed in Table II are presented in Fig. 2a
as filled circles.

They clearly exceed the theoretical results but to a
considerably lesser extent than the experimental data.

The calculations of concentrational changes of
emission anisotropy r/r, carried out by Bodunov [36]
using the Monte Carlo method with the exact treatment
of the orientation factor also gave similar results; i.e.,
the values r/r, exceeded those obtained for the mean
value of the orientation factor k% by about 10%.

The results show that replacing the mean value of
orientation factor by its actual value in mp/n,p calcula-
tions reduces the excitation energy migration just as in
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the case when correlations in the process of excitation
energy among donors are considered. As one can see
from Fig. 2a, the orientation factor effect cannot explain
the discrepancies between the theory and the experimen-
tal results.

Finally, let us consider the influence of Na-fluores-
cein dimers on the fluorescence quantum yield mp/mqp
of the studied systems. As the absorption spectra of Na-
fluorescein in glycerol-ethanol solutions were practi-
cally unchanged up to Cp = 10-2 M, the dimerization
constant k was determined on the basis of concentration-
dependent variations of the emission anisotropy and the
quantum yield, according to the method described in
[37]. The obtained value of k = 0.21 M~1 is consistent
with the value of k < 0.6 M~?! estimated for Na-fluo-
rescein in ethanol by Lutz ef al. [16]. The concentration
of dimers C” in the studied systems as well as values of
quantum yield mp/Mm.p (for C4 = 0) are presented in
Table III.

The influence of dimer presence on quantum yield
MNp/Mop 10 systems I and II is considerable. Figure 3
shows the concentrational changes of quantum yield np/
Mop i systems I and II, considering the presence of
dimers. Theoretical curves have been calculated from
Eq. (11) and (16), in which -y, was replaced by y" +
¥", where v’ = /(m/2) (C'/C’,) plays the hitherto role
of reduced donor concentration and ¥" = \/(w/2) (C'/C})
is the reduced concentration of dimers-additional accep-
tors. Ciy= Corms Coo = Conaalp = 3.26 - 10-° M, and
p = 1.42, taken from Bojarski and Dudkiewicz [4].

As Fig. 3 shows, the discrepancies between exper-
imental points and theoretical curves cannot be ascribed
to dimer formation.

The above analysis of the influence of different fac-
tors on the fluorescence quantum yield mp in the high
concentration range leads to the conclusion that the cause
of the discrepancy found between experimental data and
the NEET theory should be attributed to the weak points
of the latter.

Gomez-Jahn et al. [38], who carried out direct mea-

Table III. Dimer Concentrations C” and Values of Fluorescence
Quantum Yield np/Mmoep (for C4 = 0) of Na-Fluorescein in
Glycerol-Ethanol Sclutions

System
I I jite v A%
Cp(10-2 M) 2 1.5 1 0.3 0.005
C"(10-5 M) 8.26 4.67 2.08 0.19 0.002
MNn/Mop 0.890 0.947 0.980 1.00 1.00
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Fig. 3. Concentration changes of fluorescence quantum yield of Na-
fluorescein as in Fig. 2, taking into account the presence of Na-fluo-
rescein dimers; equilibrium constant k = 0.21 M-! at 300 K.

surements of excitation energy transport in concentrated
ethanolic solutions of Na-fluorescein, also arrived at the
similar conclusion. Using the picosecond transient grat-
ing technique, they were able to determine the excitation
diffusion constant from the grating decays as a function
of the reduced concentration. For moderate concentra-
tions, the diffusion constant scales linearly with reduced
concentration £ as theoretically predicted.

However, for higher concentrations they noticed a
significant deviation from linear behavior and slower
concentrational dependence of the energy transport. We
find this effect to be closely connected with ours, be-
cause in both cases hampering of energy migration in
concentrated solutions was observed.

The authors of Ref. 38 maintain that the mentioned
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discrepancy is due to the finite volume effect of the dye
molecules, which was neglected in theoretical models; i.e.,
the interacting molecules were treated as point dipoles.

We have already discussed this problem earlier on
and have shown that the finite volume of D and A mol-
ecules was not the source of error in our experiment.
However, the finite volume of these molecules also de-
notes their finite number, Ny, and N, respectively, in
the sample of volume V. It should be emphasized that
in the Forster theory as well as in NEET theories of other
authors, arriving at analytical expressions for the decay
function ¢p(f) or other observables is done by using the
transition to infinity with volume V" and numbers Ny, and

N .
N,, so that lim =2 = Cp, and lim Na _ C,. In fact,
e V e V

the excited donor interacts with a finite number of donors
and acceptors.

Very recently Borshchagovsky [39] discussed the
mathematical limitations for the applicability of the Fors-
ter decay kinetics, i.c., the case when a single donor
interacts with an infinite number of acceptors. The time-
dependent correction of the Forster kinetics was ob-
tained, and the limiting acceptor concentration above
which this correction should be considered was esti-
mated. The corrected fluorescence decay appeared slower
for a system with a finite number of acceptors compared
to that for a system with an infinite number of acceptors.
One should expect that in donor-acceptor systems with
strong energy migration, the influence of the mentioned
correction on the fluorescence decay ¢p(f) and quantum
yield mp will increase as multiple-step excitation trans-
port to the acceptor is considered.

The discussed discrepancy between experimental data
and theoretical results can be formally explained if one
assumes that in systems of extremely strong migration
such as systems I, II, and III, pairs of monomer mole-
cules may be formed, which do not degrade the excita-
tion energy but only confine it and then cause the
fluorescence emission. This kind of assumption was put
forward in order to explain the mechanism of concen-
trational fluorescence quenching in solutions [40].

Systems of strong migration with a high donor-to-
acceptor concentration ratio are not uncommon. Among
them are organic dye solutions, weakly inclined toward
aggregation, in which monomers play the role of donors
and dimers the role of acceptors as well as natural bio-
logical systems.

Further investigations of the mechanism of excita-
tion energy transport in such systems and the explanation
of discrepancies between theory and experiment would
be useful.
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CONCLUSIONS

In this paper we have presented the results of in-
vestigations of NEET in donor-acceptor systems of very
strong energy migration. We have found a considerable
influence of correlations on the donor quantum yield and
a significant deviation of the experimental points from
the theoretical curves calculated within the framework
of current NEET theories. The observed discrepancies
have been partially explained as the result of applying
the mean value of the orientation factor k* in the NEET
theories. These theories, developed for systems with in-
finite number of donors and acceptors, cannot explain
the luminescent observables of highly concentrated so-
lutions. A satisfactory explanation of the above-men-
tioned discrepancies demands further investigations.
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