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It has been shown that the concentration changes in the quantum yield %
and decay time 7 of fluorescence of rhodamine 6G in methanol can be ex-
plained guantitatively by non-radiative excitation energy tramsport (NET)
from monomers to quenching centres considered as perfect traps. The good
agreement of the experimental data with the theoretical curves for the crit-
ical radii Romm = 55.4A and Romt = 51.8A determined spectroscopically
has been obtained. The excitation energy migration and the concentration
dependence on the orientation factor occurring in the Forster rate for the
NET have been taken into account. The nature of the quenching centres
and the effect of material diffusion of active molecules on 5 and 7 have been
discussed.

PACS numbers: 33.50.-), 78.55.Bg

1. Introduction

Alcohol solutions of rhodamine 6G (Rh6G) are often used as active media in
dye lasers. It is assumed that in concentrated dye solutions, apart from luminescent
molecules (LM), there can exist different types of quenching centres such as dimers,
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oligomers, excimers as well as statistical pairs [1-9]. These centres can absorb the
exciting light or constitute traps for the excitation energy transferred to them from
the excited monomers. :

The investigations of the fluorescence concentration quenching of rhodamine
6G in solutions have been reported in many papers [9-19]. Recently quantum yield
7 and fluorescence decay time 7 measurements of rhodamine 6G in methanol in a
very wide concentration range have been carried out [5, 20, 21]. Also absorption
and fluorescence spectra of monomers and quenching centres have been there in-
vestigated. The observed concentration changes of  and 7 were explained in terms
of non-radiative energy transfer from monomers M to statistical pairs (traps) T,
as well as material diffusion of molecules M and T.

It should be emphasized that the formulae applied in [5] for. the description of
the changes in 7 and 7 as a function of concentration do not result from a compact
theory, having an approximate character since they do not take into account the
excitation energy migration.

In the present paper it will be shown that the experimental results mentioned
above can be described and interpreted within the framework of a coherent statis-
tical theory which takes into account the energy migration (EM), assuming that
quenching centres play the role of perfect traps. In what follows we shall discuss
the nature of the quenching centres and the effect of material diffusion of M and
T molecules upon 7 and 7.

2. Quantitative analysis

Concentration changes in the quantum yield and the decay time of fluo-
rescence conditioned by long-range NET from monomers M to traps T can be
described by the expressions [22-24]:

n=nom(l ~ f)/(1 - af), (1)
rm o LF = (A8 +9)f +af(f +92 — 0.5) — ay?
= rou (T- 7)1 - &) @
where
f=£() =7"yexp(y?) [1 - erf(7)] (3)
and

v =1m/2Y? 4 yp = x1/? [2_1/20M/COMM + CT/COMT] /2,

a =272y /v, (4)
v =1m/2Y% + 71,
™ = (7'/2/2)Cm/Comm,
yr = (7/2/2)Cr/Comr.

nom and Toym denote the quantum yield and the mean decay time of fluorescence
when Crt = 0, whereas Cy, Ct, Comm, Comt denote concentrations and critical
concentrations of monomers M and traps T, respectively.
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Formulae (1) and (2) were obtained assuming the molecules M and T to be
randomly distributed in an inactive and viscous medium. In these formulae, the
correlations between the configurations of the M and T molecules in the vicinity of
successively excited monomers, as well as the EM process in the set of monomers
have been taken into account [25, 26].

In order to compare the experimental values of 7 and 7 with those obtained
from expressions (1) and (2), the values of concentrations Cy and Crp as well
as critical concentrations Comm and Comt of monomers and traps, respectively,
should be known. Let us now consider two cases, when traps are formed by:

(a) ground state dimers and (b) statistical pairs.

Concentrations Cm = £mC and Ct = z1rC/2 = (1 — zm) C/2 have been

determined from expressions:

oM = (\/1 ¥4KC ~ 1) JAKC  in case (a) (5)

and M =exp(—VrNaC) in case (b), (6)

where C' = Cy + 2Ct, K = C1/C% is the dimerization constant, Vr = (4/3)7R3,
Rt — the distance between Rh6G molecules in a pair, No — the Avogadro con-
stant. From the spectroscopic measurements Comm = 2.33 x 102 mol/l was ob-
tained [27]. Critical concentration Comt = 2.87 X 10~3 mol/l was determined from
the monomer fluorescence spectrum and the trap absorption spectrum, taken from
Ref. [21] for the value of orientation factor k2 = 2/3.

When calculating the reduced concentrations v, we have taken into consider-
ation the variation in 2 [see. Eq. (10)], i.e. also the change in the values of Comm
and Comt with C. Figure 1 illustrates the comparison of the experimental values
of n and 7 and taken from Ref. [5] with those obtained from Eqs. (1) and (2). Solid
and dashed curves,  and 7, correspond to cases (a) and (b), respectively. These
curves were plotted for the same values of Comm and Comt. They only differ in
the values of Cy and Crr, determined from (5) and (6). Values of K and R are the
best fit parameters. Although Ct and Cy calculated for pairs and dimers differ
considerably in the range of the highest C (Fig. 2), the solid and dashed curves,
n and T, coincide almost in the whole concentration range. Therefore, the traps
cannot be in this way identified as the ground state dimers or pairs. However,
in contrary to statistical pairs, appearing of dimers has been well experimentally
documented [2, 28] and has clear physical interpretation [29]. It should be noted
that the experimental data are in good accordance with those obtained from (1)
and (2) for critical distances Romm = 55.4 A and Romt = 51.8A, determined
from independent measurements. The value of Romt = 44.5 A, determined in [21]
as the parameter of the best fit differs significantly from the value of RomT given
above. It can be noted that the two experimental points of 7 corresponding to the
highest concentrations deviate distinctly from the theoretical curves (see Fig. 1).
These deviations can be due to the imperfections of the traps (not > 0). Also the
interactions between higher multipoles in the concentration range considered par-
ticipate to some extent in the process of NET. Let us add that the translational
diffusion of molecules M and T in (1) and (2) has totally been neglected. This
problem will be discussed in the next chapter.
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Fig. 1. The dependence of fluorescence decay time 7 and quantum yield n on the
concentration of rhodamine 6G in methanol: o, — experimental data taken from Ref.
[5], curves 7(C), 7(C) have been calculated using (1) and (2), respectively.

Fig. 2. Mole fraction of traps vs. concentration: solid curve — calculated from (5),
dashed curve — calculated from (6).

3. Discussion and final remarks

In the case of systems of low viscosity such as that considered herein, where
the average translation of the luminescent molecules during the lifetime in the
excited state:

To = [ﬁ] e = [2D7'Ol-)]]/2 (7)

is comparable to the critical distance Romx (X =M, T ), one may expect that the
diffusion of LM will enhance the effectiveness of the NET process [30]. In expression
(7), D = Dm+ Dy, where Dy and D are the diffusion coefficients of molecules M
and T, respectively. For rhodamine 6G in methanol at room temperature, Dy =
Dr = 5.97 x 10~ cm?/s [27] and Tom = 3:9ns [5], hence 7y = 30.52 A, while
Romm = 55.4 A and Romr = 51.8 A. Therefore, the effect of diffusion on the course
of n(c) and 7(c) should be expected. However, in the range of high concentrations
CwMm and Cr, the time of localization of the excitation energy at molecule M* [31,
32): .
. , 1 = Tom (7/70M) (1 — @) ' ®)
can be much shorter than rom, and the true distance of diffusion [33):

7= (2Dn)"? = o [(r/rom) (1 - af)}/* = Fo [p(n)]'/? (©)
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can be much shorter than 7o; r, f, a are described by (2), (3) and (4), respectively.
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Fig. 3. Mean lifetime of Rh6G molecules 7; in the excited state vs. dye concentration
calculated using Eq. (8) for the same values of parameters as in Fig. 1.

Fig. 4. Actual diffusion length 7 and orientation factor x? vs. concentration of rhodamine
6G in methanol; curves 7 and &2 had been calculated from (9) and (10), respectively.

Figure 3 shows mean lifetime 71 of Rh6G in methanol as a function of concentra-
tion. Already at C = 2 x 10~2mol/l, 7 reaches a value of a few picoseconds. In
such a case, the corresponding value of ¥ does not exceed 1A (see Fig. 4). One may
therefore conclude that in the range of high concentrations, (C' > 10~2mol/l) the
system of very low viscosity investigated exhibits, for the NET processes consid-
ered, the features of the rigid system in which the translational diffusion of LM
can be neglected.

The increase in C can induce a change in ©7 from 7 >> 7 to 11 << 7,
thus leading to the decrease in x2 from 2/3 (fast rotating dipoles [1]) to 0.476
(statistical distribution of immobile dipoles [34]). The values of k2(y) from this
interval can be calculated using the following formula [31]:

5 — (1) 7r/Tom

H0) = O ey o T o 1
where ¢(7) is defined in (9) and 7, is the rotational relaxation time. For Rh6G
molecules in methanol 7. = 0.11ns [27). Figure 4 shows the concentration changes
in k2 for Rh6G in methanol. Already for C = 2 x 10~2mol/l, k2 is close to a
limiting value of 0.476. The change of the angular factor value leads to the change
in critical concentration.
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Fig. 5. The dependence of fluorescence decay time on trap concentration for rhodamine
6G in methanol: ¢ — experimental points taken from Ref.[5], theoretical curves calcu-
lated from (2); 1 — energy migration (EM), correlations and changes of x2(C) taken
into account; 2 — correlations neglected; 3 — correlations and changes of k2 neglected;
4 — Forster-Galanin curve — correlations, changes of k2 and EM neglected.

Figure 5 shows the fluorescence decay time 7 versus the dimer concentration
C'r. Curve 1 corresponds to the solid curve 7 in Fig. 1. For comparison, the con-
centration changes of 7 were calculated from (2) for the same values of parameters
K, Comm and Comr but for 7 replaced with ¥/ = ym + v and o = ym/7 (curve
2). In this case, the correlations were neglected. Curve 3 corresponds to the case

- when. the correlations, as well as the concentration changes of the orientation fac-
tor were neglected (Comm and Comrt Wwere calculated for £2 = 2/3). Curve 4 is the
Férster-Galanin [35] curve calculated from (2) and (4) for o = 0 (energy migration
also being neglected). That latter curve corresponds to the simplest model of the
fluorescence quenching with NET from M* to T occurring in a single step only
(the model of static quenching).

As is readily seen in Fig. 5, an essential improvement related to this model
has been introduced by the energy migration (c.f. curves 4 and 3). Taking into
account the correlations and the decrease in the orientation factor results in fur-
ther corrections (curves 1 and 2) which, in the case of the system considered are
comparable and small as compared to those resulting from the energy migration.
The dependences analogous to those shown in Fig. 5, can also be observed for the
concentration changes in the quantum yield.

We do hope, that the given above analysis of fluorescence concentration
quenching of rhodamine 6G in methanol can be useful in explaining the fluores-
cence quenching mechanism in other liquid systems in which very strong energy
migration and its trapping takes place.
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