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Excitation energy transport between zwitterion and cationic form of
rhodamine B in glycerol—ethanol mixture is studied. Concentration course
of the quantum yield exhibits a rapid drop at intermediate concentrations,
where no dimers are formed contrary to the results of measurements carried
out for solutions with a trace amount of acid or base in which single ionic
forms are adopted. To describe properly such concentration behavior of the
quantum yield forward and reverse, nonradiative excitation energy trans-
port between the forms is considered. This task is performed by comparing
experimental data with Monte-Carlo simulations.

PACS numbers: 31.15.-p 33.50.—i

1. Introduction

Over past several years rapid progress in the theoretical description of exci-
tation energy transport in two-component systems has been made by taking into
account not only forward, but also reverse energy transfer [1-9]. This effect has
been confirmed experimentally in inodel donor-acceptor systems [9-13] as well
as in monomer-fluorescent dimer systems [14-16]. In those systems it modifies
significantly the concentration courses of luminescent observables, but it is rela-
tively weak as compared to the forward transfer and energy migration. However,
in systems adopting different ionic forms, it seems to be of a much more com-
parable strength, as all the absorption and fluorescence spectra overlap strongly
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and different ionic forms have comparable quantum yields. As such systems play
sometimes an important role in nature, it seems necessary to study the mechanism
of excitation energy transport in them.

The task of this paper is to analyze the effect of energy transport on the
concentration courses of the quantum yield in glycerol-ethanol solutions of rho-
damine B (RB), which adopts normally two ionic forms: a zwitterion and a cationic
one. Previous studies of photophysical properties of RB solutions revealed the fact
that the base—acid equilibrium shifts from the zwitterion to the cationic form with
the increase in concentration and that at very high concentrations the changes in
RB characteristics result from dimerization [17-26]. Since all the absorption and
fluorescence spectra of both molecular forms overlap strongly, it is necessary how-
ever to consider excitation energy transport within and between the sets of both
species terminated by energy trapping at highest concentrations by dimers. These
transport phenomena exhibit generally a strong influence on luminescence char-
acteristics but until now the quantitative explanation of concentration anomalies
observed in such systems [19, 22] has not been undertaken. The task of our paper
is achieved by comparing between the concentration courses of the experimental
quantum yield and those obtained by means of the Monte-Carlo simulation. Since
the fluorescence is emitted by both forms in a similar spectral region a comparison
to recently developed self-consistent diagrammatic theory (SCDM), which assumes
that only donors of energy are excited and only light from their fluorescence char-
acteristics is recorded [6-9], would be complicated. Suitable adaptations to this
theory are in progress and an appropriate study will be reported separately.

2. Monte - Carlo simulation

In a simulation, N donors of concentration CD and M acceptors of concen-
tration CA , are randomly distributed in a three-dimensional cube. The effect of the
finite size of the system is reduced by introducing periodic boundary conditions
(the cube is surrounded by replicas of itself) with minimum image convention
(the molecule interacts with another molecule or with its periodic image). The
concentration course of the quantities of interest is obtained by rescaling criti-
cal radii for energy transfer and keeping the length of the cube edge equal to 1.
The pseudorandom number generator (mixed congruential generator with the pe-
riod of 232 ), which passed several statistical tests was also verified by checking
the simulated statistical clusters concentration against the analytically expected
value. The simulated configurations were sampled until the relative variance of the
luminescent observables attained less than 0.1%.

2.1. Step by step Μοnte-Carlo method

The "step by step" Monte-Carlo simulation method consists in uses of the
random number generator for the cyclic formulation of answers to two questions:
when any of the assumed luminescent processes will take place in the simulated
system, and what kind of process it will be. The simulation algorithm includes the
following steps:
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1° The coordinates of a primarily excited molecule are determined (using
the random number generator). This molecule can be deactivated through the
following processes:

(Ρ1) process 1: D* →D, photon emission or nonradiative energy transition,
with the rate 1/τ0 D;

(Ρ2) process 2: D* + D → D + D*, energy migration (energy transfer to the
molecules of the same kind), with the transfer rate wjiDD;

(Ρ3) process 3: D* + A → D + A*, nonradiative energy transfer from the
excited donor to an acceptor, with the transfer rate wjiDA ;

2° If i-th donor molecule is excited, the values of the following total transfer
rates

have to be calculated. Otherwise, when i-th acceptor is excited, the values of

are calculated.
3° The time, at which any of the investigated processes occur (cp. step 1°),

is calculated by inverting the distribution function of the probability pi(t, Pk)dt
that if at time t the i-th molecule is excited, then the process Pk appears in the
time interval (t, t+dt)

For this purpose the random number r1i is generated and the time at which any
process takes place is obtained by inverting the distribution function of probability
pi(t, Pk),

The same procedure can be applied to the excited acceptor. In ths case all con-
stants cji should be replaced by  ch i .

4° In this step it is determined which process took place at the time ti. By
génerating the next random number, r 2 , such a value of index k can be found for
which the following inequality is satisfied:

If k = 1, then the activated molecule is deactivated by a photon emission or
nonradiative transition and it means that this pass of simulation is finished. If
k = 2 or k = 3, the energy migration or transfer process takes. place, and it is
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necessary to determine currently activated molecule. For this reason, the third
random number, r3 , is generated and the value of index n is found which fulfills
one of the following inequalities:

where n is the number of next activated donor or acceptor molecule. Then, after
inserting the value of n for the index i, the simulation goes to step 2°. The simula-
tion run is finished when after several migration or transfer energy acts the process
with k = 1 occurs in step 4° (photon emission or nonradiative energy transition).
After that a new simulation runs (i.e., for a new donor and acceptor spatial con-
figuration). In the case when an acceptor is excited, the number of subsequently
excited molecule, k, is determined from the following relations:

The relative donor (acceptor) quantum yield is calculated by dividing the number
of simulation runs finished with the donor (acceptor) emission by the number of all
runs. At the highest concentration in the system studied dimers appear. They play
a role of perfect traps for excitation energy and their presence is taken into account
in the simulation in a similar manner as described above with the difference that
they cannot transfer excitation energy back to any monomer. Therefore, if the
excitation was trapped by a dimer, the specific simulation run was finished.

2. Experimental procedures

Analytically pure rhodamine B (Aldrich) was additionally purified by mul-
tiple crystallization. Glycerol and ethanol used were analytically pure and water

free. To minimize the influence of secondary effects on the fluorescent observables
the optical density, D, of each sample was kept lower than 0.1 [27] and at concen-
trations C > 0.04 M it did not exceed 0.2. Three series of systems differing in pH
were prepared (sixteen samples of different dye concentrations in each system).
Different pH was produced by adding a trace of NaOH to system I and HCl to
system II. These two systems play a role of reference in the experiment of interest.
System III, in which pH changes with concentration was prepared without any
additives. .

In particular, the dimerization constants used in the analysis of system III are
calculated based on the measurements performed for systems I and II. Table I lists
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basic parameters of the systems studied. To calculate the dimerization constants of
both forms we have written software based on a modified Förster-Levshin method,
which exploits the concentration changes in absorption spectra and a law of mass
action [28-30]. Similar values as specified in Table I were also obtained from con-
centration quenching experiment performed for systems I and II. The base—acid
equilibrium constant was calculated in a similar manner by analyzing concentra-
tion changes in absorption spectra of system III, after some minor changes in the
program. In the latter case we used a limited concentration range, to avoid the
distortion by dimers (C < 0.01 M).

Absorption spectra were measured using a computerized Carl-Zeiss Specord
M-40 spectrophotometer. Fluorescence spectra and quantum yields were mea-
sured upon frontal excitation and observation using the apparatus described sep-
arately [31] and the results were corrected for the spectral sensitivity of the equip-
ment. The observables were also corrected for the spatial anisotropy distribution
of the polarized fluorescence [32, 33]. Emission anisotropy was measured using a
single-photon-counting apparatus described separately with an accuracy of 0.003
[34, 11]. Measurements were carried out at room temperature.

3. Results and discussion

Figure 1 shows the absorption and fluorescence spectra of both forms for
low concentrations and at room temperature. Strong overlap can be seen between
all pairs of absorption and fluorescence spectra, which means that the energy
transport can take place as a multistep process within and between both forms
in forward (base to acid) and reverse (acid to base) directions. Table II gives the
values of energy transport parameters for the system investigated.

Figure 2 presents the results of a concentration course of the quantum yield
for system III (no additives). It is seen that the quantum yield course exhibits a
significant anomaly at intermediate concentrations, where virtually no dimers are
formed (cp. Table III) and for C ≥ 0.01 M a rapid drop in its values due to the
concentration quenching by dimers is seen. The relative quantum yield drops in
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the intermediate concentrations region rapidly from 1 to 0.65, which corresponds
to the values of absolute quantum yields 0.75 and 0.49, respectively, which are
close to those measured for systems I and II over these concentrations. It is seen
in the figure that the results of Monte-Carlo simulation describe generally well the
character of the quantum yield concentration course (empty squares). The simu-
lated quantum yield exhibits a similar drop at intermediate concentrations, which
confirms the assumed mechanism of this anomaly. At concentrations C ≥ 0.01 M,
where dimers are formed, the values of simulated quantum yield are also close to
those of the experiment and the observed discrepancies at certain concentrations
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are mostly within the experimental accuracy limit (error bars). Table IV gives the
values of critical parameters like overlap integral I, critical distance R0 and critical
concentration C0 for transfer from any kind of monomer to any kind of a dimer.
These parameters were used in Monte-Carlo simulation. Mention should be made
that in the simulation no best fit parameters were used, but it fully relies on the
parameters derived in the experiments and listed in Tables I -IV.

Independently, concentration courses of the quantum yield were also mea-
sured for separate forms (results not shown). As expected, no anomalies were found
at intermediate concentrations and the quantum yield stayed practically constant
up to C 4 x 10 -3 M for system I and up to C 8 x 10 -3 M for system II.
The quantum yield remains constant over intermediate concentrations in systems
I and II which means that energy migrates homogeneously within the set of single
ionic form molecules. At higher concentrations a rapid drop in the quantum yield
in both systems due to the quenching by dimers was found. These regularities also
confirm earlier remarks.

4. Final remarks and conclusions

The results of concentration quenching show that the effect of excitation
energy transport in the system investigated is important and that the course of
the quantum yield can be satisfactorily described by taking this effect into account.
The observed rapid drop of quantum yield at moderate and high concentrations
cannot be explained only by the change in pH. However, the mechanism of energy
transport is in this case so complicated that it is not possible to compare directly
the obtained experimental data with any existing theory. Such a theory should
take into account both forward and reverse excitation energy transport, direct
excitation of both forms and the trapping by dimers. However, it was possible
to reproduce the experimental course of quantum yield by means of Monte-Carlo
method.

Since in the system investigated the base—acid equilibrium constant is much
higher than that for dimerization it is possible to distinguish between both effects
in the concentration scale. Of course, such a relation may not be always fulfilled,
since it strongly depends on solvent, temperature, pressure or the dye investigated.
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In further studies we plan to deal with the explanation of a similar anomaly
observed for mean fluorescence lifetimes [22] and to adopt a self-consistent dia-
grammatic method to the problem herein investigated.
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