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The effects of high excitation intensities in fluorescence correlation spectroscopy (FCS) in terms
of saturation and triplet-state build-up have been studied for the case of Rh6G in aqueous solution.
It was found that FCS provides a powerful means for the determination of intersystem crossing
and triplet-state depopulation rates of fluorophores in solution.
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INTRODUCTION

In fluorescence correlation spectroscopy (FCS) in-
tensity fluctuations of fluorescent molecules excited by
a laser beam are studied [1,2]. In principle, information
can be obtained about any dynamic process, lying in the
submicrosecond time range and above, that gives rise to
fluctuations in fluorescence intensity. In particular, trans-
port processes (translational and rotational motion),
chemical reactions, and binding interactions can be mon-
itored, but also other parameters can be measured [3].
The introduction of extremely small-volume elements
[4] has increased the sensitivity of FCS by several orders
of magnitude, allowing the detection and analysis of sin-
gle molecules [3,5]. To obtain optimum conditions dur-
ing measurements, it is necessary to apply excitation
intensities upon the fluorescent molecules, leading to
photophysical processes, the effects of which must be
taken into consideration. In this study it is shown that
the main distortions seen on the correlation curves can
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be attributed to a buildup of the populations in the triplet
states of the fluorescent molecules under investigation.
Furthermore, it is shown that it is possible to measure
the rates of intersystem crossing, triplet-state depopula-
tion, and either the excitation cross section or the life-
time of the singlet state by FCS.

EXPERIMENTAL

The fluorescence of rhodamine 6G (Rh6G) mole-
cules in distilled water was studied in air atmosphere.
The experimental setup is shown in Fig. 1. The laser
beam of an argon ion laser emitting at 514 nm is focused
by an epiilluminated microscope into the sample con-
taining the molecules under study. The dimensions of
the laser beam focus and the pinhole diameter in a con-
focal setup define the sample volume from which fluo-
rescent light is collected (Fig. 2). The light is detected
by two-photon counting avalanche diodes (EG&G
SPCM-100) in a beam-splitting arrangement. To elimi-
nate correlations due to the dead time of the diodes (250
ns), the signals of the two detectors have been cross
correlated (ALV Model 5000 correlator). Cutoff filters
(Schott KV550) in front of both diodes were used.
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Fig. 1. Experimental setup for FCS.
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Fig. 3. The electronic states of Rh6G and its transition rate constants.

THEORETICAL BACKGROUND

The electronic states of Rh6G involved in the proc-
esses of fluorescence can be modeled as shown in Fig.
3. S, denotes the ground singlet state, S, is the excited
singlet state, and T is the triplet state. k,,, k,,, k,3, and
k,, are the rate constants for excitation and deexcitation
of the singlet state, intersystem crossing, and deexcita-
tion of the triplet state, respectively.

The population of the three states can be expressed
in terms of the rate constants by solving the following
system of three first-order differential equations:
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Assuming a rhodamine molecule in the laser beam being
subject to a constant intensity starting at time =0, it
follows from the solution of the equations above that the
likelihood of having any of the states populated at time
t=t, can be expressed as

X(t) = 2 A @

where A, and A, are the components of the eigenvectors
and the eigenvalues of the equation matrix above, re-
spectively. The first eigenvalue, \;, will be zero, indi-
cating that the populations in the states will approach a
steady state as ¢ — . The second eigenvalue, \,, will
be of a high magnitude and represents the so-called ‘‘an-
tibunching’’ term. In this treatment it is neglected since
its magnitude will be too high to be measured properly
with the time resolution of our correlator. It will be of
the same order of magnitude as the sum of the inverse
singlet lifetime and the excitation rate. The magnitude
of the third eigenvalue, \,, is roughly related to the rate
at which there is a population buildup in the triplet state.
Assuming that k,, + k,, >> k;; + ky,, A, can be ex-
pressed as

kiok
ki + Ky

The rate of excitation, k,;,, can be considered to be pro-
portional to the intensity, so that \, as well as T, will
show an intensity dependence. When ¢ — ® a steady
state is reached. Normalizing the populations so that
T+S8,+S,=1, the population in the triplet state at steady-
state equilibrium can be expressed as

. koskis
" g O + k) + oy ()

Applying this electron state model to the case in FCS,
the fluctuations in intensity will either be caused by dif-
fusion of the fluorophores in and out of the laser beam
volume or arise as the molecules are entering and leav-
ing the triplet state. The corresponding autocorrelation
function for the fluorescence intensity from the mole-
cules can be written as

A= =k — (3)
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Fig. 4. Experimental and fitted correlation curves for Rh6G at different intensities. The three curves were measured at 0.35, 2.5, and 25 mW
excitation power, respectively, having a beam radius of 0.24 pm. The amplitudes of the correlation functions (1/N) have all been normalized to 1.

Table I. Obtained Values of the Rate Constants for Rh6G*

Excitation cross section (10~!¢ cm?) 13 + 04 (1.7)
(at 514 nm excitation wavelength)

k, (10657 250 = 20 (200)
(measured by pulsed laser and TCSPC)

kyy (106 57Y) 09 + 0.2 (0.4)
ks, (106 s71) 0.5 + 0.1 (0.3)

* Referenced values within parentheses.

Here D is the diffusion constant of the fluorescent mol-
ecules, w, and w, are the distances from the center of
the volume element in the radial and axial direction, re-
spectively, at which the laser intensity has dropped by a
factor of €2, assuming a Gaussian beam profile, and N
is the mean number of fluorescent molecules being in
either of the singlet states inside the volume element.

RESULTS

The intensity fluctuations of Rh6G in water solu-
tions were measured by FCS at different laser intensities.
The correlation curves were fitted to Eq. (5) by a non-
linear least-squares parametrization procedure (Leven-
berg-Marquardt) (Fig. 4). In the fitting procedure the

following parameters were allowed to vary freely: T,
Ay, N, DC, 15, and w,/w,. Ty, is equal to ®,%/4D and DC
will be g(1) as T — ». w, was coupled to w, as a ratio
parameter, w,/w,. For an aqueous solution of Rhé6G with
D = 2.8X1071° m?/s, w, and w, could be obtained from
the fitted values of 7, (50 ps) and w,/w, (5) to be 0.24
and 1.2 um, respectively. This gives a sample volume
element of 0.2 fl. From the fitted values of N (for most
curves somewhat less than one), one could calculate the
concentration to be approximately 5 nM. This was in
agreement with the concentration prepared within pipet-
ting errors. (At higher intensities the correlation function
amplitude was reduced, probably due to saturation
broadening of the fluorescence profile as well as to pho-
todecomposition effects.)

To estimate the rate parameters the fitted values of
the parameters A; and T, were plotted as a function of
the applied laser power (Fig. 5). The obtained curves
were subject to a new curve fitting combining Eq. (3)
and Eq. (4). In the fitting procedure k,, was supposed to
be linear to the power of the laser, i.e., k,,=KXP, where
K, together with k,; and k,;, was allowed to vary freely
and P denotes the applied laser power. The fitted value
of K was translated into the excitation cross section, o,_,
given by k,, = o, X ®, where the excitation intensity
was approximated as ®=P/mw,? and expressed as pho-
tons per square centimeter per second. In the fitting pro-
cedure the sum of the parameters (k,,-+k,,) was fixed to
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Fig. 5. Triplet-state population, T,,, and relaxation rate, A;, as a func-
tion of excitation power. Experimental and fitted values for Rh6G.
Beam radius, 0.24 um.

a value of 2.5X108 s~*, given by time-correlated single-
photon counting measurements.

The rate parameters obtained are given in Table 1.
The values in parentheses are from Ref. 6 (k,,, k,,, and
k,;) and Ref. 7 (o,..). In Ref. 6 flash photolysis was used
and the measurements were made on deaerated aqueous
solutions. To the reported value of k,; has been added
the reported contribution to the triplet deexcitation rate
of oxygen quenching at air equilibrium. In view of the
different experimental techniques and different experi-
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mental conditions, our experimental values agree fairly
well with those reported in Refs. 6 and 7.

CONCLUSIONS

The distortion of FCS curves at high laser intensi-
ties can be attributed to a buildup of the population in
the triplet state. This can be accounted for by the appli-
cation of a three-state electron model. Intersystem
crossing rates, triplet decay rates, and excitation cross
sections at concentrations close to the single-molecule
level can be measured for fluorescent molecules in a
solution. Knowing the rate constants is important to find
the experimental conditions leading to optimum fluores-
cence. This is of importance in single-molecule detection
experiments. Due to the environmental sensitivity
(quencher concentrations, pH, etc.) of the electronic
transition rate constants, measuring them by FCS might
be a handy way of obtaining microenvironmental infor-
mation. A deeper study of triplet-state monitoring at dif-
ferent environmental conditions will follow.
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