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The triplet-state kinetics of several fluorescent dyes used in ultrasensitive fluorescence microscopy are
investigated using total internal reflection fluorescence correlation spectroscopy (TIR-FCS). A theoretical
outline of the correlation analysis and the physical aspects of evanescent excitation and fluorescence emission
at dielectric interfaces are given. From this analysis, the rates of intersystem crossing and triplet decay are
deduced for fluorescein, ATTO 488, rhodamine 110, rhodamine 123, and rhodamine 6G in aqueous buffer
solutions. All investigated dyes show slightly higher triplet rates at the dielectric interface compared to bulk
solution measurements. We attribute this enhancement to possible modifications of the dyes’ photophysical
properties near a dielectric interface. In the case of rhodamine 6G, the impact of changes in the dye
concentration, ionic strength of the solvent, and potassium iodide concentration are also investigated. This
leads to a better understanding of the influences of dye-dye, dye-solvent, and dye-surface interactions on
the increased triplet intersystem crossing and triplet decay rates. The study shows that analysis of triplet-state
kinetics by TIR-FCS not only results in a better understanding of how the photophysical properties of the
dyes are affected by the presence of an interface, but also provides a means for probing the microenvironment
near dielectric interfaces.

Introduction

Fluorescence microscopy nowadays enables us to directly
visualize and track individual biomolecules in their native
environment.1,2 Additionally, new super-resolution techniques
even allow biological systems to be studied at the molecular
scale3 and in real time.4 The exploration of life science by
fluorescence microscopy is however challenging because the
reporter molecule generating the signal often becomes exhausted
before revealing the desired scientific answer. The emission rate
of a single fluorescent dye molecule is in large determined by
the excitation irradiance (i.e., W/cm2) at which saturation of
the excited singlet state is reached, and this in turn depends
on the mean occupancy of the triplet state. Additionally, the
finite photodegradation of fluorescent molecules sets a limit on
the total signal collected from the molecules. For many
fluorescent dyes, the rate of irreversible photodegradation is
known to be proportional to the triplet-state population.5–10 It
is therefore important to keep this population low to decrease
the rate of photodestruction of individual fluorophores.

An often used approach to reduce the triplet-state population
in fluorescence-based single-molecule detection is to decrease
the excitation irradiance.11 While this prolongs the period over
which fluorescent molecules may be observed, the lower signal
makes statistical analysis more difficult and forces longer data
acquisition times or additional repetitions of the experiment to
be performed. A further possibility is to excite the fluorescent
molecules with laser pulses having low enough duty cycle to

allow the fluorophores to relax from the triplet state to the singlet
ground state before the next excitation can occur.12–16 Unfor-
tunately, modulated excitation with low repetition rates generally
leads to increased measurement times. Fast repetitive scanning
of the excitation over the sample could also reduce the
photobleaching as this approach gives enough time for the triplet
state to decay.17,18 Another approach to keep the triplet-state
population low is to add reducing and oxidizing chemical
compounds (so-called triplet quenchers). These compounds
decrease the triplet-state population by quenching the triplet state
itself (or similar metastable dark states) or through reactions
with radicals formed via the triplet state.19–22 It is also possible
to chemically attach to the fluorophore a triplet quencher, which
depopulates the triplet state by means of intramolecular energy
transfer and hence increases photostability.23 To achieve ad-
ditional photochemical stability, oxygen is often removed from
the solution.19,21,24–26 Oxygen is known to react with fluorophores
in the triplet state, thereby producing highly reactive singlet
oxygen, which may induce damage to the fluorophores as well
as to a live cell system.18 However, removal of oxygen alone
leads to severe triplet-state population buildup as oxygen is
involved in quenching the triplet state. This then worsens the
fluorescence signal as fluorescence emission saturates at a lower
rate. To counteract these problems, removal of oxygen and
subsequent addition of triplet quenchers can be used.19,21 Finally,
reverse intersystem crossing (ReISC) pumping, an all optical
approach, also allows depopulating the triplet state.27,28 After
initial excitation of the fluorophore, a second red-shifted
excitation depopulates the lowest triplet state via pumping into
higher triplet states and subsequent crossover into the singlet
manifold. This results in reduced triplet population and enhanced
fluorescence emission. The drawback of the method is that, by
populating the higher triplet and singlet states, increased
photobleaching may occur.7,8
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As the triplet state plays an important role in the saturation
of the fluorescence emission, the finite photodegradation lifetime
of the fluorophore, and the production of highly reactive oxygen
species, it is important to investigate its kinetics under different
experimental conditions. Even though the triplet state is
considered to be a major villain with few redeeming virtues,11

it has actually been possible to take advantage of its properties
in optical microscopy to reach beyond the diffraction limit29–32

or for microenvironmental imaging.33 Fundamental studies of
identifying the existence of the triplet state in fluorophores have
been performed since the 1940s.34–36 In the 1970s, during dye-
laser development, much attention was paid to understanding
the properties of the triplet state and its influence on laser
action.37,38 Moreover, since the 1990s the extended use of
ultrasensitive fluorescence microscopy39–41 has resulted in a large
interest in monitoring triplet-state kinetics. An increased un-
derstanding of the triplet-state properties for different fluoro-
phores in matrixes,42–45 in solution,46–48 at surfaces,49,50 and in
nanowells51 has been achieved. The photokinetics of fluorescent
molecules can be studied either by autocorrelation analysis of
the sequence of fluorescence photons or through statistical
analysis of the on- and off-time periods of the fluorescence
emission. In the latter method a suitable threshold is needed to
define the on- and off-times of the fluorescence emission before
statistical analysis of the photodynamics can be performed. In
the first method, there is no need to define a threshold as the
autocorrelation function is directly accumulated from the me-
asured sequence of photons. Furthermore, for deducing the
triplet dynamics of single fluorophores, correlation analysis has
been shown to be more reliable, especially at low signal-to-
background ratios.50 However, a potential drawback with
correlation analysis is that a correct model of the investigated
system is needed to deduce the triplet-state kinetics.

Correlation analysis of the sequence of fluorescence photons,
dubbed fluorescence correlation spectroscopy (FCS), was in-
troduced in the 1970s.52 Two decades later, this technique
reached single-molecule sensitivity by using confocal micros-
copy with high numerical-aperture objectives and single-photon
counting avalanche photodiodes as detectors.53 This helped to
establish FCS as a commonly and extensively used tool to attack
problems over a wide range of scientific fields.54 Parallel to the
use of confocal microscopy, evanescent excitation for examining
dynamical processes at surfaces with FCS has been established.55

This idea was successfully applied in very early FCS experi-
ments, and in fact, it was the natural way to achieve a small
observation volume before the adaption of confocal microscopy.
By exciting only a very thin section, typically less than 100
nm thick, one elegantly confines the observation volume along
the optical axis. Typically, a reduction factor of 5-10 can be
gained compared to a conventional confocal microscope, which
provides an observation volume that extends about 1 µm along
the optical axis. By the combination of evanescent excitation
and confocal microscopy, even smaller observation volumes can
be generated, allowing analysis of single fluorophores at higher
concentrations.56–58 The theoretical basis of total internal reflec-
tion fluorescence correlation spectroscopy (TIR-FCS) and the
first experimental results were already demonstrated by Th-
ompson et al. in the early 1980s.59,60 Since then, TIR-FCS has
been used to investigate processes at interfaces, such as
reversible adsorption/desorption kinetics of dye molecules61,62

and monodisperse polymers63 to solid surfaces, dye transport
in sol-gel films,64 ligand-receptor kinetics,65 antibody diffusion
near phospholipid bilayers,66,67 DNA-binding,68 kinetics of single
enzymes,69 protein and surfactant interactions,70 and lateral

mobility of proteins in cellular membranes.71 A significant
amount of work has also been devoted to deriving accurate
theoretical models in TIR-FCS.60,65,66,72

In this study we investigate the photokinetics of several
fluorescent dyes at dielectric interfaces using total internal
reflection fluorescence correlation spectroscopy. To our knowl-
edge, this is the first study that rigorously investigates triplet-
state kinetics at interfaces using TIR-FCS. The study starts with
a theoretical outline of correlation analysis and photophysical
aspects of evanescent excitation and fluorescence emission at
dielectric interfaces. From this analysis, the rates of intersystem
crossing and triplet decay are deduced for fluorescein, ATTO
488, rhodamine 110, rhodamine 123, and rhodamine 6G.

Experimental Methods

To deduce the triplet rates at interfaces, we follow the
approach introduced by Widengren et al. for bulk solution
studies using confocal FCS.46,47 Modifications of the theory to
account for the properties of excitation by total internal reflection
and nonisotropic emission from a molecule near a surface have
been introduced accordingly. This is presented in the following
section, together with the correlation analysis approach and the
electronic-state rate equations used to deduce the triplet-state
kinetics.

Evanescent Excitation. The physical aspects of evanescent
excitation using TIR have been described previously.73,74 When
a laser beam propagates through a high refractive index material
(glass, n1 ) 1.52) and encounters a low refractive index material
(water, n2 ) 1.33), usually a portion is reflected and most is
transmitted while being refracted toward the interface. For total
reflection to occur, the sine of the angle of incidence (measured
from the normal of the interface) must exceed the ratio of the
refractive indices of the interfacing media, i.e., θ > sin-1 (n2/
n1) ≈ 61°. At and above this critical angle, the propagating beam
is totally back-reflected from the interface. Within the low index
material there is a nonpropagating evanescent field, which is in
general elliptically polarized. The irradiance that will be
experienced by an absorbing molecule in the evanescent field
decays exponentially with distance z from the surface:

I(z)) I(0) exp(-z/d) (1)

The characteristic decay length at which the irradiance decays
by a factor of 1/e is given by the penetration depth, d ) λ0/
4π(n1

2 sin2 θ - n2
2)-1/2, where λ0 is the excitation wavelength

in a vacuum. However, the level of irradiance that would be
seen by a molecule at the surface, I (0), may be greater than
the irradiance that would be produced by the incident laser beam
in free space, I0. This is evident in the equations that give the
evanescent field irradiance contributions from parallel (P-pol)
and perpendicularly (S-pol) polarized incident light, I0

P and I0
S,

as a function of the angle of incidence:73,74

IP(0)) I0
P (4 cos2 θ)(2 sin2 θ- n2)

n4 cos2 θ+ sin2 θ- n2
(2a)

IS(0)) I0
S 4 cos2 θ

1- n2
(2b)

where n ) n2/n1. Up to a factor of 5 in enhancement of the
excitation intensity is possible using TIR excitation on a glass/
water interface. This enhancement factor can be increased even
further on metal films.73,74 The maximum enhancement is
reached when the beam incident is at the critical angle and the
axial extent of the evanescent field approaches very large values.
Figure 1 shows the resulting levels of irradiance due to the
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evanescent field for different angles of incidence for P- and
S-polarized incident light. The enhancement η for circularly
polarized incident light is given by the mean of the values for
P and S polarization:

η) I(0)
I0

) ((4 cos2 θ)(2 sin2 θ- n2)

n4 cos2 θ+ sin2 θ- n2
+ 4 cos2 θ

1- n2 )/2 (3)

To allow a correct estimate of the triplet rates, this enhancement
in excitation irradiance is incorporated into the following
analysis.

Nonisotropic Emission. It has long been known that
fluorescence emission from dye molecules located near an
interface of two media with different refractive indices (glass/
water) is highly anisotropic.75–77 The discontinuity in the
refractive index produces a significant modification of the
angular dependence of emitted power, which has a maximum
of fluorescence emission in the direction of the critical angle.78,79

Figure 2 shows the emission profile from a randomly oriented
fluorophore located right at the glass/water interface. The
radiation pattern was calculated in Matlab using the simple

input-output formalism introduced by Mertz.80 As can be seen,
much of the emission is directed toward the glass side at an
angle greater than or equal to the critical angle (θc ≈ 61°). This
supercritical emission also results in an increase of the fluo-
rescence emission rate as compared to isotropic emission
generated without an interface.

When deriving an estimate of the detected fluorescence
emission rate in TIR-FCS, not only the characteristic of
evanescent excitation, but also the anisotropic emission and its
optical collected have to be considered. The detected fluores-
cence, F(r,t), depends on the collection efficiency function of
the microscope, CEF(r), the concentration of the fluorophore,
C(r,t), and the emission rate of the fluorophore located at a
position r. The emission rate is proportional to the probability
for the fluorophore to be in the first excited singlet state, S1(r,t),
its fluorescence quantum yield, φf, and the inverse of the
fluorescence lifetime, τf

-1. The fluorescence rate per unit volume
detected from a point r at time t may then be expressed as

F(r, t)) q[CEF(r)]φfτf
-1S1(r, t) NAC(r, t) (4)

where q accounts for the detection quantum yield of the
microscope and NA is Avogadro’s number. Any fluorescence
fluctuations detected from the observation volume are governed
by the two stochastic variables, S1(r,t) and C(r,t), which are
independent and which have fluctuations that occur on different
time scales. Fluctuations will be caused either by variation in
the population statistics of the first excited singlet state due to
singlet-triplet transitions or by diffusion of fluorophores in and
out of the observation volume. Diffusion of nanometer-sized
particles has been shown to slow and becomes nonlinear when
within less than 1 µm of an interface.81 In this work we assume
that the diffusion is ideal so that the variance of the concentration
is equal to the steady-state fluorophore concentration Cj (r).
Furthermore, the time resolution of our experiment only allows
us to observe the steady-state value of the first excited singlet
state, Sj1(r), which is the first term of eq 2A in the Appendix.
This means that any changes seen in the emission probability,
as governed by Sj1(r), instantaneously adapt to changes in the
occupancy of the triplet state.

Additionally, the dependence of the detected fluorescence on
the distance from the surface is taken into account by introducing
the function H(z), the fraction of power emitted by a single
fluorophore at a distance z from the interface into the cone of
light accepted by the microscope objective, relative to the
fraction from a fluorophore without the interface (i.e., relative
to that for z f ∞).82,83 The collection efficiency function in eq
4 is hence calculated according to the following convolution:

CEF(r))H(z)∫S
circ(F′/a) PSF(F′-F, z) dF′ (5)

where PSF denotes the usual point spread function of the
microscope, i.e., the intensity distribution produced in image
space F′ from a single fluorophore located at position r ) (F,z)
in object space. The transmission function of the pinhole is
represented by the circ function, which is unity for arguments
smaller than the projected pinhole size, a, which is defined as
the pinhole size divided by the magnification of the micro-
scope.84

Correlation Analysis. By use of FCS, it is in principle
possible to deduce information about any dynamical process
that manifests itself as a change in fluorescence intensity.54 To
obtain this information, the fluorescence photon counts are
analyzed in terms of an autocorrelation function, G(τ), which
can be defined as G(τ) ) 〈F(t) F(t+τ)〉/〈F〉2 - 1, where the

Figure 1. Normalized enhancement factor of the evanescent field at a
glass (n2 ) 1.33) and water (n1 ) 1.52) interface for P-pol and S-pol
incident light as a function of the angle of incidence (AOI). For
normalization, the incident intensities are set equal to unity (I0

P ) I0
S )

1) in eqs 2a and 2b. Inset: Detected lateral fluorescence intensity
distribution on the iXon EMCCD camera including the 1/e2 pixel values
(24 µm pixel size, total magnification 122 times).

Figure 2. Normalized radiated power displayed as a polar plot
assuming a randomly oriented dipole located at the water/glass interface,
z ) 0. The right half ((90°) shows the highly anisotropic emission
into the glass, with a maximum around the critical angle (θc ≈ (61°),
which can be collected by the high numerical-aperture microscope
objective. The normalization is such that radiated power is scaled to
that of the same dipole in the absence of the interface (which has a
value of 1 on this graph).
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angular brackets denote averaging over time, t. Insertion of eq
4 with Sj1(r,t) determined by the evanescent excitation irradiance
(see the following section), and replacement of the time
averaging with spatial averaging over the observation volume,
generates the following autocorrelation function:83

G(τ)) γ
N{1+ Tj

1- Tj
exp(- τ

τjt
)}

[(1- τ
2τz

)w(i� τ
4τz

)+� 4τ
πτz

](1+ s2 τ
τz

)-1
(6)

In this equation, which describes triplet-state kinetics and free
diffusion within an evanescent excitation field, N is the mean
number of molecules within the observation volume, Tj is the
spatially averaged steady-state probability of the molecules to
be in the triplet state, and τjt denotes the spatially averaged
steady-state triplet relaxation time. The average axial diffusion
time is defined as τz ) h2/4D, where D is the diffusion
coefficient and h is the axial extent of the observation volume,
which is approximately equal to d, the penetration depth of the
evanescent field. The function w is the complex generalization
of the error function defined as w(x) ≡ exp(-x2) erfc(-ix). The
parameter γ describes a geometrical correction factor of the
observation volume, and its value was derived through evalu-
ation of the observation volume by numerical calculations.83

The parameter s ) h/b describes a scaling factor, with b being
the radius of the observation volume in the lateral direction (1/
e2 value). To fit the TIR-FCS data, a multidimensional least-
squares algorithm written in Matlab (Mathworks Inc.) was used
to estimate the unknown parameters of eq 6, N, Tj, τjt, and τz.

Electronic-State Model. The electronic states of fluorescent
dye molecules can, in many cases, be approximated with a
simple three-level system as shown in Figure 9 in the Appendix.
Here, S0 denotes the singlet ground state, S1 is the first excited
singlet state, and T is the first excited triplet state. Transition
rates between the electronic states are given by k01, k10, kISC,
and kT, which denote the excitation rate, the fluorescence rate,
the intersystem crossing rate, and the decay rate of the triplet
state. The applied electronic-state model is highly suitable for
our TIR-FCS investigations, as the irradiances are low to
moderate (i.e., <50 kW/cm2). Only for higher irradiances (>100
kW/cm2), a five-level system is more applicable.7,8,20 Objective-
based TIR excitation generates an irradiance that is ap-
proximately Gaussian in the lateral direction and exponential
in the axial direction:83

I(r)) η 2P

πR2
exp(-2F2/R2) exp(-z/d) (7)

where η is the TIR enhancement factor given above, P is the
incident laser power, and R is the radius of the laser beam at
the interface. Note that R . b, where b is the lateral size of the
observation volume defined by the pinhole, and hence, the
irradiance within the observation volume is effectively constant
in the lateral dimension and hence is given by eq 1 with I(0) )
η2P/πR2.

The probability of occupying the different electronic states
in Figure 9 can be found for different values of I(r) by solving
the coupled first-order differential equations of the three-level
system (see the Appendix for derivation), wherein the simplify-
ing assumption is made that the singlet-triplet transition is much
faster than the diffusion time; i.e., molecules are essentially
immobile at different parts of the beam, with different levels
of illumination and hence different steady-state triplet kinetics.
The steady-state probability at a specific point r is thus given

by the first term in eq 3A in the Appendix. This means that the
mean triplet population, T, and the triplet relaxation time τt,
are given by46,47

T(r))
σI(r)kISC

σI(r)(kISC + kT)+ τf
-1kT

(8a)

τt(r)) (kT +
σI(r)kISC

σI(r)+ τf
-1)-1

(8b)

As the excitation irradiance is known, the intersystem crossing
rate and the triplet relaxation rate in eqs 8a and 8b can be
estimated. However, when deriving a correct estimate of the
triplet parameters at an interface using experimental measure-
ments by TIR-FCS, it is necessary to weight eqs 8a and 8b to
account for the nonuniform detection of the anisotropic fluo-
rescence emission. Hence, to connect the Tj and τjt values
measured by TIR-FCS, with T(r) and τt(r), the latter are actually
weighted by the detected fluorescence intensity squared and
spatially averaged over the observation volume (see ref 47 for
the complete mathematical expressions).

Experimental Setups. The experimental TIR-FCS setup uses
a single-line 491 nm diode laser (Calypso, Cobolt AB), the
power of which is directly remote controlled by a program
written in LabView, and an additional variable neutral density
filter (NDC-25C-4, Thorlabs Inc.). The laser beam is made
circularly polarized by using a λ/4 wave plate (Optosigma). An
achromatic lens with a focal length of 200 mm focuses the 3.5-
fold expanded laser beam at the back-focal plane of an oil
immersion objective (R-Plan-Fluar, 100×, NA 1.45, Carl Zeiss).
The laser beam is reflected into the objective using a dichroic
mirror (F500-Di01, Semrock Inc.). A beam offset of 2.2 mm
from the optical axis results in evanescent field excitation, with
a lateral diameter at the glass/water interface of about 20 µm
(1/e2 value), as measured by an electron- multiplying CCD
camera (iXon DU-860, Andor Technology). About 65% of the
laser power was delivered to the interface as measured by a
power meter (LaserMate, Coherent Inc.). The focusing lens and
the dichroic mirror are moved in one block by a linear translator
with micrometer screws to adjust the lateral position of the laser
beam entering the objective. In this way, the excitation angle
can be adjusted without altering the optical path length between
the focusing lens and the objective.69 During measurements, the
angle is fixed to a value slightly below 64° (estimated as 63.7°).
The emitted fluorescence is collected with the same high-NA
objective and focused with an achromatic tube lens onto the
central fiber cores of two 50 µm multimode fibers (Fibertech,
Berlin, Germany), which are connected to two avalanche
photodiodes (SPCM-AQR-14-FC, Perkin-Elmer Optoelectron-
ics). A 50/50 beamsplitter plate (G344143000, Linos) is used
to split the fluorescence between the detectors. Band-pass filters
(HQ 550/80, Chroma Tech. Corp.) are placed in front of the
fibers to block back-reflected and scattered laser light. The
detector signals are cross-correlated online using an ALV-6000
correlator (ALV Erlangen, Germany) having a 12.5 ns time
resolution.

A spectrofluorometer equipped with a pulsed nanolight-
emitting diode at 495 nm (Fluormax-3 TCSPC, Horiba Jobin
Yvon) is used to measure the fluorescence relaxation rates of
the different fluorophores by time-correlated single-photon
counting.85 A dilute solution of 1% colloidal Ludox beads
(Sigma-Aldrich) is used to measure the instrument response
function (IRF). All measured decay functions are fitted to a
single exponential using the commercial program delivered with
the spectrofluorometer (DAS6). To determine the cross sections
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at 491 nm, a spectrophotometer (Biochrom 4060 UV/vis,
Pharmacia LKB Biochrom, Cambridge, U.K.) is used in
absorbance mode. The measured extinction coefficient, ε, is used
with the Beer-Lambert equation used to calculate the cross
sections, σ ) (3.82 × 10-21)ε.86 A 10 mm precision cuvette
from Hellma (104.002F-OS) is used in all measurements.

Surface Preparation. The surface preparation of cleaned
glass microscope coverslips (no. 1, L ) 25 mm, Hecht-
Assistent, Germany) is done according to the following protocol:
cleaning for 20 min in an ultrasonic bath in a solution of 2%
Hellmanex II (Hellma, Germany) and thereafter thorough rinsing
in ultrapure water from a Barnstead EASY pure purification
system, ultrasonic cleaning for 20 min in an acetone/ethanol
mixture (30%/70% by volume) and thorough rinsing, ultrasonic
cleaning for 20 min in water and rinsing with water and
spectroscopically pure ethanol. The cover glasses are blown dry
with nitrogen and oxygen plasma etched for 2 min in a reactive
ion etcher (PlasmaLab 80 Plus, Oxford Instrument, United
Kingdom). The cleaned cover glasses are then used directly or
stored in ultrapure water. The cover glasses are rinsed with
ultrapure water and blown dry with nitrogen prior to measure-
ment. An elastic Teflon ring with L ) 8 mm is placed on top
of the clean hydrophilic cover glasses to prevent the samples
from spreading into a thin film. This configuration generates a
sample reservoir in the form of a standing droplet, which in
addition prevents fast evaporation.

Fluorophores. Fluorescein, rhodamine 110 (Rh110), and
rhodamine 123 (Rh123) were purchased from Molecular Probes,
and rhodamine 6G perchlorate (Rh6G) and ATTO 488 were
purchased from Atto-Tec GmBH. Stock solutions of the different
dyes are prepared in spectroscopically pure ethanol or dimethyl
sulfoxide (DMSO), and these are diluted in ultrapure water to
nanomolar concentrations prior to measurements. Samples are
mixed prior to pipetting them onto the clean silica surfaces.
The buffers used throughout the TIR-FCS experiments are Tris
(pH 8.2 with 150 mM NaCl) for fluorescein and PBS (pH 7.4)
for all other dyes. Diluted solutions of potassium iodide (100
mM stock solutions prepared in ultrapure water) are used
together with rhodamine 6G. All buffer salts are of analytical
grade. The fluorescence quantum yields of all investigated dyes
are taken from the literature.

Computer Simulations. Computer simulations of how the
concentration of rhodamine 6G molecules in the sample volume
is depleted in the presence of bleaching are done using the
commercial multiphysics finite element analysis software pack-
age from COMSOL. In this software, the dye concentration is
calculated by solving the diffusion equation ∂C(r,t)/∂t )
D∇2C(r,t) - kdC(r,t) with a negative source term, kdC(r,t),
arising from photodegradation. It is further assumed that the
photodegradation rate is proportional to the sum of the steady-
state populations of the triplet state and the first excited singlet
state, i.e., kd ) τf

-1Φb(Sj1(r) + Tj(r)). In the simulations, the
photodestruction yield per excitation cycle is set to Φb ) 2.5
× 106 and the rhodamine 6G diffusion coefficient is set to D )
2.8 × 10-6 cm2 s-1. The steady-state populations, Sj1(r) and Tj(r),
are given as stated before by the first terms of eqs 2A and 3A
in the Appendix. To calculate the electronic-state populations,
the kISC and kT rates are taken for 0 mM potassium iodide
concentration measured with confocal FCS. At the higher 2 and
5 mM concentrations, the measured TIR-FCS rates are used.
All these rates, together with the inverse of the measured
fluorescence lifetimes, are listed in Table 2.

Results

To determine the rate constants for intersystem crossing, kISC,
and the decay of the triplet state, kT, the TIR-FCS autocorrelation
function is collected at different excitation intensities. The data
are numerically fitted with the correlation function given by eq
6 to extract the experimental values of Tj and τjt. By plotting the
experimentally determined Tj and τjt values as a function of
excitation irradiances and simultaneously making nonlinear
least-squares fits to the expressions of eqs 8a and 8b, the
unknown kISC and kT rates are determined. (In the results given
for the triplet-state rate analysis, the excitation irradiance is
divided by the photon energy for the excitation wavelength of
491 nm, and the result is expressed in units of photons µs-1

cm-2.)
Fluorescein. In the upper part of Figure 3 the resulting TIR-

FCS autocorrelation functions for fluorescein measured at three
different excitation intensities are shown. The measurements

TABLE 1: Obtained Values of the Intersystem Crossing
Rates, kISC, and the Triplet Relaxation Rates, kT, for
Fluorescein (in Tris Buffer, pH 8.2, 150 mM NaCl) and
ATTO 488, Rhodamine 110, and Rhodamine 123 (in PBS
Buffer, pH 7.4)

TIR-FCS confocal FCS

kISC (µs-1) kT (µs-1) kISC (µs-1) kT (µs-1)

fluorescein 13.5 ( 1.0 0.66 ( 0.04 11.1 ( 1.0 0.54 ( 0.04
ATTO 488 1.7 ( 0.1 0.32 ( 0.01 1.5 ( 0.1 0.25 ( 0.03
Rh110 1.3 ( 0.1 0.49 ( 0.03 1.0 ( 0.1 0.45 ( 0.04
Rh123 1.2 ( 0.1 0.58 ( 0.04 1.0 ( 0.1 0.53 ( 0.04

Figure 3. Top: Normalized correlation curves of fluorescein in Tris
buffer (pH 8.2 and 150 mM NaCl) at three different laser excitation
powers and the corresponding TIR-FCS fits using eq 6. Bottom:
Measured triplet-state parameters, τjt (filled squares) and Tj (filled circles).
Error bars show estimated errors of (10%. Solid lines show the
weighted and spatially averaged fits of eqs 8a and 8b, which generated
kISC ) 13.5 ( 1.0 µs-1 and kT ) 0.66 ( 0.04 µs-1.
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show contributions from triplet-state kinetics and free diffusion.
To highlight the kinetics of the triplet state, G(τ) has been
normalized to one at short lag times, τ. This makes it clearly
visible that Tj increases and τjt decreases with increasing
excitation intensities, as expected from the electronic-state model
of Figure 9. The resulting curves of the extracted values of Tj
and τjt at all measured excitation intensities are displayed in the
lower part of Figure 3, together with the corresponding global
fits to determine the unknown rates of kISC and kT. The extracted
values for fluorescein are kISC ) 13.5 ( 1.0 µs-1 and kT ) 0.66
( 0.04 µs-1, as estimated by using the fluorescence decay rate,
τf

-1 ) 250 µs-1, and the excitation cross-section, σ ) 3.0 ×
10-16 cm2, as measured with the spectroflourometer and
spectrophotometer.

To be able to compare the intersystem crossing and triplet
decay rates deduced by TIR-FCS, with and without the glass
surfaces, we also performed FCS measurements of the same
sample with a confocal setup, using the original approach
introduced by Widengren et al.47 The analysis of the triplet-
state kinetics using confocal FCS gives kISC ) 11.1 ( 1.0 µs-1

and kT ) 0.54 ( 0.04 µs-1, which are similar to the rates
measured by TIR-FCS (cf. Table 1). The excitation intensity
distribution of the confocal setup is approximated with a
Gaussian-Lorentzian function. Slightly lower rates are gener-
ated if one assumes a uniform excitation intensity distribution.46

ATTO 488, Rhodamine 110, and Rhodamine 123. Figure
4 shows the triplet-state rate analysis of ATTO 488 (top),
rhodamine 110 (middle), and rhodamine 123 (bottom) at all
measured excitation irradiances. The measured TIR-FCS values
of Tj and τjt, together with the global fits to extract kISC and kT,
for all three dyes are shown. The extracted values for ATTO
488 are kISC ) 1.7 ( 0.1 µs-1 and kT ) 0.32 ( 0.01 µs-1,
obtained with the measured values of τf

-1 ) 312.5 µs-1 and σ
) 2.6 × 10-16 cm2. The intersystem crossing rate and triplet
decay rate for rhodamine 110 are kISC ) 1.3 ( 0.1 µs-1 and kT

) 0.49 ( 0.03 µs-1, which are deduced using the measured
values of τf

-1) 244 µs-1 and σ ) 2.5 × 10-16 cm2. Finally, the
rates for rhodamine 123 are kISC ) 1.2 ( 0.1 µs-1 and kT )
0.58 ( 0.04 µs-1, deduced with τf

-1 ) 250 µs-1 and σ ) 2.7
× 10-16 cm2. Table 1 summarizes the deduced TIR-FCS and
confocal FCS triplet rates for ATTO 488, rhodamine 110,
rhodamine 123, and fluorescein. Confocal FCS gave the
following rates: ATTO 488, kISC ) 1.5 ( 0.1 µs-1 and kT )
0.25 ( 0.04 µs-1; rhodamine 110, kISC ) 1.0 ( 0.1 µs-1 and kT

) 0.45 ( 0.04 µs-1; rhodamine 123, kISC ) 1.0 ( 0.1 µs-1 and
kT ) 0.53 ( 0.04 µs-1. The same fluorescence lifetimes and
excitation cross sections as used for TIR-FCS are applied in
the analysis of confocal FCS measurements.

Rhodamine 6G. Figure 5 shows the triplet-state rate analysis
of rhodamine 6G in PBS buffer. The upper graph visualizes
the TIR-FCS-measured τjt and compares this to simulated
confocal FCS values. The confocal bulk solution values are
calculated by applying eqs 8a and 8b with the assumption of a
uniform intensity distribution with the same magnitude as the

evanescent field at z ) 0. The fluorescence decay rate, τf
-1,

and excitation cross section, σ, are assumed to be the same as
for TIR-FCS. Additionally, the measured confocal triplet rates
kISC ) 1.1 ( 0.2 µs-1 and kT ) 0.49 ( 0.05 µs-1 are applied in
the calculation. As can be seen, the triplet decay times of Rh6G
at the silica interface are roughly 1 µs faster than those in
solution. This is a clear indication that Rh6G molecules in the
vicinity of the interface show triplet-state properties different
from those of the same chemical species in bulk solution. The
middle graph compares the same thing for Tj, which shows both
lower and higher amplitudes compared to the simulated confocal
FCS values. The results again indicate an interface-induced
effect which influences the triplet-state kinetics of rhodamine
6G. Evaluation of the TIR-FCS triplet rates is shown in the
lower graph in Figure 5, where the corresponding weighted and
spatially averaged fitting of the data is done. The fits give kISC

TABLE 2: Obtained Values of the Intersystem Crossing
Rates, kISC, and the Triplet Relaxation Rate, kT, for
Rhodamine 6G with and without Potassium Iodide

TIR-FCS confocal FCS46

[KI] (mM)/τf
-1 (µs-1) kISC (µs-1) kT (µs-1) kISC (µs-1) kT (µs-1)

5/284 24.4 ( 1.5 0.71 ( 0.04 28 ( 20% 0.73 ( 10%
2/267 10.8 ( 0.7 0.66 ( 0.03 15 ( 20% 0.61 ( 10%
0.5/257 3.5 ( 0.3 0.72 ( 0.04 5 ( 20% 0.53 ( 10%
0.2/254 1.6 ( 0.1 0.92 ( 0.06 1.6 ( 20% 0.50 ( 10%
0/253 1.6 ( 0.2 1.2 ( 0.1 1.1 ( 20% 0.49 ( 10%

Figure 4. Measured triplet-state parameters, τjt (filled squares) and Tj
(filled circles), and the corresponding weighted and spatially averaged
global fits for ATTO 488 (top), kISC ) 1.7 ( 0.1 µs-1 and kT ) 0.32
( 0.01 µs-1, rhodamine 110 (middle), kISC ) 1.3 ( 0.1 µs-1 and kT )
0.49 ( 0.03 µs-1, and rhodamine 123 (bottom), kISC ) 1.2 ( 0.1 µs-1

and kT ) 0.58 ( 0.04 µs-1. Error bars show estimated errors of (10%.

Fluorescent Dyes at Dielectric Interfaces J. Phys. Chem. A, Vol. 113, No. 19, 2009 5559



) 1.6 ( 0.2 µs-1 and kT ) 1.2 ( 0.1 µs-1, which deviate
significantly from the confocal FCS rates. Such differences are
not seen with the other fluorescent dyes investigated in this work.

To investigate this further, we decided to change the
concentration of the Rh6G sample. Figure 6 shows a comparison
of the TIR-FCS triplet-state rate analysis of τjt and Tj at sample
concentrations of 1 and 50 nM in PBS. As is clearly visible, a
lower concentration generates longer triplet relaxation times and
higher triplet amplitudes. The corresponding weighted and
spatially averaged fits give kISC ) 2.4 ( 0.2 µs-1 and kT )
0.66 ( 0.07 µs-1 for the 1 nM solution. After studying the
impact of the dye concentration, we also changed the ionic
strength of the solvent. Figure 7 shows the measured values of
τjt and Tj for the 1 and 100 mM sodium chloride samples with
a rhodamine 6G concentration of 50 nM. An increase of the
triplet relaxation times and the triplet amplitude is seen for the

lower ionic strength. Evaluation of the 1 mM sodium chloride
samples yields kISC ) 2.1 ( 0.2 µs-1 and kT ) 0.70 ( 0.05
µs-1, whereas the higher ionic strength gives rates similar to
those of Rh6G in PBS (cf. Figure 5). Having studied the
influences of dye-dye and dye-solvent interactions, through
the impact of the dye concentration and ionic strength, we finally
turned our interest to another dye-solvent effect. Potassium
iodide has a strong influence on the triplet-state rate parameters
of Rh6G, as already shown with confocal FCS.14,47 We decided
to study this solvent effect also near glass surfaces using TIR-
FCS. Figure 8 shows the measured τjt and Tj values, including
weighted and spatially averaged global fits of 50 nM Rh6G in
PBS without and with addition of 5 mM potassium iodide. In
the correlation curves, a strong buildup of the triplet-state
population as well as a reduced triplet relaxation time is seen
when potassium iodide is added. The following triplet rates are

Figure 5. Measured triplet-state parameters for rhodamine 6G, τjt (filled
squares) and Tj (filled circles). Error bars show estimated errors of
(10%. The measured TIR-FCS data points in the upper and middle
graphs are compared to simulated confocal FCS values of τjt and Tj,
which are shown as solid lines. The lower graph shows the corre-
sponding weighted and spatially averaged global fits of the TIR-FCS
data, which give kISC ) 1.6 ( 0.2 µs-1 and kT ) 1.2 ( 0.1 µs-1. The
concentration of Rh6G in PBS was 50 nM.

Figure 6. Comparison of measured triplet-state parameters for Rh6G
in PBS at two different concentrations (1 and 50 nM). Error bars show
estimated errors of (10%. The upper graph shows τjt at 1 nM (filled
squares) and 50 nM (filled stars). The middle graph shows Tj at 1 nM
(filled circles) and 50 nM (filled stars). The lower graph shows the
corresponding weighted and spatially averaged global fits of the TIR-
FCS data for Rh6G at 1 nM, kISC ) 2.4 ( 0.2 µs-1 and kT ) 0.66 (
0.07 µs-1, with τjt (filled squares) and Tj (filled circles).
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deduced for the 5 mM solution: kISC ) 24.4 ( 1.5 µs-1 and kT

) 0.71 ( 0.04 µs-1. Table 2 summarizes all measured potassium
iodide concentrations and the deduced TIR-FCS rates. It also
contains the measured fluorescence decay rates, τf

-1, and a
comparison with previously deduced triplet rates in bulk solution
obtained by confocal FCS.

Discussion

An interaction-free interface is an important prerequisite for
studying triplet-state kinetics using TIR-FCS and thereby
learning more about the photophysics of fluorescent dyes near
glass surfaces. No interactions that physically or chemically alter
the properties of the dye under investigation should occur with
the interface. If this is not the case, then either the new surface-

generated properties might be worthy of a study on their own,
or it is necessary to minimize the interaction by altering the
properties and microenvironment of the surface. In this study,
we find that uncleaned cover glasses cannot be used because
they show very strong binding and sticking for all the
investigated dyes. After extensive ultrasonic cleaning and plasma
etching of the cover glasses, binding only at rare spots is
occasionally visible on the CCD and in the correlation curves.
To avoid influences from the so-called hot spots, which have
been shown to be topological variations enhancing binding,87

all TIR-FCS measurements are done on areas lacking such spots.

Figure 7. Comparison of measured triplet-state parameters for Rh6G
in water at two different ionic strengths (1 and 100 mM). Error bars
show estimated errors of (10%. The upper graph shows τjt at 1 mM
(filled squares) and 100 mM (filled stars). The middle graph shows Tj
at 1 mM (filled circles) and 100 mM (filled stars). The lower graph
shows the corresponding weighted and spatially averaged global fits
of the TIR-FCS data for Rh6G at 1 mM ionic strength, kISC ) 2.1 (
0.2 µs-1 and kT ) 0.70 ( 0.05 µs-1, with τjt (filled squares) and Tj
(filled circles). The concentration of Rh6G was 50 nM.

Figure 8. Top: Normalized correlation curves of Rh6G in PBS buffer
without and with addition of 5 mM potassium iodide, KI, and the
corresponding TIR-FCS fits to eq 6 at maximum laser excitation power.
Middle: Resulting curves of measured triplet-state parameters with 5
mM potassium iodide, τjt (filled squares) and Tj(filled circles), and the
corresponding weighted and spatially averaged global fits, kISC ) 24.4
( 1.5 µs-1 and kT ) 0.71 ( 0.04 µs-1. Error bars show estimated
errors of (10%. The concentration of Rh6G was 50 nM. Bottom:
Computer simulations of how the concentration of Rh6G molecules
changes in the axial direction without and with addition of potassium
iodide (2 and 5 mM) at maximum laser excitation power. The inset
shows the axially detected fluorescence profiles in the observation
volume. Note the large fluorescence saturation effects in the vicinity
of the interface with high potassium iodide concentrations.
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The charged homogeneous surface can still show interactions
with negatively and positively charged fluorescent dyes (fluo-
rescein, dianionic; ATTO 488, anionic; rhodamine 110, zwit-
terionic/neutral; rhodamine 123 and rhodamine 6G, cationic).
This can be seen as a decrease or increase in the diffusion time
due to repulsion or attraction with the charged surface.88,89 To
minimize and shield any electrostatic effects, sodium chloride
is added to the dye solutions. A salt concentration of 100-150
mM is used, which generates an effectively neutral surface as
the sodium ions are attracted to, and shield, the unpaired
negative silanol groups at the silica interface. The Debye length,
i.e., the electrostatic field’s decay length (1/e value), is under
these conditions less than 1 nm, but is sufficient to effectively
minimize any electrostatic dye-surface interactions.90 Here we
have considered glass interfaces, but other dielectric materials
(e.g., mica or even fused silica) or chemically modified surfaces
(e.g., silanized) could also have been investigated. However,
this falls outside the scope of this work.

To ensure that all investigations are done under the same
optical conditions, the TIR-FCS setup is calibrated with
fluorescein and rhodamine 123 at fixed power and fixed angle
of incidence, before the triplet-state measurements are con-
ducted. If the calibration were to not deliver the same optimal
diffusion time, counts per molecule, and tripletstate parameters
as previously, the laser beam path would be readjusted (by
realigning the in-coupling mirrors and focusing lens). If a value
for the diffusion coefficient, D, is assumed, the calibration
measurements may also be used to estimate the axial extent of
the observation volume, h, which is approximately equal to the
penetration depth of the evanescent field, d.57,91 Autocorrelation
curves are thereafter analyzed at different excitation irradiances,
and the rates governing the triplet state are determined for all
fluorescent dyes.

To avoid the possibility of influence from the protonation
dynamics of fluorescein, i.e., H2Fl T HFl- (pKa ) 4.4) and
HFl-T Fl2- (pKa ) 6.4),92 which could disturb the correlation
analysis due to overlapping time ranges of fluorescence fluctua-
tions, a Tris buffer with pH 8.2 is used. This ensures that
fluorescein remains in its dianionic form. The resulting TIR-
FCS kISC rate and kT rates for fluorescein shown in Figure 3 are
higher than the reference rates determined by confocal FCS.
The same trend of higher triplet rates at the dielectric surface
is also seen for ATTO 488, rhodamine 110, and rhodamine 123,
all investigated at physiological conditions using PBS buffer
with pH 7.4.

A reason for the higher rates at the surface could be an
underestimate of the axial extent of the excitation, i.e., d. This
is usually not the case due to scattering from surface pits in the
glass slide, which results in additional light in the evanescent
zone, equivalent to a slightly higher value of d.94 Also an
underestimate of the magnitude of the evanescent field would
lead to an overestimation of the rates. To determine the field
magnitude, the angle of incidence is measured with respect to
the critical angle, θc, and thus, the values of the linear translator
holding the focusing lens and dichroic mirror are calibrated to
the angle of incidence (cf. Figure 1). The maximum occurs when
total internal reflection of the laser beam is first seen in the
microscope. We estimate that this calibration procedure gener-
ates at most a 0.2° error in the angle of incidence, which
transforms into a less than 5% error in the field magnitude (i.e.,
η in eq 3). Circular polarization is achieved by adjusting the
λ/4 wave plate so that the laser power after the dichroic mirror
and an additional linear polarizer remains constant as the
polarizer is rotated. The estimate of the lateral extent of the

TIR excitation (i.e., R in eq 7) also contributes to an uncertainty
in the intensity distribution. The lateral extent is deduced from
the detected image of fluorescence from the surface of the glass
coverslip, by fitting it to a Gaussian in the x and y directions
and averaging the two radii (cf. the inset in Figure 1).

In addition, the values used for the excitation intensity
distribution also depend on the saturation properties of the dye.
In confocal FCS, high laser powers often generate distortion of
the emission profile,93 which may lead to underestimation of
the kISC rates.47 Furthermore, a high excitation irradiance opens
up additional relaxation channels, e.g., reverse intersystem
crossing that may lower the kT rates.27,28 The confocal reference
rates might therefore be slightly underestimated. The relatively
low irradiances used in TIR-FCS do not introduce the problems
just mentioned. However, the fluorescence lifetime,τf, used in
calculating the triplet rates should possibly be modified slightly.
The reason for this is that the interface may modify the elec-
tromagnetic decay channels of the fluorophore.95 For a bare
dielectric surface this can lead to a decrease in fluorescence
lifetime by 5-10% compared to that in bulk solution.78 To take
this into account, the determined rates for kISC of fluorescein,
ATTO 488, rhodamine 110, and rhodamine 123 should be
increased about 5-10%. Pulsed laser excitation and TCSPC
analysis would allow measurement of the surface-modified
fluorescence emission rates directly in the TIR-FCS setup.
Enhancement of the kT rates in the vicinity of the dielectric
surface might also be explained by the effect of the changed
electromagnetic mode density at interfaces.50 However, the
decay of the triplet state is highly nonradiative in aerated
solutions at room temperature, meaning that only a very small
radiative fraction is contributing to the shorter triplet relaxation
rates. Literature values for comparison of the triplet-state kinetic
rates at a dielectric interface for fluorescein, ATTO 488,
rhodamine 110, and rhodamine 123 dyes are difficult to find.
Often other dyes are studied, in addition to differences in
theoretical assumptions and experimental conditions.49,50

From the discussion above it is seen that the triplet rates are
similar although slightly higher at a glass surface than in the
bulk solution. This is also true for rhodamine 6G, but the
differences between the rates for TIR-FCS and confocal FCS
are significantly higher. Additionally, the triplet amplitudes and
the triplet relaxation times show a strong dependence on the
dye concentration (cf. Figure 6). For all other studied dyes, no
changes in triplet relaxation times and triplet amplitudes are
seen when the concentrations are changed. The reason for this
behavior is most probably due to the hydrophobicity of
Rh6G,96–98 which introduces interactions with the interface,
which in the end may open up new efficient fluorophore
relaxation channels.96,99–101 In the case of Rh6G, formation of
dye aggregates is often accompanied by a change in the radiative
and radiationless transition probabilities.97 Furthermore, ag-
gregates in the form of adsorbed monomers, dimers, and trimers
have been shown to play an important role in long-range energy-
and electron-transfer mechanisms for freely diffusing Rh6G
molecules.99 The strong spin-orbital coupling induced by
aggregates through spreading in their singlet energy levels can
actually increase intersystem crossing rates.96 Shortening of
triplet relaxation times, via triplet-triplet and triplet-singlet
annihilations, may additionally be enhanced by surface-adsorbed
aggregates.98

The exact nature of the Rh6G surface interactions and the
complex kinetics is beyond the scope of this paper. To be able
to study, for example, the photophysics of free fluorophore and
surface-bound aggregates, one actually needs to modify eq 6.

5562 J. Phys. Chem. A, Vol. 113, No. 19, 2009 Blom et al.



In its simplest form, two triplet-state populations, Tj, and two
triplet decay times, τjt, can be introduced. Due to overlapping
time scales it is not usually possible to resolve two (or more)
photophysical components in the correlation curve. However,
what might be seen though is a combination of the two
relaxation times, or more specifically the decay constant of the
autocorrelation function shows the reciprocal of the sum of the
two rates. Note that if any of these rates is significantly larger
than the other, it will dominate the decay of G(τ). Figure 5
clearly shows that effect when one triplet relaxation process
dominates the correlation function. The very fast τjt values are
assumed to occur due to aggregate-mediated quenching.

The triplet amplitude of G(τ) also contains information about
free and bound species. Here, each contribution is weighted by
the fluorescence brightness squared. Because of uncertainties
in the emission probabilities of the adsorbed dyes, it will
however be difficult to accurately weight the triplet amplitudes.
For example, aggregation studies show the existence of fluo-
rescent and nonfluorescent aggregates of Rh6G. Nonfluorescent
species seem to prevail in polar solvents such as water, whereas
fluorescent aggregates are seen in weakly polar solvents or in
the adsorbed state.97 Furthermore, the acidity and the hydro-
phobicity of the surface also influence the state of aggregation
and the photophysical properties of the adsorbed species.101,102

The actual TIR-FCS measurement shows both lower and higher
triplet amplitude compared to confocal reference values (cf.
Figure 5). This indicates that the correlation model used to fit
the initial data probably needs modifications, which incorporate
additional species and photophysical terms.

To minimize the amount of adsorbed Rh6G molecules, lower
dye concentrations were investigated. Adsorption of rhodamine
6G has been studied extensively with TIR-FCS, and it has been
noticed that a large energy binding term is needed to explain
Rh6G’s aggressive adsorption on glass surfaces.61,62 It has also
been recognized that adsorbed molecules may experience a less
polar and a more hydrophobic microenvironment at a surface.102

The interface-specific behavior of Rh6G might then be under-
stood by looking at its structure, which contains long hydro-
phobic carbon chains attached to the fluorescent aromatic
structure. The long carbon chains will bind strongly to silica
surfaces having hydrophobic environments. This will be fol-
lowed by a possible stacking of the aromatic units, which leads
to an increased probability of generating aggregates that in the
end may influence the triplet parameters. In comparison of low-
and high-concentration Rh6G solutions (1 nM vs 50 nM), larger
τjt and Tj values are shown in the former case, indicating a
decreased influence from surface-adsorbed species. However,
even the low Rh6G concentration generates higher intersystem
crossing and triplet decay rates compared to confocal FCS. The
larger kISC is probably explained by influences from the
remaining aggregates, which through an increased spin-orbital
coupling enhance intersystem crossing.96 The smaller enhance-
ment seen in kT might in part be explained by remaining
aggregate-mediated quenching, but also by the effect of the
changed electromagnetic mode density at the surface.50 This is
in sharp contrast to bulk solution studies where no influences
from aggregation on the triplet parameters are seen below 100
µM.14

Strong aggregation dependence has also been observed in the
case of rhodamine 6G when chloride was acting as the
counteranion.97 The predicted trends of increased τjt and Tj values
due to less aggregation are visible in Figure 7 when the ionic
strength is lowered. This time though, less interacting aggregates
are entangled with a change in the electrostatic potential. The

electrostatic potential attracts positively charged Rh6G dyes
closer and harder to the surface, forcing them to experience
higher excitation intensities for longer times. Because of this
effect, the changes seen in the triplet relaxation times and triplet
amplitudes with changed excitation irradiance are slightly biased.
The largest bias is seen at low intensities in Figure 7 where τjt

increases less and Tj increases more than what would have been
seen without the attraction. Smaller biases occur at high
excitation intensities where attracted molecules may be bleached
effectively.

Furthermore, low salt concentration not only influences
aggregation and electrostatic interactions, but may also affect
the distribution of Rh6G species present at the surface. The
cationic dye form Rh6G+ and the contact ion pair Rh6G+:Cl-

may both be present in solutions containing sodium chloride.
It has been shown that the cationic form is dominant in aqueous
solutions, but that there is a shift toward increased amounts of
ion pairs at interfaces.102 The cationic form and the ion pair
may in addition have shifted emission spectra and different
fluorescence quantum yields.103 Assuming a higher quantum
yield for Rh6G+:Cl- could possibly explain the very small
increase of Tj seen in Figure 7. At lower chloride concentrations
the amount of ion pairs at the interface decreases. This would
result in a decreased fluorescence brightness that lowers the
weighting factor of the triplet amplitude. Our TIR-FCS analysis
alone does not reveal enough details of this complex surface
chemistry of Rh6G.104 Targeting the photophysics of different
Rh6G species and possible aggregates is left for future
investigations.

Another dye-solvent effect that is of interest is the well-
known property of fluorescence quenching by potassium io-
dide.86 The quenching is a result of either stationary or collision-
induced spin-orbital perturbations.105 In the first case a strong
stationary complex may be formed, whereas in the latter case
diffusion-controlled collisions take place.106 Under the influence
of the perturbing action of potassium iodide the triplet-state rate
parameters of Rh6G are greatly changed, as has already been
shown with confocal FCS.14,47 The same effects are shown in
Figure 8 with TIR-FCS by addition of 5 mM iodide, giving
rise to large triplet populations and fast triplet relaxation times,
which transform into increased measured triplet rates. In contrast
to the bulk solution case the extracted kISC and kT rates do not
show a linear dependence over the whole concentration range.
The trend of getting similar rates with TIR-FCS and confocal
FCS decreases as the iodide concentration is lowered. We
attribute this to influences from dye aggregates that enhance
the triplet rates (cf. Figure 5) and to changes in the saturation
and bleaching properties of Rh6G at the surface.

In this study we have generally assumed that all Rh6G
fluorophores are photochemically intact; i.e., no photobleaching
may occur. The saturation and photobleaching properties of the
fluorophore under investigation can differ considerably with
different environmental parameters.19–21 The ratio of the inter-
system crossing rate and the triplet relaxation rate actually gives
an estimate of how prone the dye is to photobleaching. Addition
of potassium iodide greatly increases this ratio, which leads to
increased photodestruction probabilities. Computer simulations
of how the concentration of Rh6G molecules in the sample
volume is depleted in the presence of bleaching are shown in
Figure 8. A strong depletion of molecules within the observation
volume and its surroundings is predicted. In the vicinity of the
surface, high triplet-state buildup of Rh6G due to very high
excitation irradiances is further increased upon addition of
potassium iodide. This inevitably leads to promoted photode-
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struction of fluorophores at the interface, which makes the
overall concentration depletion even larger. The inset in Figure
8 shows the saturation of detected fluorescence in the observa-
tion volume when potassium iodide is added. When all of these
effects are taken into account, there is a resulting reduction in
the relative fluorescence contributions from Rh6G molecules
close to the surface compared to those further away. This leads
to a bias in the correlation analysis toward noninterfacial Rh6G
molecules, which may explain the similar triplet rates seen with
TIR-FCS and confocal FCS at high potassium iodide concentra-
tions (cf. Table 2).

A comparison of the triplet-state kinetic rates of Rh6G with
values reported in the literature is somewhat difficult to make.
As shown previously, the data for Rh6G can vary by more than
an order of magnitude in bulk solution.107 However, our FCS
reference values are well supported in the literature.108 The
determined triplet rates may differ considerably due to differ-
ences in how well the excitation intensity distribution is
approximated. The most common assumption applied is a
homogeneous intensity distribution (uniform profile), which is
assumed valid in confocal FCS when small pinholes or expanded
focal volumes are used.46,49 Even within this approximation
differences do occur, especially concerning choosing the peak
value, I0, of the uniform profile. The choice of a lower effective
peak intensity value, I0/2, may account for the saturation of
fluorescence that occurs at large excitation intensities.27,93

Differences in the solvents also influence the kISC and kT rates
by means of the relatively high environmental sensitivity of the
triplet state.47 Changing the physical surroundings of the
fluorophore, such as embedding it in a polymer or placing it on
a metallic interface, may also change the triplet-state kinetics.42,50

The work by Jerome and co-workers51 is an investigation that
somewhat resembles our triplet-state TIR-FCS studies at
dielectric interfaces. Their study investigates the photokinetics
of rhodamine 6G dissolved in a water-glycerol mixture in
which the dye molecules diffuse in nanometric aluminum
apertures placed on top of a standard microscope coverslip. To
derive the triplet-state kinetic parameters by FCS, the authors
assumed the excitation distribution to be uniform within the
aperture. Compared to solution reference measurements, large
enhancements in the intersystem crossing and triplet relaxation
rates were seen. Our study indicates that similar larger kISC and
kT rates can be observed for Rh6G with TIR-FCS on plain
dielectric surfaces. Another interesting finding is that one may
see deviation resembling our assumed aggregation-induced
effects also in the nanometric apertures, i.e., both higher and
lower Tj values, which generate deviations in fits to deduce the
triplet rates (cf. Figure 5 in this study and Figure 3B in ref 51).

Conclusions

We have studied the triplet-state kinetic rates of several
fluorescent dyes at dielectric interfaces with TIR-FCS. As the
triplet state is responsible for the saturation of the fluorescence
emission and for the finite photodegradation lifetime of the
fluorescent dyes, it is important to investigate its kinetics at
interfaces. This allows a better understanding of the fundamental
photophysical processes and the possibility to find optimized
conditions for ultrasensitive fluorescence microscopy. The
steady-state triplet relaxation time, τjt, and triplet amplitude, Tj,
are determined by applying correlation analysis at different
excitation irradiances. To rigorously deduce the triplet rates,
i.e., the intersystem crossing rate, kISC, and the triplet relaxation
rates, kT, from the triplet relaxation time and triplet amplitude,
the latter are weighted by the detected fluorescence from the

observation volume.47 To derive a correct estimate of the
detected fluorescence from the dielectric interface in TIR-FCS,
the specific properties of evanescent excitation and anisotropic
emission are considered and incorporated into the triplet rate
analysis. For all investigated dyes, slightly higher kISC and kT

rates are seen at the surface compared to solution measurements.
This enhancement we attribute to possible modifications of
photophysical properties occurring at dielectric interfaces.50,78,95

Our results additionally show in the case of rhodamine 6G the
existence of specific interface-induced effects, generating sig-
nificantly higher triplet rates. These effects are probably due to
influences from dye-dye, dye-solvent, and dye-surface
interactions, as indicated through measurements with changes
in dye concentration and ionic strength. This shows that analysis
of triplet-state kinetics by TIR-FCS not only results in a better
understanding of the interfacial photophysical properties of the
dyes, but also provides a means for probing the microenviron-
ment near dielectric interfaces.
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Appendix

Given the three-state model of Figure 9, the occupation
probabilities S0, S1, and T of the corresponding electronic states
of a fluorophore, located at a point r at a time t, can be derived
from the following equation system:47

d
dt(S0(r, t)

S1(r, t)
T(r, t)

)) [-k01(r) k10 kT

k01(r) -(kISC + k10) 0
0 kISC -kT

](S0(r, t)
S1(r, t)
T(r, t)

)
The initial condition where the fluorophore is in its ground
singlet state at t ) 0 can be formulated as

(S0(r, 0)
S1(r, 0)
T(r, 0)

)) (1
0
0

)
This initial condition applies to the situation that follows upon
a fluorescence photon emission at time t ) 0. It also applies to
a fluorophore that has not been subject to excitation for a long
enough time before t ) 0, such that full relaxation from S1, or
from T1, back to S0 has taken place. The decay of the singlet
state by fluorescence or internal conversion is furthermore
assumed to be much faster than either of the processes of
intersystem crossing or decay of the triplet state, i.e., k10 . kISC,
kT. With application of the last assumption and the initial
condition, the following occupation probabilities are deduced
for a fluorescent molecule located at r that is subject to a
stationary excitation irradiance I(r) starting at t ) 0:

S0(r, t))
k10kT

k01(r)(kISC + kT)+ k10kT
eλ1(r)t +

k01(r)

k01(r)+ k10
eλ2(r)t +

k01(r)k10kISC

(k01(r)+ k10)[k01(r)(kISC + kT)+ k10kT]
eλ3(r)t (1A)
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S1(r, t))
k01(r)kT

k01(r)(kISC + kT)+ k10kT
eλ1(r)t -

k01(r)

k01(r)+ k10
eλ2(r)t +

k01
2(r)kISC

(k01(r)+ k10)[k01(r)(kISC + kT)+ k10kT]
eλ3(r)t (2A)

T(r, t))
k01(r)kISC

k01(r)(kISC + kT)+ k10kT
eλ1(r)t -

k01(r)kISC

k01(r)(kISC + kT)+ k10kT
eλ3(r)t (3A)

where k01(r) ) σI(r) and σ is the absorption cross section. The
eigenvalues λ1, λ2, and λ3 in eqs 1A-3A are related to the
relaxation modes of the population kinetics of the three states
and given by

λ1(r)) 0 (4A)

λ2(r))-(k01(r)+ k10) (5A)

λ3(r))-(kT +
k01(r)kISC

k01(r)+ k10
) (6A)

The first eigenvalue, λ1, is zero, indicating that the populations
in the three states will approach a steady state as t f ∞. This
follows from the fact that the three-state model of Figure 9
constitutes a closed system, assuming a constant total probability
of 1 and no photobleaching. The second eigenvalue, λ2, is of
high magnitude and represents the so-called antibunching term.
It is related to the time it takes until the population of the two
singlet states have equilibrated with respect to each other,
following onset of excitation at t ) 0. The magnitude of the
third eigenvalue, λ3, is related to the rate at which the buildup
of the triplet-state population takes place. Its inverse is referred
to as the triplet relaxation time τT.
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