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In this work, Fluorescence Correlation Spectroscopy 
(FCS) was used to investigate the effects of potassium io-
dide (KI) on the electronic state population kinetics of a 
range of organic dyes in the visible wavelength range. Apart 
from a heavy atom effect promoting intersystem crossing to 
the triplet states in all dyes, KI was also found to enhance 
the triplet state decay by a charge-coupled deactivation. 
This deactivation was only found for dyes with excitation 
maximum in the blue range, not for those with excitation 
maxima at wavelengths in the green range or longer. Con-
sequently, under excitation conditions sufficient for triplet 
state formation, KI can promote the triplet state build-up of 
one dye and reduce it for another, red-shifted dye. The anti-
correlated, spectrally separable responses of  two dyes to the 
presence of one and the same agent are likely to provide a 
useful readout for biomolecular interaction and micro-en-
vironmental monitoring studies. In contrast to the typical 
notion of KI as a fluorescence quencher, the FCS measure-
ments also revealed that when added in micromolar concen-
trations KI can act as an anti-oxidant, promoting the recov-
ery of photo-oxidized fluorophores. However, in millimolar 
concentrations KI also reduces intact, fluorescently viable 
fluorophores to a considerable extent. In aqueous solutions, 
an optimal concentration of KI of approximately 5 mM can 
be defined at which the fluorescence signal is maximized. 
This concentration is not high enough to allow full triplet 
state quenching. Therefore, as a fluorescence enhancement 
agent, it is primarily the anti-oxidative properties of KI that 
play a role.

InTroduCTIon

Fluorescence-based spectroscopy and imaging has developed 
tremendously in the last years, both in terms of sensitivity, specific-
ity as well as with respect to spatial resolution. The photophysical 
and photochemical properties of the fluorescent markers provide 
both major bottlenecks, but also important prerequisites for this 
development. Photoswitching into transient states of fluorophores 
and fluorescent proteins have proved very useful for protein trans-
port and localization studies in cells1 and not the least to increase 
resolution in fluorescence-based light microscopy2. In addition, pa-
rameters related to the population dynamics of photoinduced, long-
lived, non- or weakly fluorescent transient states of fluorophores, 
generated by trans-cis isomerisation, intersystem crossing, or 
photo-induced charge transfer can provide additional independent 
information in fluorescence-based biomolecular studies3.

At the same time, photochemical and photophysical properties 
of the dyes set the limits for read-out rates and sensitivity, determin-
ing the total number of photons that can be extracted per molecule 

(the photostability), as well as the fluorescence emission rate (the 
brightness). This is particularly evident in single molecule detec-
tion (SMD) or fluorescence correlation spectroscopy (FCS) appli-
cations, where a low fluorescence signal can not be compensated by 
an increased fluorophore concentration.

For fluorescence-based biomolecular studies, different strategies 
have over the years been used to improve the fluorescence emis-
sion rate and decrease photobleaching, including deoxygenation 
and addition of oxygen scavengers, singlet oxygen quenchers, anti-
oxidants, or triplet state quenchers4-8. The basic structures of many 
of the dyes are to a large extent the same as those previously intro-
duced in dye lasers, where also similar strategies to improve the dye 
performance have been investigated and applied (see e.g. 9,10 for an 
overview). However, in a dye laser the conditions are relatively well 
defined. For biomolecular studies, large variations in environmental 
and experimental conditions make it more difficult to define generi-
cally useful strategies. The usefulness of a certain added compound 
depends on what dye it will act on, the concentration of the dye in 
the sample, as well as on a range of environmental factors, includ-
ing viscosity, local concentrations of oxygen, of naturally occurring 
scavengers and quenchers, and the local accessibility to the dye 
molecules. Also the excitation conditions can have a substantial in-
fluence 11-14. High excitation rates, as often used in SMD or FCS ex-
periments, or in other applications where high read-out rates or high 
sensitivities are required, can strongly increase the generation of 
several long-lived, photo-induced states of the dyes, such as triplet 
states, photo-isomerised states, photo-oxidized states or other states 
generated by photo-induced charge transfer 8,12-15. The multitude of 
states generated, and that the effect of the added photo-stabilizers 
and quenchers may lead to the formation of additional intermedi-
ate states increases the complexity and suggests a combination of 
additives to be used. Along this strategy, a combination of oxygen 
removal and addition of both a reducing and an oxidizing agent re-
cently proved to be useful to minimize photobleaching and blinking 
for a range of organic dyes 16. In addition, for several additives there 
is a balance between their deactivation of triplet states and photo-
induced radical states, and their quenching of fluorophores in their 
fluorescently viable states 8. The optimal concentration of an effec-
tive additive can vary considerably depending on the combination 
of fluorophore/additive and the excitation conditions.

Under conditions relevant for biomolecular studies by SMD 
or FCS, the FCS technique itself has proven useful for character-
izing population dynamics of a range of photo-induced states of 
dyes, including triplet states17, photo-isomerized states 18, and states 
generated by photo-induced charge transfer 19, including photo-
oxidation8. In this work, FCS was used to investigate the effect 
of potassium iodide (KI) on a set of organic dyes. Iodide is well 
known to enhance intersystem crossing in organic fluorophores, in 
particular by the so-called heavy atom effect20-22. Previously, it has 
been shown for several dyes that addition of KI lead to a strong en-
hancement of the triplet state population17,18. In this work, we show 
that for many dyes absorbing/emitting in the blue/green range ad-



dition of KI instead leads to a reduction of the triplet state popula-
tion. Apart from a heavy atom effect, triplet state deactivation was 
also found to take place by electron transfer between the dye and 
KI. This electron transfer was found not only to affect the triplet 
state, but also photo-oxidized as well as fluorescently viable dye 
molecules in their singlet states. The transition rates and their KI 
concentration dependence were determined, providing information 
of for which dyes and in what concentrations KI can be added such 
that primarily triplet state dyes and other non-fluorescent states of 
the fluorophores are deactivated, rather than the fluorescently vi-
able forms of the dyes. Based on this information, and when added 
in balanced concentrations, KI can be used as a fluorescence pro-
moter and anti-fading compound. In addition, the fact that KI act 
differently on different dyes and dye states suggest the role of KI 
as a contrast enhancement reagent for biomolecular dynamics and 
interaction studies.

MATErIALS And METHodS

Experimental setup. The experimental setup for the FCS stud-
ies has been described before 12,13,23,24. The fluorophore molecules 
under investigation were illuminated by a multiline argon-ion la-
ser (488nm or 514 nm, Lasos LGK 7812 ML, Jena, Germany), 
a helium-neon laser (594nm, Laser2000 model 30572, Munich, 
Germany) or a multi-line argon-krypton ion laser (568nm or 647 
nm, Melles Griot 643-RYB-A02, Carlsbad, USA), reflected by a 
dichroic mirror (Z488RDC, 525DCLP, Z467/568RPC, 600DCLP), 
and focused by a cover glass corrected water-immersion objective 
(Zeiss, Plan-Neofluar, 63x, 1.2 N.A., 160mm tube length) to a di-
ameter of 0.6 mm. Single excitation wavelengths (488, 514, 568, 
594 or 647 nm) were selected with excitation filters (Z488/10X, 
Z514/10X, Z568/10X, Z647/10X, Chroma Technology Corpora-
tion, Rockingham, USA). The fluorescent light was collected by 
the same objective and detected by two avalanche photodiodes 
(SPCM-AQR-14, Perkin-Elmer Optoelectronics, USA) in a beam 
splitting arrangement (50/50 non-polarizing beam splitter cube 
BS010, Thorlabs, USA), to eliminate afterpulsing and dead-time 
effects as well as uncorrelated noise from the detectors. Typical dif-
fusion times of the fluorophores through the detection volume were 
30-40ms at room temperature (22±1°C). Spectral filtering to remove 
scattered laser light was done by band-pass filters (HQ532/70M, 
HQ565/75M, HQ580/80M, HQ640/115M, HQ675/135M, Chroma 
Technology Corporation, Rockingham, USA), inserted in front of 
the detectors. A pinhole (30µm diameter) was placed in the image 
plane to discriminate the out-of-focus fluorescence. The signals of 
the two detectors were transferred to a PC-based correlator (ALV-
5000 with fast option, Langen, Germany). The fluorophores used in 
this study (Rhodamine 6G (Rh6G), Tetramethyl Rhodamine (TMR) 
and ATTO488, ATTO590, ATTO610 from ATTO-TEC GmbH, Sie-
gen, Germany. Rhodamine Green (RhGr), Rhodamine123 (Rh123), 
Alexa488, Rhodamine Lissamine B (RhLB), Alexa594, Alexa610 
and Alexa633 from Invitrogen Inc., Carlsbad, USA) were dissolved 
from powder into DMSO and were then further diluted to nano-
molar concentrations by adding ultra pure water. Measurements 
with an expanded detection volume were performed with a similar 
instrumentation yielding diffusion times of 1.6 ms for the dye mol-
ecules (focal laser beam diameter 3.2 mm, pinhole 150 mm, objec-
tive: Olympus 60x, NA 1.2, Cobolt Calypso 491 nm diode laser, 
Stockholm, Sweden). The measured correlation curves were fitted 
to the different expressions for the FCS curves as stated below, us-
ing a Levenberg-Marquardt non-linear least squares algorithm.

A time correlated single photon counting (TCSPC) measure-
ments were performed on a spectrofluorimeter with a TCSPC op-
tion (FluoroMax3, Horiba Jobin Yvon, Longjumeau, France). To 

avoid re-absorption and re-emission effects, the fluorophore con-
centrations were kept strictly below 1µM. In the TCSPC measure-
ments the samples were excited by a NanoLED source emitting at 
495 nm with a repetition rate of 1MHz and pulse duration of 1.4 
ns. Typically 10000 photon counts were collected in the maximum 
channel using 2048 channels. The decay parameters were deter-
mined by least squares deconvolution using a mono-exponential 
model, and their quality was judged by the reduced χ2 values and 
the randomness of the weighted residuals.

Theory. In FCS, for a fluorescent molecule diffusing into and 
out of the detection volume, and at the same time undergoing transi-
tions to and from its lowest triplet state, the time dependent part of 
the correlation function can be expressed as17:
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Here, N is the mean number of fluorescent molecules within the 
sample volume element. ω0 and ωz are the distances from the centre 
of the laser beam focus in the radial and axial direction respectively 
at which the collected fluorescence intensity has dropped by a fac-
tor of e2 compared to its peak value. The sample volume element 
is determined by the spatial distribution of the laser excitation and 
the collection efficiency function in the confocal setup. The char-
acteristic diffusion time for the fluorescent molecules is given via 
the diffusion coefficient, D, by τD=ω0

2/4D. Equation (1) assumes the 
collected fluorescence to be Gaussian shaped in the axial as well as 
in the radial direction, but will under our conditions also provide a 
good approximation for the case of a Lorentzian shaped axial pro-
file of the laser beam 23. Teq is the time and space averaged fraction 
of fluorophores within the observation volume element being in 
their triplet states and τT is the relaxation time related to the triplet 
state relaxation. Making the simplifying assumption of a uniform 
excitation profile within the detection volume, the expressions for 
tT and Teq are given by 17 :
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Here, k10 is the deactivation rate of the first excited singlet state, 
S1, to the ground singlet state, S0. kISC denotes the rate of intersys-
tem crossing from S1 to the lowest triplet state, T1. kT is the rate of 
triplet state deactivation to S0, s is the excitation cross section of S0 
to S1, and Iexc signifies the average excitation irradiance within the 
detection volume.

Effects of termination of fluorescence emission of dye mol-
ecules during their passage through the volume element due to 
photo-ionization have been shown to result in an additional factor 
in the correlation function of eq. (1) 8: 
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where R+  is the time- and space-averaged fraction of the fluoro-



phores in the detection volume being in a radical state, and τ
R+  is 

the relaxation time of photo-oxidation/reduction.
Following photo-ionization of a fluorophore its fluorescence can 

be recovered by collisional encounter with an antioxidant and sub-
sequent electron transfer (Figure 1A).Due to the relatively high ir-
radiances that can be used in FCS experiments, excitation to higher 
singlet and triplet states (Sn and Tn states) can occur. From these 
states, photo-oxidation and photo-bleaching is typically strongly 
enhanced 7,11-13. To describe the generation of photo-oxidized states 
in the FCS experiments it is therefore motivated to include higher 
excited states (Sn and Tn) into the electronic state model, as outlined 
in Figure 1B. At low concentrations of an antioxidant, the range 
of the oxidation/reduction relaxation time (~100 µs) is typically 
much slower than the triplet relaxation times (1-2 µs in air-saturated 
conditions). The singlet-triplet transitions are thus equilibrated on 
the timescale of oxidation/reduction, and the two processes could 
then be treated separately. The steady-state populations of the states 
within the model of Figure 1B is given by 13:
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The rates coefficients are defined in figure 1B, with the excita-
tion rates from S0, S1 and T1 given by their corresponding excitation 
cross sections as k01=s01Iexc, kS1n=sS1nIexc and kT1n=sT1nIexc, respec-
tively. Deactivation of the higher singlet and triplet states, Sn and 
Tn, have been reported to occur very rapidly, with rates kSn1 and kTn1 
of the order 5x1012s-1.13 This leads to correspondingly low yields of 
intersystem crossing. Intersystem crossing involving Sn and Tn is 
therefore not included in the model of Figure 1B. From equation (5) 
it can be seen that the Iexc-dependence of S1eq and Sneq only differ by 
a scaling factor from that of T1eq and Tneq, respectively. We therefore 
only consider the joint contribution from both T1eq and S1eq to the 
effective rate of photo-ionization on the one hand, and that of Tneq 
and Sneq on the other. In other words, we assume that the effective 
rate of photo-ionization, kox

´ is proportional to and takes place by 
equal rates, kox1 and kox2, from T1eq/S1eq and Tneq/Sneq, respectively. 
The effective rates of oxidation to R+  and reduction of R+  are 
then given by 
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Here, the effective rate of reduction of R+ , denoted kred´, is as-
sumed to depend on the rate of collisional interactions of R+  with 
an antioxidant (AO) and to be proportional to the antioxidant con-
centration. The relaxation time of photo-oxidation/reduction, τ

R+

, and the probability of finding the fluorophores in the detection 
volume in a photo-oxidized state, R+  can then be expressed as:
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Due to the non-uniform excitation field and the different diffu-
sion trajectories taken by the molecules through the detection vol-
ume, they have experienced different histories of excitation. Under 
our conditions, and by assuming an average photo-oxidation rate, 
kox´ the actual space-dependent magnitude of this rate within the 
excitation volume was shown to best correspond to an overall bi-
molecular reaction with a uniform relaxation rate 1 τ

R+  affecting a 
fraction of the molecules contained in the detection volume13. This 
fraction was introduced as a scaling factor of R+  and varied be-
tween 0,4 and 0,6, depending on the degree of fluorescence satura-
tion in the experiments. 

rESuLTS And dISCuSSIon

A range of fluorophores was investigated with respect to the ef-
fect of KI on the triplet state population dynamics of the fluoro-
phores. For the different dyes, KI was added in concentrations from 
0,5mM up to 50mM, and their triplet state kinetics was studied at 
different excitation irradiances (from 10 to 1000 kW/cm2). From 
this first investigation, it was possible to identify two categories of 
dyes. For the first group of dyes (in order of increasing absorption 
wavelengths: Rh6G, TMR, RhLB, ATTO590, Alexa594, ATTO610, 
Alexa610, Alexa633) a prominent increase of triplet state build-up 
was observed with increasing KI concentrations. This response is 
well in agreement with that previously observed for KI on Rh6G17. 

Figure 1: Major features of the photoionization/reduction process for 
fluorophores in the presence of an antioxidant (AO). A. Simplified 
view, on a time scale at which equilibration between the singlet and 
triplet states has occurred (>> triplet relaxation time, τT). F denotes 
the fluorescent, non-ionized fluorophore, R+ is the photoionized state 
that can be regenerated into F by donation of an electron from AO. B. 
Five-state model taking in account photoionization from both the first 
and the higher excited singlet (S1 and Sn) and triplet states (T1 and 
Tn). kox1 and koxn denote the rate coefficients for photo-oxidation from 
the lower and higher excited singlet/triplet states, respectively. kred is 
the rate of reduction by an antioxidant. k01 and k10 denote the rates of 
excitation from S0 to S1 and relaxation from S1 to S0 respectively. kISC 
and kT are the rates of intersystem crossing from S1 to T1 and triplet 
relaxation from T1 to S1 respectively. kS1n and kSn1 are the rates of 
excitation from S1 to Sn and de-excitation from Sn to S1. kT1n and kTn1 
are the rates of excitation from T1 to Tn and de-excitation from Tn to T1.
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For the second group of fluorophores (in order of increasing absorp-
tion wavelengths: Alexa488, ATTO48, RhGr Rh123) the effect of 
KI was the opposite – with increasing KI concentrations a distinct 
decrease of the triplet state build up was observed. To investigate 
the underlying mechanisms behind the different response to KI, one 
dye from each category of dyes, Rh6G from the first group and 
RhGr from the second group, were investigated more in detail. A 
set of FCS curves recorded at different KI concentrations for these 
two dyes are shown in figure 2. In the figure, the different response 
of the two dyes can be clearly seen, with a significant increase 
of the triplet state population, Teq, for Rh6G and a corresponding 
decrease of Teq for RhGr. For both the dyes the triplet relaxation 
time tT  was observed to significantly decrease with increasing KI 
concentrations. For RhGr, a second exponential relaxation process 
in the time range 5-10 μs could be observed in the FCS curves at 
KI concentrations above 5mM. The amplitude of this process in-
creased with increasing KI concentrations (from 3% at 5 mM of 
KI to 75% at 300 mM of KI at an excitation irradiance of 800 kW/
cm2), while its relaxation time decreased (from 5µs at 5 mM to 1 
µs at 300 mM of KI, at an excitation irradiance of 800 kW/cm2). In 
the FCS curves, the amplitude of this relaxation process was found 
to increase with higher excitation irradiances. At the same time, its 
relaxation time decreased, following an excitation irradiance de-
pendence similar to that of the the triplet state relaxation time. Due 
to the simultaneous shortening of the triplet state relaxation time 
upon addition of KI, as well as at increasing excitation irradiances 
(generally below 300 ns at 5 mM KI and even shorter at higher KI 
concentrations) the two relaxation times in the FCS curves could be 
well separated, and could be analysed and extracted by curve-fitting 
without significant parameter cross-covariance. The observations 
suggest that except for an external heavy atom effect influencing 
the intersystem crossing rate from the singlet to the triplet manifold, 

Figure 2: A. FCS curves of Rh6G measured in aqueous solution with KI added in concentrations between 0 and 2 mM. Excitation irradiance 90 
kW/cm2. Fits and residuals obtained according to Eq. 1. The amplitudes of the triplet relaxation term Teq and the triplet relaxation time τT for the 
different curves were determined to: 0.29/1.4 µs (0 mM), 0.48 / 1.0 µs (0.2 mM), 0.60 / 0.75 µs (0.5 mM), 0.69 / 0.54 µs (1 mM), 0.78 / 0.35 µs (2 
mM). The increase of the characteristic diffusion time τD, from 33 µs (0 mM) to 59 µs (2 mM), is attributed to saturation broadening of the detected 
fluorescence intensity profile in the presence of high triplet state populations in the detection volume. B. FCS curves of RhGr measured in aque-
ous solution with KI added in concentrations between 0 and 50 mM. Excitation irradiance 350 kW/cm2. Fits and residuals obtained according to 
Eq. 1 or Eq. 10: The parameters Teq and τT were determined to: 0.50/1.3 µs (0 mM), 0.43 / 0.80 µs (0.5 mM), 0.35 / 0.37 µs (2 mM), 0.27 / 95 ns 
(10 mM), 0.13 / 0.27 µs (50 mM). At the higher KI concentrations, 10 mM and 50 mM, a second relaxation process could be observed in the FCS 
curves. The amplitude and relaxation time of this process were determined to: 0.03 / 4.9 µs and 0.16 / 4.5 µs, respectively. A minor change of 
τD from 30 µs (0 mM KI) to 33 µs (with KI) can be noted, attributed to a combination of saturation broadening and a decreased photobleaching 
due to a diminished triplet state build-up.
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there is at least for the second group of dyes an additional triplet 
state deactivation mechanism present. The concomitant appearance 
of a second exponential process occurring in the FCS curves of 
RhGr upon addition of KI indicates that the enhanced deactivation 
of the lowest triplet state is accompanied by a probability of transi-
tion to another, more long-lived non-fluorescent state. As a possible 
deactivation mechanism of the triplet state of RhGr in the presence 
of KI charge transfer-coupled reaction could be considered. It con-
curs well with the spectral division between the two groups of dyes. 
In the first group, the absorption maxima of the dyes all lie at 525 
nm and above, while in the second group all the dyes have absorp-
tion maxima below 505 nm. In general, the absorption wavelength 
maximum of a compound corresponds to the energy needed for the 
most probable transition, from the ground singlet state to one of the 
vibronic sublevels of the first excited singlet state. The emission 
spectrum is usually a mirror image of the absorption spectrum10,20,22, 
and the intercept of the absorption and the emission spectra corre-
sponds to the energy difference between the lowest ground singlet 
state and the lowest excited singlet state. From these considerations 
it then follows that for the first group of dyes, the energy of the S0-S1 
transition is about 2.30 eV and below, and for the second group the 
corresponding energy is 2.42 eV or higher. The first excited triplet 
state is lower in energy than the first excited singlet state, and the 
energy difference between S1 and T1 can vary somewhat from one 
dye to another. Nonetheless, this distinct spectral separation of the 
dyes into the two groups indicates that the T1 state of the dyes in 
the second group has a higher energy than what it has in the dyes 
from the first group. The triplet state energies of the dyes in the 
second group would then lie above a threshold level, above which 
deactivation by an electron exchange reaction with KI is possible. 
In contrast, for the dyes in the first group, the energy levels of their 
lowest triplet states are below the threshold level, and no deactiva-



tion by a charge-coupled reaction occurs.
To further investigate the underlying mechanisms of the deac-

tivation of the RhGr triplet states by KI, and what possible addi-
tional effects KI may have on the fluorescence properties of RhGr, 
FCS measurements on RhGr were performed systematically over a 
broad range of KI concentrations (1μM-300mM). For KI concen-
trations in the lower range (1μM-50μM), and with passage times, 
tD, of the RhGr molecules similar to those in the measurements 
shown in figure 2 (~30μs) the collisional frequency between the io-
dide ions, I-, and RhGr can be expected to be too low for collisional 
encounters to regularly occur within the time range of tD. The FCS 
measurements in this lower KI concentration range were therefore 
performed with an enlarged detection volume, yielding RhGr pas-
sage times, tD, of 1.6 ms. With such long passage times, and with 
similar excitation irradiancies as in figure 2, the fluorophore mol-
ecules experience many excitation-emission cycles, which leads to 
an increased probability that they undergo photooxidation. This is 
visible in the correlation curves as a decrease in their overall decay 
times. In accordance with eq 4, an additional relaxation compo-
nent then had to be introduced in order to fit the curves properly. 
With higher excitation intensities the amplitude of this relaxation 
component increased, and its relaxation time decreased. Upon addi-
tion of KI in low concentrations (1-50 µM), no effect on the triplet 
relaxation term was observed in the FCS measurements. However, 
a prominent recovery of the diffusion component was visible, in 
the sense that addition of increasing amounts of KI decreased the 
radical state fraction, R+ , shortenedτ

R+ , and increased the overall 
decay times of the correlation curves (Figure 3). With increasing KI 
concentrations, the additional relaxation term in the FCS curves due 
to photooxidation was gradually diminished, and totally vanished 
at KI concentrations in the range of 20-30 µM. The parameters R+  
andτ

R+ , determined from the FCS curves, and their excitation ir-
radiance and KI concentration dependence could be well fitted to 

the kinetic scheme of figure 1B, and the equations 
This behavior is similar to that found for the well known antioxi-

dants n-propyl gallate (nPG) and ascorbic acid (AA) in a previous 
study 8. Interestingly, KI is not primarily known as an antioxidant 
and antifading compound, as it appears to be for the dyes of the 
second group, but rather the opposite –as a fluorescence quencher. 
However, when dissociated in aqueous solution into potassium and 
iodide ions, it is known to act as a mild reducing agent10. As an 
electron donor, it participates in a bimolecular reaction with the 
fluorophore molecules, which thereby return to the normal state by 
receiving an electron from the iodide ions. The measured param-
eters R+  and τ

R+ were fitted globally to eqs 5-9 according to the 
procedure described in 8. The obtained values of the oxidation and 
reduction rates for each concentration of KI are plotted in figure 
4. While the oxidation rates kox1 and koxn remain close to constant 
and independent of [KI], the reduction rate, kred, shows a linear de-
pendence to [KI], from which slope a bimolecular reduction con-
stant of photooxidized RhGr by KI of kred = 2.6 × 108 M-1s-1 can 
be determined. From figure 4, the oxidation rates kox1 and koxn can 
be estimated as averaged values of 2.1 × 103 s-1 and 5.8 × 108 s-1 
respectively. The determined kox1 and koxn rates for RhGr are well in 
agreement with the corresponding rates previously determined for 
Rh6G8. With regard to the uncertainty of some of the parameters 
used for the determination of these rates, in particular the excita-
tion cross-sections of the higher excited singlet and triplet states as 
well as the lifetimes of these states, the kox1 and koxn rates can only 
be determined within a factor of 2 to 3. The determination of the 
bimolecular reduction rate constant, kQred, is less influenced by the 
accuracy of the parameters related to the excitation driven transi-
tions. The kQred determined here for RhGr and KI is about an order 
of magnitude lower than that obtained for Rhodamine 6G and the 
well known anti-oxidant n-propyl gallate (nPG) (kQred = 2.3 × 109 
M-1s-1) in our previous study8.

When gradually increasing the KI concentration from 0.5 mM 
to 50 mM, it was observed (Figure 5) that the triplet relaxation term 
in the FCS curves was diminished in amplitude and shifted to faster 
relaxation times (tens of nanoseconds), eventually disappearing 
from the time range accessible with our correlator (first time chan-
nel at 12.5 ns). At the same time, at KI concentrations above 10 
mM an additional relaxation process in the time range of several 
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Figure 3: FCS curves of RhGr, measured in aqueous solution us-
ing an expanded detection/excitation volume at KI concentrations 
between 0 and 20 µM. Excitation irradiance 240 kW/cm2. Fits and 
residuals performed according to Eq. 4. Apart from a triplet relax-
ation term with amplitudes / relaxation times of 0.33 / 1.5 µs without 
KI and 0.30 / 1.4 µs with KI present, a second relaxation process is 
observed with amplitudes / relaxation times: 0.42 / 378 µs (0 mM), 
0.30 / 246 µs (2 µM), 0.19 / 159 µs (5 µM), 0.09 / 117 µs (20 µM).

Figure 4: Rate parameters for photo-oxidation from S1 and Sn (kox1, koxn), and 
for reduction from R+  (kred′) versus KI concentration. The rate parameters 
were determined by use of Eqs. 5-8, fitting the experimental parameters R+  
and τ

R+ obtained from FCS curves (Eq. 4), measured at different excitation 
irradiances and at different concentrations of KI in the µM range. Linear 
regression analysis on the kred′ values yields the slope kred = 2.6 × 108 M-1s-1. 
kox1 and koxn show a [KI]-independent behavior with kox1 = 2.1 × 103 s-1 and 
koxn = 5.8 × 108 s-1.
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microseconds could be observed. Similar to the behavior observed 
for other antioxidants (nPG and ascorbic acid, AA) when applied in 
similar concentrations8 this latter process can be attributed to reduc-
tion of non-oxidized fluorophores. In analogy to eq. 4, but exchang-
ing the photo-oxidized radial species R+  with a reduced dye radical 
R− , the correlation curves were analyzed according to:

G G R
RR R 





− −= +
−

−( )









−

−
( ) ( ) exp /τ τ τ τ1

1
(9)

Here, R−  denotes the fraction of fluorophores in the reduced 
radical state, and τ

R−  the relaxation time for the transitions to and 
from this state. A modified kinetic scheme incorporating these tran-
sitions is presented in figure 6.

The effect of KI at higher concentrations was investigated by re-
cording FCS measurements at different excitation irradiancies (10 
kW/cm2 to 1MW/cm2), and with varying KI concentrations (in the 
range from 10 mM to 300 mM) The measurements were performed 
with a diffraction-limited observation volume, with resulting dwell 
times of the dye molecules in the order of 25-35 µs. At these fast 
passage times and in this range of KI concentrations, the fraction 
of photo-oxidized fluorophores, R+ , is relatively low and is almost 
fully recovered by iodide (at 10 mM of KI the reduction rate is 
2.6 × 106 s-1, compared to the oxidation rate kox1 = 2.1 × 103 s-1). 
Consequently, transitions to and from the photo-oxidized state, R+

, can be disregarded in the correlation curves, and only transitions 
to and from the reduced radical state R−  and the triplet dynam-
ics remain to be considered. For these two processes, the triplet 
state population kinetics was found to take place on a very fast time 
scales (below 300 ns for 5 mM of KI and below 50 ns for 30 mM of 
KI), which is much shorter than that for the transitions to and from 
R−  (~5 µs). Due to this separation in the relaxation times, these 

processes can be treated independently. Consequently, to extract 
the kinetic rates related to singlet-triplet transitions in the presence 
of KI, only the states S0, S1 and T1 from figure 3A were consid-
ered and equations 2 and 3 were used to extract the corresponding 
transitions rates from the measured triplet state amplitudes, Teq, and 
relaxation times, tT. From TCSPC measurements it was found that 
KI also promotes internal conversion from S1 to S0, with an overall 
quenching rate of S1 by KI of 6.7 × 109 M-1s-1. The KI concentra-
tion dependence of the rate parameter k10 was also included in the 
triplet state kinetic analysis. The rates for KI-induced reduction of 
S1 and T1 were derived following a similar approach as was used 
for the analysis of the KI-induced reduction of the photo-oxidized 
species, R+ . Due to the much faster time scale of the measured 
triplet state kinetics, equilibrium between the states S0, S1 and T1 can 
be considered to have occurred on the time scale of the transitions 
to and from R−  (see figure 5). Moreover, there is no evidence that 
the photo-reduction quantum yield of the Sn and Tn states would be 
high enough to induce a non-linear increase of R−  with increasing 
excitation irradiances, as observed for R+ . Given the short life-
times of Sn and Tn, and the resulting low population probabilities 
of these states, we consider only the contribution from both T1 and 
S1 to the effective rate of R−  formation. Since the excitation irradi-
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Figure 5: FCS curves of RhGr measured in aqueous solution with KI 
in concentrations between 0 and 50 mM. Excitation irradiance 600 
kW/cm2. Fits and residuals obtained according to Eqs. 9-11. Deter-
mined Teq and τT values of the curves: 0.53/1.1 µs (0 mM), 0.42 / 
0.50 µs (1 mM), 0.31 / 85 ns (5 mM), 0.20 / 21 ns (50 mM). At KI 
concentrations in the range between 5 mM and 50 mM, a second 
relaxation process is observed in the FCS curves. Their amplitudes  
( R− ) and relaxation times (τ

R− ) were determined to: 0.03 / 4.5 µs 
and 0.19 / 4.2 µs, respectively. The diffusion time τD is slightly in-
creased, from 26 µs to 35 µs in the presence of KI.
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Figure 6: Kinetic scheme of photoinduced processes in RhGr, in presence of KI at mM concentrations. The influence of KI on the intersystem 
crossing rate is denoted by the rate kQISC[KI] (dashed line). The triplet quenching effect of KI is denoted by the rate kQT[KI] (dashed line). Com-
pared to the scheme of figure 1B, reduction of intact viable fluorophores by iodide into the state R−  is included, together with the formation rate 
kred*, and the KI-independent deactivation rate of this state represented by kox*.



ance dependencies of the populations of T1 and S1 only differ by a 
scaling factor, a joint effective reduction rate from these two states 
can be formulated:

k k T k
k

KIred red eq
T

ISC
* *′ = × +









× 1 (10)

The corresponding amplitudes and relaxation times obtained by 
fitting the correlation curves to Eq. 9 are then given by:

R k k kred ox red
− = ′ + ′( )* * */

τ
R ox redk k− = + ′( )1 / * *

(11)

From the excitation irradiance dependence of Teq, tT, R
−  and 

τ
R−  the rate parameters for the singlet-triplet transitions, as well 

as for the transitions to and from R−  could be determined for dif-
ferent KI concentrations by using eqs. 2, 3, 10 and 11. The results 
of the analysis are presented in figure 7. With increasing KI con-
centrations, the overall deactivation rate of S1 (k10+kred*+kISC, or the 
inverse of fluorescence lifetime), the intersystem crossing rate kISC 
and the triplet deactivation rate kT were all found to increase lin-
early with the KI concentration. Also for the reduction rate kred* a 
linear increase with increasing KI concentrations was observed for 
KI concentrations up to 100 mM. Above that concentration howev-
er, the kred* rate starts to deviate from linearity into a more strongly 
increasing mode. The reasons for this deviation are not fully clear. 
The rate of oxidation of KI-induced anions, kox*, was found to be 
independent of the KI concentration.

From the investigations of the effects of KI on RhGr, we ob-
serve that solubilized I- not only promotes intersystem crossing to 
the triplet state by an external “heavy atom” effect (i.e. an increase 
of the intersystem crossing rate due to an increased spin-orbital 
coupling in the presence of an atom with high atomic number and 

magnetic moment), but can also deactivate the T1 state, as well as 
the excited singlet states by a charge transfer reaction. In order to 
demonstrate and more specifically investigate the isolated “heavy 
atom” effect for the second group of (Rhodamine Green - like) fluo-
rophores, measurements with Iodobenzene (IB) were performed in 
ethanol. In the measurements the IB concentration was varied from 
0 mM up to 100 mM. For each IB concentration, the triplet state 
parameters tT and Teq were extracted from the measured FCS curves 
(eq. 1), and from their excitation irradiance dependence the rates 
kISC and kT were determined using eqs. 2 and 3 (with k10 fixed to 
250 × 109 s-1, s set to 5 × 10-16 cm2). A set of FCS curves, recorded 
at different IB concentrations are shown in figure 8, together with 
the determined kT and kISC rates (inset). In contrast to KI, IB is not 
ionic. When IB is solubilised into ethanol Iodine is therefore not 
present as an ion, but rather in a coupled form. This excludes charge 
transfer reactions and dyes present in the solution are only expected 
to be influenced by a pure external heavy atom effect. Indeed, as 
can be seen from the FCS curves of figure 8, there is no indication 
of a second relaxation process attributed to R−  formation. Rather, 
there is a clear increase of the triplet state fraction with increas-
ing IB concentrations. The intersystem crossing rate was found to 
increase linearly with the IB concentration, while the triplet relax-
ation rate was almost constant (inset of figure 8). From the slope of 
the kISC versus the IB concentration a bimolecular rate constant of 
kQISC= 1.8 × 107 M-1s-1 could be determined. A similar effect as for 
IB in ethanol could also be observed for 2-Iodoethanol in water, 
yielding a kQISC of 2 × 108 M-1s-1. This bimolecular rate is more than 
an order of magnitude lower than that observed for KI and Rh6G 
in aqueous solution. In contrast to 2-Iodoethanol and RhGr, I- and 
Rh6G are oppositely charged. This, together with the larger size of 
2-Iodoethanol, can contribute to the lower rate constant observed 
for 2-Iodoethanol and RhGr.

Given the different effects of KI on the transition rates between 
the electronic states of RhGr, which can influence the fluorescence 
yield in different and opposing directions, we investigated the ef-
fects of Iodide on the fluorescence countrate per molecule (CPM) 
of RhGr by adding KI at different concentrations. The outcome 
is shown in figure 9. It can be seen that for KI concentrations up 
to 5 mM there is significant (more than 2 times) increase in the 
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Figure 7: A. Dependence of the fluorescence deactivation rate (the inverse of the fluorescence lifetime) on the KI concentration, as extracted from 
TCSPC measurements. The dashed line represents a linear fit, yielding a quenching rate of kQ10 = 6.7 × 109 M-1s-1. B. The [KI] dependence of kISC 
and kT, as obtained from the FCS parameters Teq and τT (Eqs. 2 and 3), measured at different excitation irradiances (10 kW/cm2 – 800 kW/ cm2). 
Lines represent linear regression fits yielding the quenching rates kQISC = 0.6 × 109 M-1s-1 and kQT = 0.7 × 109 M-1s-1. At 0mM KI, kISC = 1.0 × 106 s-1 
and kT = 0.4 × 106 s-1. C. Rate parameters of iodide-induced reduction of fluorophores into R−  (kred*′ ,Eq. 10) and iodide-independent oxidation 
of R− (kox*). kred*′ and kox* were obtained from the experimental parameters R−  and τ

R− by use of Eqs. 10 and 11. The parameters R−  and τ
R−  

were extracted from FCS curves, recorded at different excitation intensities at each of the indicated KI concentrations in the mM range, and fitted 
to Eq. 9. Lines show the outcome of linear regression analyses, yielding the slope kred* = 2.0 × 106 M-1s-1 and kox* = 1.8× 105 s-1. For kred* and at KI 
concentrations higher than 30 mM, a clear deviation from a linear dependence can be observed.
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Figure 8: FCS curves of RhGr, measured in ethanol with 2-Iodo-
benzene (IB) in concentrations between 0 and 100 mM. Excitation 
irradiance 1 MW/cm2. Fits and residuals obtained according to Eq. 
1. Obtained values for the amplitude of triplet relaxation term Teq and 
the triplet relaxation time τT: 0.25/401 ns (0 mM), 0.30 / 356 ns (20 
mM), 0.36 / 306 ns (50 mM), 0.45 / 245 ns (100 mM). Diffusion time 
determined to τD = 53 µs. Inset: IB Dependence of kISC and kT on 
the concentration of IB, extracted from the excitation irradiance de-
pendence (Eqs. 2 and 3) of the FCS parameters Teq and τT (Eq. 1), 
measured at different excitation irradiances (50 kW/cm2 – 1500 kW/
cm2). Lines represent linear regression fits yielding the quenching 
rate kQISC = 1.8 × 107 M-1s-1. kT was found to be close to IB concentra-
tion independent, with kT=1.8 × 106 s-1.

0

50

100

150

200

250

300

350

C
ou

nt
s 

pe
r m

ol
ec

ul
e 

/ k
H

z

Excitation irradiance / kWcm-2

 0 mM
 0.5 mM
 1 mM
 2 mM
 5 mM
 10 mM
 30 mM
 50 mM
 60 mM
 80 mM
 100 mM
 150 mM
 200 mM
 300 mM

[KI]

0 200 400 600 800

Figure 9: Counts per molecule (CPM) of RhGr without and with KI 
added at concentrations 0.5 mM – 300 mM, as measured by FCS 
versus excitation irradiances. Measurements were performed with 
small excitation volume with a focal beam waist diameter of 0.6 µm. 
The CPM increases significantly (up to a factor of two) with increas-
ing [KI] up to 5 mM. At concentrations above 5 mM, effects of fluo-
rescence quenching and KI-induced oxidation is dominating and a 
decrease in CPM can be noted.

maximum CPM. At higher KI concentrations however, the CPM 
is decreasing due to a more pronounced KI-induced oxidation of 
intact fluorophores. This observation is in complete analogy with 
previous studies of the effects of mercaptoethylamine (MEA) 8. As 
previously found for MEA the optimum concentration of KI is con-
siderably lower than that required for a full triplet quenching (figure 
5). It is rather the balance between the antioxidative properties of 
KI and its strength of triplet state quenching which defines the con-
centration at which a maximum CPM can be reached.

A similar, double-sided effect of both triplet state quenching and 
induction, as observed for KI on the dyes in the second category, 
can also be found for other compounds. Similar to molecular oxy-
gen, transitions to and from the triplet state of fluorophores can also 
be enhanced by other paramagnetic species. Figures 10A-C show 
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Figure 10: A. FCS curves of RhGr measured in aqueous solution with and without TEMPO added (concentration 10 mM). Excitation irradiance 
450 kW/cm2. Fits and residuals by use to Eq. 1 and Eq. 9. Parameter values obtained for Teq and τT: 0.48/1.4 µs (0 mM) and 0.07 / 0.12 µs (10 
mM). With addition of TEMPO, a second relaxation process appeared in FCS curve, with the amplitude ( R− ) and relaxation time (τ

R− ) deter-
mined to 0.23 and 1.7 µs, respectively. B. Corresponding experimental FCS curves, fitted curves and residuals for Rh6G measured in aqueous 
solution with and without TEMPO added (concentration 10 mM). Excitation irradiance 450 kW/cm2. Teq / τT values of the curves: 0.37 / 1.2 µs 
(0 mM) and 0.22 / 0.24 µs (10 mM). In the presence of TEMPO, R−  and τ

R−  were determined to 0.27 and 5.3 µs, respectively. C. Corresponding 
experimental FCS curves, fitted curves and residuals for LRB measured in aqueous solution with and without TEMPO added (concentration 10 
mM). Excitation irradiance 450 kW/cm2. Teq / τT values of the curves: 0.32 / 1.7 µs (0 mM) and 0.57 / 0.10 µs (10 mM). For LRB, a single relaxation 
term in the FCS expression (Eq. 1) is fully sufficient to yield good fits of the experimental FCS curves. Without TEMPO added, kISC = 0.6 × 106 s-1 
and kT = 0.4 × 106 s-1. With 10 mM TEMPO, kISC = 22.6 × 106 s-1 and kT = 5.1 × 106 s-1.



FCS curves, monitoring the triplet state population dynamics of the 
dyes RhGr, Rh6G and LRB in the presence of TEMPO choline. 
TEMPO choline is a widely used label compound in electron spin 
resonance spectroscopy. For certain fluorophores, such as LRB (fig-
ure 10C), ATTO590 and Alexa594, with excitation maxima above 
560 nm, a significant increase of the triplet fraction can be seen in 
the FCS measurements, in parallel with a decrease of the triplet 
state relaxation time. From the excitation irradiance dependence of 
tT and T, as obtained from the FCS curves (eq. 1), and from global 
fits of the correlation curves (equations 2 and 3), it can be seen 
that both the intersystem crossing and the triplet relaxation rates 
increase with increasing TEMPO concentrations. Since the relative 
increase of kISC upon addition of TEMPO yields is about 3 times 
higher than the corresponding relative increase of kT, the overall 
effect of adding TEMPO is a triplet state build-up. For the other 
group of fluorophores however, with excitation maxima below 560 
nm, like TMR, Rh6G (figure 9B), and Rhodamine Green (figure 
9C), an opposite effect on the triplet state build-up can be noticed. 
This is well in analogy to the observed difference in the response 
to KI, and its clear correlation to the spectral properties of the in-
vestigated dyes. It therefore seems that TEMPO also can influence 
the triplet states of the dyes by a similar charge-coupled enhance-
ment of kT. When active, this leads to a reduction of the triplet state 
population. On the other hand, the presence of TEMPO also seems 
to lead to a concomitant build up of the reduced form of the fluoro-
phore, in a similar manner as observed for KI. 

ConCLuSIonS

The present investigation demonstrates that addition of KI into 
a dye sample can induce a manifold of effects on the population 
kinetics of the long-lived, photo-induced states of the dyes. Apart 
from a heavy atom effect promoting in particular the rate of inter-
system crossing to the triplet state, also the triplet state deactivation 
can be enhanced by a charge-coupled quenching mechanism, if the 
energy levels of the dye triplet states are high enough. At the same 
time, if the triplet state energy levels are sufficient for charge-cou-
pled deactivation by KI, also a KI-mediated reduction of the same 
dyes seems to be favored. KI is also found to act as an electron do-
nor following photo-oxidation of these dyes, then bringing the dyes 
back to a fluorescently viable form. Given its triplet state quench-
ing and anti-oxidative properties, KI in fact qualifies as an anti-
fading and fluorescence enhancement compound. These beneficial 
properties of KI have not been brought to attention before, and are 
somewhat in contrast to the typical view of KI as a fluorescence 
quencher. One possible reason for this is that the degree of build-up 
of photo-induced, long-lived transient states is considerably lower 
under the typically much lower excitation irradiances used in con-
ventional, ensemble fluorescence measurements. Moreover, in fluo-
rescence lifetime and intensity measurements, the relative quench-
ing effects of these parameters are considerably smaller25 than those 
observable in FCS-based, transient state parameters at similar KI 
concentrations. As previously proposed3, the population kinetics 
of long-lived photo-induced states of dyes can provide additional, 
highly environment sensitive read-out parameters in fluorescence-
based bimolecular spectroscopy and imaging. From this point of 
view, it is highly interesting to consider the use of KI, not primarily 
as an anti-fading agent, but as a reagent, where accessibility of KI 
to one dye leads to triplet state build-up, while for another dye the 
triplet state population is instead suppressed. In general, this anti-
correlated and spectrally separable response of two dyes to one and 
the same agent can provide a high degree of specificity and sensitiv-
ity, and is likely to be useful for a range of bimolecular interaction 
or micro-environmental monitoring studies.
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