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Abstract 

Triplet, photo-oxidized and other photo-induced, long-lived states of fluorophores are sensitive to 

the local environment and thus attractive for microenvironmental imaging purposes. In this work, we 

introduce an approach where these states are monitored in a total-internal reflection (TIR) 

fluorescence microscope, via the characteristic variations of the time-averaged fluorescence 

occurring in response to different excitation modulation schemes. The surface-confined TIR 

excitation field generates a signal from the fluorescent molecules close to the glass surface. Thereby 

a high selectivity and low background noise is obtained, and in combination with low duty cycles of 

excitation, the overall photo-degradation of the fluorescent molecules of the sample can be kept low. 

To verify the approach, the kinetics of the triplet and radical states of the dye Rhodamine110 were 

imaged and analyzed in aqueous solutions at different concentrations of dissolved oxygen and of the 

reducing agent ascorbic acid. The experimental results were compared to data from corresponding 

Fluorescence Correlation Spectroscopy (FCS) measurements and simulations based on finite element 

analysis. The approach was found to accurately determine relative populations and dynamics of 

triplet and photo-oxidized states, overcoming passage time limitations seen in FCS measurements. 

The method circumvents the need of time resolution in the fluorescence detection, allowing 

simultaneous readout over the whole surface area subject to excitation. It can be applied over a broad 

range of concentrations and does not require a strong fluorescence brightness of the sample 

molecules. Given the sensitivity of the triplet and photo-oxidized states to oxygen concentrations and 

not the least to local redox environments we expect the approach to become an attractive tool for 

imaging cell metabolism.  
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Introduction 

 

For many applications in fluorescence spectroscopy and imaging a high read-out rate or a high 

sensitivity is required. For these applications, it is important to optimize the fluorescence signal and 

its information content. To increase information content, multiplexing by simultaneous registration 

of several independent parameters has evolved as an important means in wide-field and confocal 

fluorescence microscopy,
1
 for readouts of DNA and protein microarrays,

2
 as well as in single 

molecule spectroscopy
3
  and imaging.

4
 Attention has been addressed to photophysical properties 

determining the fluorescence saturation properties and photostabilities of the fluorophore marker 

molecules. Long-lived, photo-induced states, such as triplet, photo-isomerised, and photo-oxidized 

states are often found to reduce the signal in fluorescence microscopy,
5
 and can act as precursor 

states of photobleaching.
6, 7

 Additionally, in single molecule experiments, their blinking may shadow 

other molecular processes of interest, taking place in the same time range. However, photo-induced 

transient states of fluorophores and fluorescent proteins have lately also attracted a large interest in 

biomolecular research. Photo-switching into long-lived transient states can be exploited for protein 

transport and localization studies in cells,
8
 and provides the core mechanism in practically all 

recently developed approaches for fluorescence-based ultrahigh resolution microscopy.
9-12

 Moreover, 

the population kinetics of long-lived photo-induced transient states also represents additional 

dimensions of fluorescence information. While the fluorescence lifetime of a singlet excited state of 

a fluorophore is 10
-9

 s, the lifetimes of photo-induced, non- or weakly fluorescent transient states 

generated by trans-cis isomerization, intersystem crossing, or photo-induced charge transfer are 10
-

6
-10

-3
 s. Consequently, these states have 10

3
-10

6 
more time to interact with the immediate 

environment of the fluorophore. These states can thus reflect relatively less frequent collisional 

interactions and can change considerably due to small changes in e.g. accessibility of quencher 

molecules or in microviscosities. Still, and largely due to methodological constraints, the population 

dynamics of these states have to date been exploited only to a very limited extent as readout 

parameters in biomolecular research. Transient absorption spectroscopy has been extensively used to 

characterize a range of transient states and their kinetics.
13-15

 Nevertheless, the technique is 
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technically relatively complicated, lacks the sensitivity for measurements at low (<µM) 

concentrations and is mainly restricted to cuvette experiments. The emission originating either 

directly (phosphorescence) or indirectly (delayed fluorescence) from a long-lived first excited triplet 

state can also be used to characterize its population.
16, 17

 This has also been implemented for 

microscopic imaging.
18

 However, coupled to the long-lived emission is also the susceptibility of the 

triplet state to dynamic quenching by oxygen and trace impurities, which can be circumvented only 

after elaborate and careful sample preparation. This artifactual quenching shortens the triplet lifetime 

and makes the luminescence practically un-detectable. Biomolecular monitoring by this readout is 

thus largely restricted to deoxygenized, carefully prepared samples, which restricts its biological 

applicability. For isomerized or photo-oxidized states, there is normally no alternative emission 

available. 

As an alternative, the population and kinetics of transient states of fluorophores can be followed by 

fluorescence correlation spectroscopy (FCS), via the fluorescence fluctuations generated as 

individual fluorophores transit to and from the (non- or weakly fluorescent) transient state. The 

experimental realization is relatively simple and a favourable combination of a high signal level 

(given by the readout of fluorescence photons) and an outstanding environmental sensitivity (given 

by the long lifetimes of the transient states) can be obtained. FCS measurements have proven useful 

for monitoring several different photo-induced transient states, including triplet states,
19, 20

 

isomerized states,
21

 and states generated by photo-induced charge transfer.
22, 23

 These states in turn 

reflect a range of environmental properties, including oxygen and other quencher molecule 

concentrations, viscosity, local redox environments, and temperature. Transient state parameters, 

monitored by FCS, can also be used as a measure of the extent to which Fluorescence (or Förster) 

Resonance Energy Transfer (FRET) occurs between two fluorophores, reflecting intra- or 

intermolecular distances.
24

 Typically, FCS measurements are performed with a confocal detection 

volume. For surface studies on the other hand, objective-based total-internal-reflection (TIR) 

fluorescence excitation can provide an attractive alternative offering higher fluorescence collection 
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efficiencies,
25, 26

 and was also recently introduced to investigate triplet state properties of 

fluorophores close to dielectric surfaces.
27

 

The FCS concept for transient state monitoring is applicable to a wide range of samples. However, 

all forms of fluorescence fluctuation spectroscopy rely on spontaneous fluctuations of individual 

molecules. Thus only very few molecules (< ~10
3
) can be detected at a time, and the approaches 

depend on a high fluorescence brightness of the molecules investigated as well as a high detection 

sensitivity.
28

 TIR-mediated evanescent field excitation, combined with a highly sensitive 

fluorescence detection by an electron multiplied charge-coupled device (EM-CCD) camera has been 

shown to allow both autocorrelation,
29, 30

 and more recently also cross-correlation fluctuation 

analyses of molecular diffusion and transport in molecular membranes.
31

 However, while sufficient 

for relatively slow dynamics, transient state fluctuations typically take place in the µs time range and 

require a time resolution far beyond that of an EMCCD camera. Such a time resolution in 

combination with high detection sensitivity allows up to date only a limited number of spots to be 

measured simultaneously.
32

 Taken together, FCS-based approaches are essentially limited to dilute 

samples, put high demands on molecular brightness of the sample and require a combination of high 

sensitivity, time-resolution and noise suppression of the detection. 

Recently, we presented a concept and its experimental realization which circumvents the above 

limitations, yet maintains the same favourable combination as in FCS of a high detection sensitivity 

by fluorescence and a strong environmental responsiveness.
33

 Applying an excitation source 

modulated in the range of the relaxation time of the transient state of a fluorescent dye, this state is 

populated to significantly different degrees depending on the repetition rate and duration of the 

pulses, provided that the illumination intensity is high enough to drive the fluorophores into this 

transient state to a significant degree. The transient state parameters can then be extracted from the 

systematic variation of the time-averaged fluorescence, reflecting the corresponding population 

variations of the electronic states induced by changes in the pulse characteristics.  

The modulation approach can analyze samples at higher concentrations, where the spontaneous 

fluorescence fluctuations of individual molecules would tend to average out, and which would not be 
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detectable with FCS. Instead, limitations are set by the influence high concentrations may have on 

the fluorescence properties of the molecules themselves. Such effects are often observed at 

concentrations of 10 µM or higher.
33

  This is far beyond the concentration range of FCS and other 

fluorescence fluctuation techniques. In contrast to FCS, the modulated excitation concept therefore 

does not rely on a strong fluorescence brightness of the molecules investigated. As previously 

shown, for the dye Rhodamine 6G in aqueous solution, TRAST monitoring by modulated excitation 

can provide a reliable determination of the triplet state parameters, also when the fluorescence is 

attenuated by up to four orders of magnitude using a neutral density filter.
33

 The molecular 

brightness of the Rh6G molecules after this attenuation is far lower than that of most other 

fluorophores. In particular fluorophores, with much higher triplet quantum yields than rhodamine 

dyes ( %1 ) are thus from a fluorescence brightness point of view not a problem, but can instead 

provide higher triplet state populations and thus a better contrast and sensitivity. The modulation 

approach is fully compatible with low time-resolution detection, for instance by a CCD camera. The 

time-modulated excitation experienced by a stationary sample can also be generated by scanning the 

excitation with respect to the sample, or vice versa. In this way, the excitation need not be idle, and 

in particular for low duty-cycle excitation a larger sample volume can be interrogated within the 

same period of time. Based on this notion, we recently established the transient-state imaging 

concept by use of a laser scanning confocal microscope (LSCM).
34

 

In this work, we combine the transient-state (TRAST) imaging concept above with a time-modulated 

TIR-based evanescent field excitation. An experimental realization is presented along with the 

models to interpret the detected steady-state fluorescence data generated by the time-modulated 

evanescent excitation field. It is shown how the modulation scheme of the excitation can be adapted 

to cover larger time domains allowing not only triplet state dynamics of organic fluorophores to be 

monitored, but also the dynamics and population of their photo-oxidized states. Variation of oxygen 

concentrations and redox environments were found to be accurately reflected in the measured 

transient state rate parameters and images can be generated reflecting both local triplet populations, 

as well as reduction and oxidation conditions. The presented concept can be expected to offer useful 
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local environmental information close to biological surfaces, i.e. with respect to oxidative stress and 

local oxygen concentrations and turnover.  
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Theory 

Electronic State Model 

In this work, we monitor electronic state transitions, based on a model as depicted in figure 1A 

comprising the ground and excited singlet states (S0 and S1), the lowest triplet state (T1), and a photo-

oxidized state ( R ). In the model, kexc represents the excitation rate, and k10 the deactivation rate of 

S1 to S0, and includes both the rates of fluorescence decay and internal conversion. The rate of 

intersystem crossing from S1 to T1 is denoted kisc and kT is the decay rate of T1 back to S0.  The rates 

of photo-oxidation into R  and the rate of reduction of R back into S0 are denoted kox and kred 

respectively. The excitation rate, kexc is given by: 

 t),rI(σ=t),r(k excexc , (1) 

where exc  denotes the excitation cross section of the fluorophore and  t,rI  is the excitation 

intensity given by the evanescent field in the TIR conformation. In cylindrical coordinates ),,( zrr   

the excitation intensity can be approximated by a 2D Gaussian distribution in the radial directions 

and a decaying exponential in the axial z-direction:
27
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Here, I0 is the central peak excitation irradiance, R is the 1/e
2
 radius of the Gaussian and dz is the 

1/e decay value of the evanescent field in z, given by 2/12

2

22

1 )sin(4/  nnd z  , with n1 and n2 

denoting the indexes of refraction of glass and water respectively and   the incident angle of the 

laser onto the glass surface. P(t) denotes the time dependence of the laser intensity modulation, with 

ttP  ,1)(0 . The factor   signifies the enhancement factor for the intensity at dielectric surfaces 

for totally reflected incident beams:
27
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where n is the ratio between the refractive indices of water and glass: 12 nnn  . 
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The formation of oxidized states as well as photo-degradation has been found to increase non-

linearly to the excitation intensity. This has been attributed mainly to formation of higher singlet and 

triplet states, from which oxidation can occur with a significantly higher probability.
23

  

The absorption cross-section of  S1 and T1 into higher singlet and triplet states of Xanthene dyes 

are typically in the order of 10
-17

 cm
2
, 

6, 23
 and the decay rates of these higher states typically take 

place in the range 10
13

 s
-1

.
35, 36

 For the range of excitation intensities applied in this study, higher 

singlet and triplet states are thus populated to a limited extent and are therefore not included in the 

model. 

The quantum efficiency of triplet state formation, given by  10/ k+kk iscisc , is relatively low for 

most organic dyes used in fluorescence spectroscopy (about 0.004 for the rhodamine used in this 

study). In addition, the lifetime of the triplet state, Tk/1 , is long (microseconds to milliseconds) 

compared to the typical lifetime (nanoseconds) of the singlet excited state ( 10/1 k ). Consequently, 

population equilibration between the two singlet states has typically occurred on the time scale of the 

transitions to and from the triplet states. On the latter time scale, the S0 and S1 states can thus be 

merged into a single state, S, as shown in figure 1B, with an effective intersystem crossing rate isck   

from S to T1 given by: 
20, 23
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exc
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In relation to triplet state relaxation, formation and decay of the radical state has been found to 

occur at a yet slower time scale, with typical oxk  and redk rates in the ms 1  range.
23

 Therefore, 

equilibrium between the singlet and triplet states has typically occurred on the time scale of photo-

oxidation. Additionally, as the formation rate of radical states from S1 differ only by a scaling factor 

from the radical state formation via T1,
23

 we consider here the radical state formation to occur only 

from T1, even though photo-oxidation is believed to occur from both excited singlet and triplet states. 

 In the model, diffusion of the fluorescent molecules is not explicitly included. However, in 

particular for fast diffusing free fluorophores some influence of diffusion on the analysis can be 

expected.  
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For the TIR arrangement in this work, the axial passage times of the freely diffusing fluorophores 

through the excitation volume were found to be in the microsecond range.
25

 The time range of the 

turn-over of the long-lived radical state is then typically slower than the diffusion-mediated renewal 

of fluorophores from the pool of fresh, fluorescently viable fluorophores outside of the excitation 

volume. In contrast to FCS which relies on correlated fluorescence photons from single molecule 

passage events, TRAST imaging allows molecular processes slower than the passage time of the 

molecules to be studied. For fast diffusing free fluorophores however, applying the model of figure 

1B, diffusional exchange leads to overestimated kred and underestimated kox rates. Simulations 

analyzing this influence in further detail are presented in the results section.  

Population Dynamics of the Electronic States upon Continuous Constant Excitation.  

Given the three state model of figure 1B, the evolution of the populations S, T1 and R  of a 

fluorophore, located at a point r  at a time t after onset of excitation ( 01)(  ttP  )  can be 

described by the following system of coupled first order differential equations: 
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With the coupling matrix of the system hereafter referred to as M. 

As shown earlier,
20, 33

 the evolution of the three states upon continuous constant excitation can be 

derived using the eigenvalues and eigenvectors of the matrix, M, in eq. 5. Regarding the populations 

as probabilities, (   1=t),rR(+t),rT(+t),rS( ), and assuming a completely relaxed system at t=0 

yields the initial condition:  

0)0,(

0)0,(

1)0,(

1
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  (6) 

Solving eqs. 5 and 6, and assuming the triplet state kinetics to be much faster than the radical state 

kinetics yields the following evolution of the singlet states’ population: 
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where the eigenvalues 1λ , 2λ , and 3λ  of the coupling matrix M of eq. 5 are approximated by: 
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The first eigenvalue, 1 , is zero indicating that the populations in the three states, as a closed 

system, will approach a steady state as t . The magnitude of the second eigenvalue is related to 

the rate at which the triplet state is built up, and its inverse absolute value corresponds to the triplet 

state relaxation time. The magnitude of the third eigenvalue describes the build-up rate of the radical 

state. 

Average Fluorescence Response to a low Duty Cycle Excitation Pulse Train. 

The emitted fluorescence, ),( trF , from a fluorophore with fluorescence quantum yield f
 , 

located at position r  is proportional to the probability, t),r(S1 , that the excited singlet state of the 

fluorophore is occupied at time t: 

),S(
),(

),(
),(S),(

10

10110 tr
ktrk

trk
ktrktrF

exc

exc
ff


   (9) 

Applying onto the sample a square-wave excitation pulse train, with N pulses of duration w and 

period T the total detected time-averaged fluorescence, F , will reflect the average S1 population 

probability of the fluorescent molecules in the detection volume. In general, when calculating F  the 

population dynamics of S1 have to be considered both when the excitation is active and when it is 

idle in between the pulses.
33

 However, for the low duty cycle ( %1/  Tw ) pulse trains used in 

this work  the fluorophores can be considered to be totally relaxed to the singlet ground state at the 

onset of every new pulse (supplementary information, figure S1). The average fluorescence response 

to a train of N excitation pulses of width w can then be approximated by: 
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Here, TN   is the total duration of the excitation pulse train and D  denotes the quantum 

efficiency of the detector. Furthermore, the anisotropic fluorescence emission close to a dielectric 

surface is accounted for by the fraction of power,  z , emitted by a fluorophore at distance z from 

the interface into the cone of light accepted by the objective. This parameter  z  results in 

additional weighting of fluorophores close to the interface and was approximated in this study by a 

single exponential.
25, 37

 Due to the low duty cycle of excitation, any changes in the concentration of 

fluorescent molecules, ),( trc , attributed to photodegradation can be kept quite low and are 

otherwise eliminated from the analysis by regular calibration recordings (see methods and materials). 

Based on a 2D Gaussian distribution of the excitation intensity in the radial plane, as given by eq. 

2, the overall excitation volume can be divided into radial increments within which the excitation 

intensity can be considered nearly equal in the radial dimension.  

Within each radial shell  drrr ,  the average (in time and space) fluorescence intensity response 

to different pulse trains is given by: 
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The average fluorescence intensity within one excitation pulse of duration w and from a 

fluorescent molecule located within a distance r to (r+dr) from the center of the excitation field is 

obtained by dividing the average detected fluorescence with the duty cycle, Tw / , of the 

excitation pulse train: 

/),(),( rwFrwFexc    (12).  

 If ),( rwFexc  is normalized to 1 for 2w , it represents the time averaged population of the two 

singlet states (eq. 7) in the corresponding radial region and within the duration of the excitation 

pulse, denoted  
w

rw,S  and is given by: 
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Materials and Methods 

Instrumental Setup 

The instrumentation used in this study is based on a previously described set-up for TIR-FCS,
38

 to 

which an acousto-optical modulator (AOM) has been added for excitation intensity modulation. The 

principle of the modulated excitation TIRF microscope is shown in figure 2. Briefly, a single-line 

491 nm diode laser (Calypso, Cobolt AB, 15-75mW) is first passed through an AOM (MQ 180 –AO, 

25-VIS, AA OptoElectronic), and then a neutral density filter to fine adjust excitation power. The 

intensity modulated laser beam is made circularly polarized using a lambda/4 wave plate 

(Optosigma) and focused at the back focal plane of an oil immersion objective (alpha-Plan-Fluar, 

100x, NA 1.45, Carl Zeiss).  

The dichroic mirror (F500-Di01, Semrock Inc) mounted together with the focusing lens on a linear 

translator is used to introduce a fixed beam offset of more than 2.2 mm from the optical axis. The 

resulting incident angle,  , was estimated to 63.7°. The radial extension of the excitation was 

estimated to 18 µm in diameter at the glass/water interface (1/e² value), as described in the data 

analysis. About 42% of the laser power (~31.5 mW for a laser output power of 75 mW) is delivered 

to the interface, as measured by a power meter (PM100, Thorlabs).  

The emitted fluorescence is collected with the same high-NA objective and focused with an 

achromatic tube lens onto either an electron multiplying CCD (Luca, Andor Technology, used in 

quarter screen mode, 330 by 248 pixels) for TRAST imaging measurements, or onto two 50 µm 

multimode fibers (Fibertech, Berlin, Germany), each connected to an avalanche photodiode (SPCM-

AQR-14-FC, Perkin-Elmer Optoelectronics) for FCS measurements. A flip mirror is used to switch 

between the FCS and CCD imaging modes. FCS was mainly used for controlling the focus position 

to the glass-water interface using a piezo stage (Nanomax TS, Thorlabs). 

A Graphical User Interface was programmed in Matlab to control the acquisition hardware: The 

camera is controlled in Matlab via USB using a driver based on the “MCD Software Development 

Kit” from Andor Technology. The diode laser is controlled via a home built Serial Port driver and 

the Piezo controller via an ActiveX driver. The modulation scheme of the AOM is set via a National 
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Instruments PCI 6602 card connected to the modulator controller (AA.Mod.XX, AA Opto 

Electronic). 

Measurement Protocol 

A typical TIR-TRAST measurement consists of a series of 30 images acquired at different pulse 

widths of the modulated excitation, distributed logarithmically between 100 ns and 10 ms. As shown 

on the upper left part of figure 2, for each pulse scheme, the pulse period is increased by the same 

factor as the pulse width,  , in order to keep the duty cycle constant throughout the measurement 

(typically %1 ). Additionally, for each pulse scheme the number of pulses is adapted in order to 

keep the total illumination time constant. Typically an illumination time of 100 ms was chosen 

yielding at a 1% duty cycle a CCD camera exposure time of 10 s per image.  

Intermittently, before every fifth image, a control image is recorded at the shortest pulse width to 

visualize drifts in fluorescence caused by measurement artifacts related to concentration or focus 

position changes. To minimize drift in the focal height, the position of the fluorescent spot on the 

CCD image was monitored before each new pulse train in order to keep the excitation focused on the 

glass-water interface by feed-back control of the piezo stage. 

The non-zero extinction factor of the AOM (approximately 0.1%) was accounted for by 

subtracting an image recorded with an un-deflected AOM beam from the other images. The temporal 

shape of the AOM excitation pulses were calibrated by a time resolved measurement of the scattered 

light from a pure water sample as described previously.
33

  

Data Analysis 

The radial extension of the excitation profile was obtained by fitting the fluorescence image at the 

shortest excitation pulse width (100 ns) to a 2D Gaussian distribution. At this pulse width the 

excitation profile is essentially free from fluorescence saturation effects due to triplet and radical 

state formation. Also singlet state saturation can be neglected because of the moderate excitation 

rates (maximum 10

-1μs60 kkexc  ). Additional deviations from a Gaussian shape due to TIR beam 

shape artifacts, as forward scattering were small and could be neglected.  
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As described in eq. 11, the data acquired by the CCD camera was collected in 30 radial shells 

exposed to nearly equal excitation intensities. For each radial region, the excitation was assumed 

constant in the radial direction, whereas the exponentially decaying excitation intensity in the axial 

direction z of eq. 2 is accounted for by subdividing each region into 50 z-domains. The local 

excitation rate is calculated according to eq. 2 and from the measured power at the dielectric 

interface. The optical parameters of the TIR excitation and the photophysical parameters used in the 

data analysis are summarized in Table 1. 

The fluorescent response of each of the radial regions were simultaneously fitted according to eq. 

11-12 using a Levenberg-Marquardt algorithm in Matlab 7.7 (The Mathworks, Inc., USA). Weights 

accounting for the poissonian statistics of the fluorescence signal were estimated by the standard 

variation of the fluorescence,  wr  within the Nr pixels of each region  drrr ,  and applied to 

each radial region:  

  
 w

N
w

r

r

r


  .     (14) 

In the fitting process, kisc, kT and kred were extracted as global parameters, while kox was allowed to 

vary within the excitation volume, as explained in the discussion. The confidence intervals of the 

fitting parameters referred to in this work were calculated by error propagation, including the 95% 

confidence interval of the fit and uncertainties in the measurement parameters (Laser power, 

diameter of the excitation, incident angle of the excitation beam and pulse width correction). In a last 

step the fluorescent responses of the radial shells are normalized to 1 as described in Eq. 13 yielding 

 
W

rw,S  (cf. lower left inset of figure 2). 

Surface Preparation 

The glass microscope coverslips (no. 1, diameter = 25 mm, Hecht Assistent, Germany) were 

cleaned according to the protocol described previously.
27

 Three consecutive ultrasonic baths in 

Helmanex (2%), acetone/ethanol (30/70%) and ultrapure water were alternated with thorough rinsing 

with ultrapure water. The cover glasses were then rinsed with spectroscopically pure ethanol, blown 

dry with nitrogen flow, plasma etched for 2 min in a reactive ion etcher (PlasmaLab 80 Plus, Oxford 
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Instrument, United Kingdom), and finally stored in  PBS. Prior to measurements, the cover glasses 

were rinsed in ultrapure water and blown dry by nitrogen. 

Fluorophores and Chemicals 

Rhodamine 110 (Rh 110, Sigma Chemicals, St. Louis, USA) prepared as an ethanol stock solution 

were diluted in PBS buffer to  about 40 nM concentration prior to the measurements. PBS (pH 7.4, 

150 mM salt concentration) buffer was prepared from salts of analytical grade. High salt 

concentrations were used to minimize electrostatic interactions between the surface and the 

zwitterionic Rh110 fluorophores.
27

 

Stock solutions of ascorbic acid (Sigma Chemicals, St. Louis, USA) was freshly prepared in 

nanopure water and then diluted in the fluorophore PBS buffer solutions prior to measurements. 

 

Control of the Dissolved Oxygen Concentration in Solution 

Different oxygen-argon gas mixtures were bubbled into water in a sealed container with an 

incorporated oxygen sensor (Inlab 605 O2 sensor, Mettler Toledo). The sensor was calibrated with 

respect to two calibration points using the atmospheric oxygen content in the air and Zero Oxygen 

Standard Tablets (Metler Toledo). After measuring the dissolved oxygen content, the humidified gas 

mixture was flown through a sealed chamber containing the 100 µl sample droplet. Equilibration was 

found to have occurred after 10 minutes.  

Computer Simulations 

To simulate the triplet and radical population build-up upon laser excitation, Finite Element 

Analysis was performed using a commercial Multiphysics Finite Element Analysis software 

(COMSOL AB, Stockholm, Sweden). Due to the symmetry of the evanescent excitation field a 2D 

model in ),( zrr   was chosen, where three species of the Rh110 fluorophores (Singlet state, Triplet 

state and Radical), subject to the differential equations of eq. 5, in addition were allowed to diffuse 

according to the diffusion equation: 
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The excitation is assumed to be distributed spatially according to Eqs. 1 and 2, and initiated at time 

t=0 with a duration of w. To simulate the emitted fluorescence acquired by the CCD camera, the 

excited singlet population was integrated over different radial shells according to eqs. 11-13. The 

parameters used in the simulation are summarized in Tables 1 and 2. 

Results and Discussion 

A series of TIR-TRAST measurements were performed on Rh110 in PBS solution using a wide 

range of pulse widths, w, as described above. With increasing w the averaged and normalized 

fluorescence response, yielding  
w

rw,S , was found to drop in two major steps on a logarithmic 

time scale, as shown in figure 3A. The first decay step had a characteristic time in the microsecond 

time range and the second decay took place in the order of milliseconds. Curves from different radial 

shell regions were fitted globally as described above. The fitted curves are included in figure 3A and 

show a good agreement to the experimental data. This suggests that the first decay found in the 

microsecond time scale is attributed to the triplet state properties of the fluorophore whereas the 

second decay in the millisecond time range is a result of electron transfer (oxidation-reduction) of the 

fluorophores. 

All fitting parameters except the oxidation rate, kox, were found to be independent of the excitation 

intensity and could be fitted globally, i.e. single kisc, kT, and kred rates were sufficient to describe the 

fluorescence response within all the radial shells to the different intensities of the modulated 

excitation. The excitation intensity dependence of kox can be related to the formation of singlet 

oxygen molecules and other reactive oxygen species, formed in particular when triplet state 

fluorophores are quenched by molecular oxygen. Singlet oxygen has a lifetime in aqueous solution of 

approximately 3 s, is highly reactive and can readily undergo oxidation reactions with neighboring 

species.
39

 A larger net exchange of both photo-oxidized fluorophores and singlet oxygen molecules 

with the bulk volume can be expected in the peripheral parts of the excitation volume resulting in 

spatial concentration gradients of these species. Since the spatial distribution of their generation rates 

also largely correlates with the excitation intensity distribution, a spatial dependence of the kox rate 

can appear. Under air-saturated condition we observe a variation of kox from 0,7 up to 1,4 ms
-1

, as 
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measured in the most peripheral and in the central radial region, respectively. In the following only 

the maximum kox rate, measured in the central radial shell, is stated. 

The fit, performed as described above, yielded triplet state parameters of -1µs 0.2 1.2isck , 

-1μs 0.02 37.0 Tk , and redox rate parameters of -1ms 0.1 1.5oxk  and -1ms 0.05 78.0 redk .  

The triplet state parameter values show a relatively good agreement with the corresponding 

parameters of Rh110 determined by confocal FCS (kisc = 1 µs
-1 

and kT = 0.45 µs
-1

) and by TIR-FCS 

(kisc = 1.3 µs
-1 

and kT = 0.49 µs
-1

).
27

 These latter results were also validated by TIRF-FCS 

measurements performed under the same conditions as the TIR-TRAST measurements in this work 

(data not shown). The electron transfer rates obtained can be compared to  those derived by FCS 

measurements for the dye Rhodamine 6G (Rh6G) in aqueous solution and with micromolar 

concentrations of a reducing agent (n-propyl gallate) (kox = 4 ms
-1

 and kred = 0.2 ms
-1

).
23

 In the 

absence of a reducing agent the reduction and oxidation rates can not so easily be analyzed by 

conventional FCS measurements. Their relaxation times are then typically too slow to occur within 

the dwell times of the molecules in the FCS detection volume, which defines the observation time 

window. 
23

  

The difference between the redox rates determined here for the dye Rh110, and those determined 

by FCS for Rh6G can be due to the different hydrophobic and redox properties of the dyes. A second 

major reason for the difference is that in our measurements the redox rates may be influenced by 

diffusion-mediated renewal of fluorophores. This effect was further analyzed by simulations, as 

described below.  

From the fluorescence data, population images of the triplet and of the photo-oxidized state could 

be generated (figure 3B and 3C, respectively). These, so called T1- and R -images were calculated 

pixel-wise by image-ratioing, by dividing the time-averaged fluorescence intensity within the 

excitation pulse, for pulse widths much longer and shorter than the triplet relaxation time ( 21  ), 

and the time of build-up of the radical state ( 31  ), respectively:  
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Here, 3,2,1, iwi  represent different excitation pulse widths, with w1<< 21  , 21  <<w2<< 31   

and w3>> 31  . These pulse widths can be selected from the fluorescence response curves, as 

indicated in figure 3A. 

Simulation 

To investigate how the measured kinetic rates, especially the redox rates, are influenced by the 

renewal of fluorophores diffusing into and out of the detection volume, simulations were performed 

as described in the materials and methods section, and with parameter values as given in tables 1 and 

2.  

Figure 4A-C show the resulting electronic state populations of the fluorophores along the z 

direction at the center of the Gaussian excitation profile. The molecular diffusion of the fluorophore 

molecules has been set to D = 4.1 x 10
-6

 cm
2
s

-1
 for this first part of the simulations.

40
 The depletion 

of S was found to occur in two phases. First, the triplet state, T1, becomes populated in the 

microsecond range as shown on figure 4B. Then after 100 µs the population of the radical state, R , 

is gradually  built up deep into the sample as shown on figure 4C. It can be noted that the triplet state 

population remains confined to the axial extension of the excitation field, whereas the radical state 

depletion of the singlet population extends over several micrometers, much beyond the extension of 

the TIR excitation volume.  

The proposed method thus enables photo-induced transient processes to be followed up to the 

millisecond time range. This is in contrast to FCS, where one measures the probability of detecting a 

fluorescence photon of a molecule at a time   after detecting a previous photon originating from the 

same molecule. In TIR-FCS measurements, the dwell time of the molecules in the detection volume 

is set by the axial passage times of the fluorophores through the TIR excitation. These times thus 

limit the time window within which transient state relaxation processes can be observed, and are in 

the order of a few microseconds for freely diffusing fluorophores.
25, 27, 41
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In contrast, transient state monitoring by modulated excitation monitors the overall depletion of 

fluorescence due to transient state build-up in the detection volume following onset of excitation. It 

does not matter if the fluorescence originates from specific molecules residing in the detection 

volume during the full excitation period or from molecules entering for the first time or re-entering 

the excitation volume. Therefore, with the presented method, based on excitation synchronization of 

the fluorescent molecules rather than the monitoring of their spontaneous blinking behavior, there is 

no limitation in the observation time window set by the molecular passage times as there would be 

for FCS measurements. 

Figure 5A shows the simulated fluorescence response curves of Rh110 in aqueous solution, as 

acquired in different radial shells by the CCD camera in a TIR-TRAST measurement. Also shown 

are the corresponding simulated curves from a less mobile, but otherwise identical fluororesent 

sample (D = 4.1 x 10
-8

 cm
2
s

-1
, figure 5B). A visual comparison of the two sets of curves indicates 

that the diffusion influences the relaxation behavior of the response curves attributed to the redox 

process, while the influence on the measured triplet relaxation seems negligible. 

 This is also confirmed by global fits of the simulated data as described above. In the simulations, 

the photophysical parameters were set to kisc = 1 µs
-1

, kT = 0.45 µs
-1

, kox = 2 ms
-1

 and kred = 0.1 ms
-1

. 

The fit yielded quite accurate triplet parameters in both cases: kisc = 0.93 µs
-1

 and kT =0.38 µs
-1

 for 

the Rh110 diffusion and kisc = 1 µs
-1

 and kT =0.42 µs
-1

 for the slower diffusion. For the redox rate 

parameters the fit yielded kox = 1.1 ms
-1

, kred =0.50 ms
-1

 for Rh110 and kox = 2.5 ms
-1

 and kred =0.14 

ms
-1

 for the more slowly diffusing species.  

For fast, freely diffusing dyes, the used model neglecting the diffusion will thus distort the 

estimated redox properties of the dye, such that kox is somewhat underestimated and kred is 

overestimated. However, although the analysis does not provide accurate absolute values of the 

redox rates for fast diffusing species, simulations show that relative changes are still well reflected 

(cf. supporting information). Moreover, if the redox properties are known, the measured relaxation 

behavior can then possibly also be used to monitor the mobility of the fluorescent species. For more 

slowly diffusing species, similar to those of large, or membrane-bound proteins, the proposed model 

seems to provide an accurate estimate of the redox rates.  
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Influence of Molecular Oxygen 

Oxygen is well known to influence the triplet state kinetics of many fluorophores through spin 

orbital coupling and triplet-triplet quenching reactions.
20, 42

 The ability of the presented method to 

monitor changes in the triplet state was investigated by varying the dissolved oxygen concentration 

[O2]. In figures 3 and 6,  
w

rw,S curves from Rh110 in a PBS buffer solution measurement are 

shown, recorded under air (figure 3), pure argon (figure 6A), and pure oxygen atmospheres (figure 

6C). The oxygen influence is clearly visible by direct visual comparison of the different sets of 

curves. At very low oxygen concentrations the amplitude of the triplet state decay is strongly 

increased and its relaxation is shifted to longer times. During long pulse widths (w> 21  ) no more 

than 10% of the average fluorescence intensity recorded under short pulse widths (w<< 21  ) is left. 

Following the decay due to triplet state build-up, no additional decay in the curves can be observed at 

still longer pulse widths.  

Therefore under argon atmosphere, the curves measured (figure 6A) do not allow all the rate 

parameters to be extracted from the curve fitting.  In the fitting procedure, the reduction rate were 

therefore fixed to kred = 0.65 ms
-1

. This is the mean value of the fitted reduction rates at higher 

oxygen concentrations. (cf. figure 7D). The fit of the triplet state parameters to the data in figure 6A 

yielded -1µs 0.08 0.64isck and -1ms 0.4 6.4Tk . The significant decrease in kT by more than an 

order of magnitude upon oxygen removal confirms that kT is mainly driven by oxygen quenching, 

whereas the relative influence of oxygen on kisc is minor. The prominent triplet state population at 

deoxygenation is also seen in the corresponding T1-images, calculated from eq. 17 (figure 6B). 

When the sample is equilibrated to a pure oxygen atmosphere (figure 6C-E), the maximum 

measured triplet amplitude is reduced from about 22% in an air-equilibrated solution to about 12 %. 

This reflects a corresponding difference in the relation between the kisc and kT rates. The rates 

extracted by the fit show that upon oxygenation kT increased from -1μs 0.02 37.0 Tk  in air 

atmosphere to -1μs 0.1 1.1Tk , and kisc increased from -1µs 0.2 1.2isck to -1µs 0.3 1.8isck . 

The increase of both the rates reflects the higher rates of collisional interactions between the dye 

molecules and dissolved oxygen molecules promoting the singlet-triplet transitions in both 
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directions. The oxygen influence was further investigated by systematically varying the oxygen 

concentration in the samples and repeating the measurements. The resulting extracted parameters are 

summarized in figure 7 which shows that both the intersystem crossing and the triplet relaxation 

rates increase linearly with dissolved oxygen in the solution. Their quenching constants for oxygen 

(kQisc and kQT), given by the slope of figure 7A and B, and according to Stern-Volmer theory,
20

  are 

presented in Table 3. Interestingly, also for the oxidation rate a linear Stern-Volmer behavior could 

be extracted, as summarized in Table 4. 

Influence of Ascorbic Acid as Reducing Agent. 

To investigate the sensitivity of the presented method to reducing agents, measurements were 

performed at different ascorbic acid concentrations. In figures 8A and 8D a set of  
w

rw,S  curves 

are shown for Rh110 in PBS buffer in the presence of 2 M and 7 M of ascorbic acid, respectively. 

From the recorded set of curves, and the corresponding T1- and R -images (Figs 8B and 8E, and 

Figs 8C and 8F, respectively), the radical state population can be seen to decrease upon addition of 

ascorbic acid, while the triplet state population remains essentially unaffected. In the parameter 

fitting of the  
w

rw,S  curves, the decrease of the radical state decay amplitude with increasing 

ascorbic acid concentrations made it difficult to fit both the oxidation and the reduction rates to the 

measurement data. Assuming the kox rate to be independent of the ascorbic acid concentration, the 

kox, rates of the different radial shells were fixed to the values obtained for that shell from a 

measurement without reducing agent. For the ascorbic acid concentration measurements at 2 µM and 

7 µM, as shown in figures 8A and 8D, parameter fitting yielded reduction rates of 

-1ms 0.1 2.1 redk  and -1ms 0.3 2.2 redk , respectively. The triplet parameters from the fit were 

found to be well in agreement with the values obtained previously at air atmosphere and in the 

absence of ascorbic acid. Figure 9 summarizes the fitted parameters from measurements at a series of 

different ascorbic acid concentrations. The fitted parameters confirm that there is no effect of 

ascorbic acid on the triplet state parameters (figures 9A and 9B). In contrast, the reduction rate was 

found to display a close to linear increase with increasing ascorbic acid concentrations, with a slope 

of -1-18 sM 10 x 0.3)(2.6 . This is almost an order of magnitude lower than the corresponding value 
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for Rh6G (1.3 x 10
9
 M

-1
s

-1
) determined by confocal FCS measurements.

23
 Electron transfer reactions 

involving aromatic dye molecules typically take place on short molecular scales.
43, 44

 The lower rate 

of Rh110 can thus be a consequence of its lower hydrophobicity compared to Rh6G. Rh110 would 

then less readily form hydrophobic complexes with ascorbic acid, which is likely to be the major rate 

limiting step for the electron transfer to take place.
22

 It should also be noted that the measurements in 

this study monitors the electron transfer reactions close to a dielectric surface. The effective 

concentration of ascorbic acid close to the surface may be lower than in the bulk, which would also 

contribute to the lower  reduction quenching rate. 

Conclusion 

In this work, we present a new approach, which combines transient state (TRAST) monitoring with 

total internal reflection (TIR) fluorescence microscopy. By a time-modulated surface-confined TIR 

excitation field, photo-induced, long-lived and therefore highly environment sensitive states of 

fluorescent molecules close to the glass surface, can be monitored in a parallel manner by a standard 

CCD camera. At the same time, by this confinement, in combination with the low duty cycles of 

excitation, the overall photo-degradation of the fluorescent molecules of the sample can be kept low. 

The approach is based on instrumentation with no or minor requirements on detection sensitivity and 

time resolution. Unlike fluorescence-based single-molecule or fluctuation approaches like FCS, the 

presented approach does not rely on the ability to accurately record fluorescence time traces 

reflecting the spontaneous blinking behaviour of individual or a very low number of fluorescent 

molecules to retrieve the transient state information. The approach is therefore not restricted to 

samples with a high fluorescent brightness and can be applied over a broad range of sample 

concentrations. Like transient state monitoring by FCS, the presented approach combines the signal 

strength of fluorescence with the environmental sensitivity of long-lived non-fluorescent states. For 

both approaches, the transient state information is extracted from the probability of detecting a 

fluorescent photon from a fluorescent species at a certain time after the fluorescent molecule was 

found in its ground state, S0. Unlike FCS however, this probability is reflected by the associated 

decay of the average fluorescence with increasing excitation pulse widths, and not by the correlation 
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in time between spontaneously emitted photons from one and the same fluorophore. The observation 

time window is therefore not limited by the molecular passage times, as it is in FCS. Thereby, not 

only triplet states, but also photo-oxidized states can be monitored, whose lifetimes typically by far 

exceed the average dwell times of the fluorophores in the TIR excitation volume. 

The validity of the approach was tested both by simulations and experiments. For the dye Rh110 in 

aqueous solution, two distinct decays could be observed in the fluorescence response curves, which 

were analyzed upon systematic variation of the concentrations of oxygen and ascorbic acid, known to 

influence the triplet and photo-oxidized states of this dye. From the analyses, based on a simplified 

three-state photodynamic model, the triplet state parameters could be accurately determined. On the 

other hand, the photo- oxidation rates, kox, were underestimated by approximately a factor of two and 

the reduction rates, kred, were overestimated by up to a factor of five. We attribute these deviations to 

diffusion of the fast, freely diffusing dyes investigated here. For more slowly diffusing species, like 

large or membrane-bound proteins, computer simulations show that the proposed model provides 

accurate estimates also of the redox rates. From the simulation it can also be concluded that although 

the approach does not provide accurate redox rates for fast diffusing species, relative changes in 

redox rates are well reflected. It can also be noted that if the redox properties are known, the 

influence of diffusion on the measured redox rates can allow the mobility of the fluorescent species 

in the sample to be determined. 

The population and kinetics of the triplet and photo-oxidized states monitored by our approach 

strongly depend on the oxygen content and the redox environment. It is therefore interesting to 

consider the use of this approach for monitoring, and imaging these properties in biology. Very 

recently TRAST imaging by modulated wide-field excitation was applied to monitor the oxygen 

consumption upon contraction of individual smooth muscle cells.
45

 On a cellular level, a range of 

diseases, including inflammatory, metabolic and malignant diseases, manifest themselves by local 

changes in the intracellular redox environment. The interior of a living cell, obviously presents a 

more complex measurement medium than a homogenous solution. In particular, the limited reservoir 

volumes of the cell or cellular organelles may lead to depletion of fluorescent molecules due to 
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photobleaching.
46, 47

 Although TIR-mediated confinement of the excitation volume to the very 

surface reduces this depletion absolute measurements of redox environments in living cells require 

careful control and calibration. Even if absolute determination of redox rates in cells would prove 

difficult, we believe that our approach can provide a simple and sensitive means to image and 

analyze relative changes, both for diagnostic purposes, as well as for fundamental studies of the 

underlying, complex regulation mechanisms. 
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Table 1: Assumed parameters for the data analysis and simulation 

  Wave length 491 nm 

1n  Refractive index of glass 1.52 

2n  Refractive index of water 1.33 

  TIR incident angle 63.7° 

  Fluorophore cross section
27

 2.50x 10
-16

 cm
2
 

10k  
Fluorescence decay rate

27
 

(including internal conversion) 
244 x 10

6
 s

-1
 

 

Table 2: Parameters assumed only for the simulation 

P Laserpower at the interface 31.5 mW 

R  Radius of Gaussian excit. 10 µm 

isck  Intersystem Crossing rate 
27

 1 x 10
6
 s

-1
 

Tk  Triplet Relax. rate 
27

 0.45 x 10
6
 s

-1
 

oxk  Oxidation rate 2000 s
-1

 

redk  Reduction rate 100 s
-1

 

D  Diffusion coefficient 
4.1 x 10

-6
 cm

2
s

-1
, 

40
 

4.1 x 10
-8

 cm
2
s

-1
 

 

Table 3: Values obtained for the quenching constants of oxygen for the S1-T and T-S0 transitions. 

Experimental (exp) values are for Rh110 in PBS under modulated TIR excitation, whereas reference 

values are for Rh6G in water. 

 kQ  (exp) kQ (ref) k0  (exp) k0  (ref) 

 x 10
8
 [1/(s M)] 

x 10
8
  

[1/(s M)] 
x 10

5
 [1/s] x 10

5
  [1/s] 

kisc 11.9 ±2.1 
(10 ± 3) 

20
 

22 
48

 
5.8 ± 0.5 

- 
6.1 

48
 

kT 10.7 ±0.2 

9 
15

 
(18 ± 2) 

20
 

22 
48

 
0.11 ± 0.04 

- 
- 

0.59 
48

 

 

Table 4: Values obtained for the quenching constants of oxygen for the T-R transitions. 

Experimental (exp) values are for Rh110 in PBS under modulated TIR excitation. 

 kQ  (exp) k0  (exp) 

 x 10
6
 [1/(s M)] x 10

2
 [1/s] 

kox 3.3 ±0.3 2.7 ± 0.8 
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Figure 1 (A): State diagram of a typical organic dye molecule as Rh110, showing the ground 

singlet state (S0), the first excited singlet state (S1) and the lowest triplet state (T1) and the oxidized 

radical state ( R ). The parameters kexc, k10, kisc, kT, kox, and kred  are the rate constants for excitation 

to S1, relaxation of S1, intersystem crossing from S1 to T1, relaxation of T1 to S0, oxidation of T1 to R 

+
 and reduction from R

+
 to S0 respectively. (B) Simplified electronic state diagram, focusing on 

processes orders of magnitude slower than the transitions between the singlet states. The electronic 

state, S represents here the total population in the singleton states, i.e. 10 SSS   and isck  is the 

effective intersystem crossing rate: given by Eq. 4.  
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Figure 2: Setup and measurement principle: The green dashed lines show the laser-excitation 

pathway through the AOM, yielding pulse trains with increasing pulse widths but constant duty 

cycle,  , as shown in the upper left inset. The pulsed laser excitation is focused off axis on the 

backfocal plane of the objective. At the dielectric interface an evanescent excitation field is 

generated, exponentially decaying in the axial direction and forming a 2D gaussian in the radial 

dimension. The image of the fluorescence generated by this excitation field is divided into regions of 

similar excitation intensities as shown on the CCD. For simplicity only three regions have been 

represented, in reality the Gaussian is divided into more than 20 regions. The averaged and 

normalized response curves of each region,  
w

rw,S , are shown on the lower left inset. Two 

processes are schematized on this plot, one related to the triplet state, T1, and a second one related to 

the radical state, R . 
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Figure 3: Points: Measured normalized average fluorescence,  
w

rw,S , of Rh110 in an air-

equilibrated PBS solution, versus excitation pulse width w for a few selected radial shell regions 

experiencing different excitation intensities. Parameter fitting of the data to eqs 11-12 gives 

-1µs 0.2 1.2isck , -1μs 0.02 37.0 Tk , -1ms 0.1 1.5oxk  and -1ms 0.05 78.0 redk . 
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Figure 4: Simulation of the response of the three considered fluorophore states (S, T1 and R , 

varying according to eq 16), at different moments after the onset of the excitation described in eq. 2. 

The graphs show a cross section in z at the center of the excitation. Fig (B) shows that the Triplet 

State reaches its “equilibrium” after about 10 µs whereas Fig (C) shows that the radical state, R , is 

only significantly populated after 100 µs. On the latter two figures, the excitation intensity of the 

evanescent field has been plotted for comparison. 
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Figure 5:  Normalized Fluorescence response to a single excitation pulse as a function of the pulse 

width, simulation for Rh110 in modulated TIRFM using Multiphysics Finite Element Simulation 

Software. Triplet kinetic rates and oxidation rates where set according to Table 2. (A) Diffusion 

coefficient comparable to Rh110 of D = 4.1 10
-6 

cm
2
 s

-1
, a fit on the simulated data yields kred 

overestimated by a factor of 5, and kox underestimated by a factor 2.(B) Very slow diffusion 

coefficient D = 4.1 10
-8 

cm
2
 s

-1
, radical population is drastically increased compared to A. The fit on 

the simulated data overestimates kred and kox only by 36% respectively 20%. 
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 Figure 6: (A)  Measured normalized average fluorescence,  
w

rw,S , and fitting results for a Rh110 

solution in a pure Argon atmosphere. The fit yielded the following fitting parameters: 

-1µs 0.08 0.64isck , -1ms 0.4 6.4Tk  and -1ms 0.17 0.81oxk . The reduction rate was fixed 

to
 

and -1ms  65.0redk . (B) Solution in a pure Oxygen atmosphere, Fitting parameters: 

-1µs 0.3 1.8isck , -1μs 0.1 1.1Tk , -1ms 0.2 4.4oxk  and -1ms 0.03 66.0 redk . 
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Figure 7: Rates of intersystem crossing kisc, triplet relaxation kt, oxidation  kox and reduction kr 

obtained from  
w

rw,S  measurements and subsequent parameter fitting as a function of the 

dissolved oxygen concentration in the sample. The reduction rate is constant, whereas the other rates 

increase linearly. The quenching constants of the other rates are given in Table 1.  
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Figure 8:  (A)  
w

rw,S  measurements of Rh110 in PBS in presence of 2 µM ascorbic acid. Points 

and curves show the response and fit of a few selected regions at different excitation intensities. The 

fit gives -1µs 0.1 1.0isck , -1μs 0.01 26.0 Tk , -1ms  1.1oxk  (fixed) and -1ms 0.1 2.1 redk . 

(B) Corresponding measurements and fitting outcome for a solution containing 7 µM ascorbic acid. 

Fitting parameters: -1µs 0.1 1.0isck , -1μs 0.02 3.0 Tk , -1ms 1.1oxk  (fixed) and 

-1ms 0.3 2.2 redk . 
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Figure 9: Rates of intersystem crossing kisc, triplet relaxation kt, oxidation  kox and reduction kr 

obtained from  
w

rw,S  measurements and subsequent parameter fitting, as a function of the 

ascorbic acid concentration in the solution. The triplet parameters did not change with ascorbic acid 

concentration. The oxidation rate, kox, has been fixed to 1.2 ms
-1

. The measured reduction rates, kred, 

increased close to linearly with the ascorbic acid concentration. By linear regression, omitting the 

value for the highest ascorbic acid concentration, yields a slope of -1-18 sM 10 x 0.3)(2.6 .  
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