
Chapter 1

Fluorescence

Cells are small and complex in their structure and even more complex in their function. It is difficult to
see their structure, even more so to understand their molecular composition, and arbitrarily complex to
understand the molecular interactions. Cell biology started with microscopy, and microscopy stayed an
essential tool for biology and medicine.

Typical animal cells are 50–200µm in diameter, but the naked eye can resolve structures of about
100µm only. These cells are not only too small to be seen without aid but also almost colorless and
translucent. Consequently, the discovery of their internal structures relied on a variety of stains devel-
oped for providing sufficient contrast to make cell structures visible. Because of their high visibility and
advantageous features, fluorophores form a major and widelyapplied class of stains for visible light mi-
croscopy. For these reasons and up to date, microscopy in biology depends as much on techniques for
preparing the specimen as on the performance of the microscopes themselves.

This chapter describes the energy levels of fluorophores based on the Jablonski diagram, as well as
their molecular states and the events causing the moleculesto undergo transitions between these states.
Basic concepts of quantum mechanics are applied for understanding the interactions of molecules with
light and for describing the fundamental behavior of fluorophores exposed to light. The chapter concludes
with considerations regarding the suitability of various types of fluorophores for visible light microscopy.

1.1 Molecular states and energy levels

Molecules possess a large number of electronic energy levels and, moreover, an even larger number
of kinetic energy sublevels due to the availability of mechanical vibrations on the molecules’ atom–
atom bonds as well as rotations of the molecule. Fortunately, the number of electronic energy levels that
interplay in interactions of the molecule with visible light is quite limited. In general, only electrons with
delocalized orbitals interact strongly with visible light, because their oscillation frequencies match the
light frequencies and because they can transiently polarize the molecule.

A Jablonski diagram 1.1, named after the Polish physicist Aleksander Jabłoński, illustrates the en-
ergy states of a molecule and the relevant transitions between them. The molecular states are arranged
vertically by energy and grouped horizontally by spin multiplicity. Small diagonal displacements in-
dicate variations in the structural configuration (conformation) of the molecule. The horizontal axis is
calledgeneral coordinatebecause it groups the spin multiplicity and multiple dimensions of conforma-
tion changes.

Electronic statesare characterized by discrete energy levels with large energy differences well above
the thermal energy. Electronic states are classified as singlet or triplet states based upon their angular
momentum of the electron spin. The electrons in most organicmolecules are paired with opposite spins
(±1/2) in the bonding and non-bonding orbitals, resulting in a net zero spin for the state. Such states have
a single energy level (0) in an applied magnetic field and are therefore calledsinglet states. Electronic
states in which two electrons with identical spin occupy different orbitals (Pauli exclusion principle) have
a net spin of one (2·1/2). In a magnetic field such states have three energy levels (−1, 0,+1) and are called
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Figure 1.1: Jablonski diagram of molecular states, energy levels and transitions. The energy is scaled
in waves per centimeter as 1/λ.

triplet states. The distinction between singlet and triplet states is important because photon induced
transitions always lead to a state of the samespin multiplicity (singlet→singlet or triplet→triplet).1

The ground state is the electronic state with the lowest energy that is occupied by a molecule in
thermal equilibrium and without perturbation. For most molecules, the ground state is a singlet state
denoted S0. One notable exception is molecular oxygen O2, which is found in its lowest triplet state T0.2

All other electronic states areexcited statesbecause they possess a higher energy than the ground state.
S1 to Sn denote excited singlet states and T1 to Tn excited triplet states, respectively.

Each electronic state has associatedvibration androtation substates. The corresponding associated
kinetic energy sublevels are discrete and quantized alike the electronic energy levels, but with a much
smaller energy quantum. In thermal equilibrium, the molecule occupies these sublevels with a probability
according to the Boltzmann distribution.

1 In quantum mechanics, the spin multiplicity indicates the number of possible quantum states of a system with given
principal spin quantum numberS. The different states are distinguished by the spin projection quantum numberSz, which can
take the values−S,−S + 1, ...,S − 1,S. Therefore, the spin multiplicity is 2S + 1, whereS is the number of singly occupied
orbitals multiplied by the electron spin quantum numberms. A system withS = 0 has exactly one possible state. It is therefore
in a singlet state. A system withS = 1/2 is a doublet;S = 1 is a triplet, and so on.
The most important application is to electrons in a molecular system. A single electron (as in a free radical) hasS = 1/2 and
is therefore always in a doublet state. Two electrons (as in adiradical) can pair up in a singlet or in a triplet state. Normally the
singlet is the ground state.

2 Oxygen has two singly occupied orbitals with electron spinsthat can be↑↑, ↑↓ or ↓↓. Therefore, oxygen has a spin
multiplicity of 2S+ 1 = 2(2 · 1/2)+ 1 = 3, where the term in brackets stands for the two singly occupied orbitals multiplied by
the electron spinms = 1/2.
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1.2 Light–molecule interactions

When it comes to study the interaction of light with matter, it is worth referring Albert Einstein’s seminal
finding for which he got the Nobel price in physics. He showed that the description of light as a continu-
ous electromagnetic wave could not explain the threshold frequency required for extracting electrons out
of a metallic material. Prior to this finding, Max Planck, physics Nobel price laureate himself, spent years
in verifying experimental results on the electromagnetic radiation of black bodies. He finally succeeded
in describing the full radiation spectrum with one well-defined equation by suggesting that the radiation
is emitted in discrete energy quanta with an energy proportional to the light frequency [1]. A few years
later, Albert Einstein reinterpreted the photoelectric effect and proved that light indeed consists of many
energy quanta, calledphotons[2].

1.2.1 Quantum properties of light

In the classical picture, a light beam is described as an electromagnetic wave traveling at the speed of
light c [m/s] and oscillating with a frequencyν [Hz], i.e. an angular frequencyω = 2πν [rad/s]. In
vacuum, the speed of light isc0 = 2.998 · 108m/s. The speed of light slows down toc = c0/n in a
material with refraction indexn. The wavelength is given byλ = c/ν [m]. The propagation direction of
the wave is described by a wave vector~k, which has a magnitude|~k| = 2π/λ [rad/m]. The intensityI of
the electromagnetic wave is obtained as the ratioP/A of the powerP flowing through an areaA and is
linked to the amplitude| ~U |2 of the oscillating electromagnetic field. An associated plane wave is then
given as

~E(~r , t) = ~U exp
(

i~k · ~r − iωt
)

. (1.1)

In the quantum-mechanical picture, a light beam is described by a stream of photons traveling at the
speed of lightc in the direction of the wave vector~k. Photons can be imagined as confined wave packets
oscillating with a central frequencyν (figure 1.2). According to Max Planck and Albert Einstein, each
photon carries anenergy Eph = hν = ~ω, where the Planck constant ish = 6.626 · 10−34Js and the
reduced Planck constant is~ = h/2π = 1.055· 10−34Js. Therefore, an intensityI [W/m2] of a light beam
corresponds to a photon flux densityΦ = I/hν [photons/m2s].

~

~~k

~ω

Figure 1.2: Graphical representation of a photon as a wave packet consisting of a few oscillations of the
electromagnetic field with energy~ω, momentum~~k and angular momentum~.

Photons carry a kineticmomentum, which is described by the momentum vector~p = ~~k. Its mag-
nitude is also found by|~p| = h/λ. This momentum is responsible for the radiation pressure light exerts
on matter.3 Because photons only exist as long as they are traveling at the speed of light,4 they do not
possess mass at rest as one might conclude from Albert Einstein’s famous relationE = mc2.

3The radiation pressure may be used for satellite propulsionby solar sails, for instance.
4 Photons are said to be ”stable” because they can travel for billions of years whilst crossing the universe. Applying the
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Photons also possessintrinsic angular momentum, calledspin. The magnitude of this spin is quan-
tized to the two valuesS = ±~, often denoted as±1. The spin is responsible for the radiation torque light
excerts on matter.5

1.2.2 Radiative transitions

Energy, momentum and angular momentum are conserved quantities. This imposes consequences for the
interaction between a photon and a molecule. The energy of the photon determines the coupling strength
of the photon’s oscillating electromagnetic field with the electrons of the molecule. This coupling is
strongest if a transition from the current molecular state to another electronic state offers an energy gap
similar to the photon energy.

During aradiative transit a photon is created or destroyed. The conservation of energyimplies that
the photon energy equals the transit energy. Moreover, the conservation of momentum implies that the
photon’s momentum and its angular momentum are exchanged with the molecule as well. Therefore, the
molecule not only transits to a different electronic state, but it also gets kinetic energy. In general and
as a result thereof, the molecule finds itself in an energeticvibration and rotation substate of the new
electronic state.

In theJablonski diagram 1.1, radiative transitions are represented as straight vertical arrows between
electronic states. The arrows are outlined vertically because the interaction time of a photon with a
molecule is in the order of a femtosecond, which leaves no time for the molecule to relax from the
experienced kinetic stress by finding a new thermal equilibrium. This is often referred to as theFranck-
Condon principle, which states that during an electronic transit, a change from one vibration energy
sublevel to another will be more likely to happen the better the two vibration wave functions overlap.
The induced kinetic stress is then typically relaxed withinpicoseconds by dissipating heat. Thisthermal
relaxation ST∗  ST is outlined in a Jablonski diagram by a wavy diagonal arrowleading from an
energetic substate ST∗ to a more relaxed kinetic substate of thesameelectronic state ST.

1.2.3 Absorption of light

If a molecule is exposed to light, it may capture the energy ofphotons to transit into a different, more
energetic electronic state. During thisabsorption event, the photon energy is transferred to the molecule
and excites it. The momentum and the angular momentum of the absorbed photons are transferred as well,
which puts the molecule in an energetic kinetic substate of the new electronic state. By heat dissipation,
the molecule relaxes until it reaches a transient thermal equilibrium.

The better the photon energy matches with the transition energy of the molecule, the more likely the
photon gets absorbed. A spectral measurement of thetransmissivity T(λ) of light traveling through a
small cuvette containing the sample solution allows determining the absorption efficiency of the mole-
cules with respect to the photon energyEph = hc/λ. This measurement is commonly performed with
a dual-beam spectrometer, which measures the transmissionthrough two sample arms simultaneously.
After mutual calibration of the spectrometer arms with blanc samples, one arm measures the transmis-
sion T1(λ) through a cuvette containing only the solvent, whereas theother measures the transmission
T2(λ) through an identical cuvette containing the dissolved analyte. The ratioT2(λ)/T1(λ) yields then the
net transmissivityT(λ). This ratio measurement avoids perturbations by the reflectivity at the air–cuvette

relativity laws, the time a photon ”experiences” between its creation and its destruction is exactly null, which renders obsolete
any statement on stability from the viewpoint of a photon.

5 Linearly polarized light does not induce torque because of evenly distributed spins, which sum up to zero in average.
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Figure 1.3: Absorption spectroscopy. An analyte solution in a cuvette is exposed to an incident light
intensity I0(λ), which is reduced to the transmitted intensityIL(λ) after an absorption lengthL. The
concentration of absorbing molecules isc and their extinction coefficient isǫ(λ).

and the cuvette–sample interfaces or the absorption of light by the cuvette and the solvent. The ratio also
rejects intensity fluctuations of the light source.

Figure 1.3outlines the interpretation of the transmissivityT(λ). L is the cuvette length andc is the
analyte concentration. The incident light of intensityI0 is partially absorbed by the analyte, which reduces
the transmitted intensityIL ≤ I0. Assuming a (macroscopically) homogeneous absorption in the cuvette,
which is valid at low analyte concentration, a differential equation for the transmitted light intensity is
obtained.

dI (λ)
I (λ)

= −ǫ(λ)cdL, (1.2)

whereǫ(λ) [M−1m−1] is theextinction coefficient. Integration leads to thelaw of Lambert-Beer,

T(λ) =
IL(λ)
I0(λ)

= exp(−ǫ(λ)cL) . (1.3)

Of course, the absorption is not homogeneous at the molecular scale. Therefore, a different interpre-
tation can be derived by attributing each absorbing molecule anabsorption cross-sectionσ(λ) [m2].
Light falling on this cross-section shall get absorbed. Therefore, a number of molecules dN = cNA dV
in a small volume element dV = AdL produce a shadow ofσ(λ) dN area, whereNA = 6.022· 1023/mol
is the Avogadro constant. The transmitted intensity becomes then proportional to the non-obstructed
cross-sectionA− σ(λ) dN, that is

T(λ) =
IL(λ)
I0(λ)

= 1− σ(λ)cNAL. (1.4)

Equating (1.3) and (1.4) results in the relation

σ(λ) =
1− exp(−ǫ(λ)cL)

cNAL
, (1.5)

which yields the equivalenceσ(λ) = ǫ(λ)/NA in the limit of vanishing lengthL → 0. The extinction
coefficientǫ and the absorption cross-sectionσ are both characteristic figures for thepolarizability of a
molecule, hence for its ability to get excited by light.
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Figure 1.4: Absorption and emission spectra of the red fluorophore ATTO 647N in aqueous solution.

The absorption spectrumǫ(λ) outlined infigure 1.4shows a maximum at a wavelengthλex = 644nm.
The maximum extinction coefficientǫmax = 1.5·105M−1cm−1 corresponds to an absorption cross-section
σmax = 2.5Å2, which is comparable to the size of a benzene ring in organic molecules. Secondary
absorption peaks atλ ≈ 430nm andλ ≈ 320nm indicate excitations into higher singlet states Sn. The
black vertical line shows a suitable excitation wavelengthof 633nm (HeNe laser).

1.2.4 Emission of light

If a molecule is in a higher electronic state, it can give off its energy by emitting a photon for returning
to a lower electronic state. The emitted photon will obtain the difference energy of this radiative transit.
Because the photon also carries away momentum and angular momentum, the molecule will be again in
an energetic kinetic substate after the transit, from whichit relaxes by heat dissipation.

The conservation of the spin multiplicity favors emissive transitions between electronic states of the
same kind – singlet or triplet. If a molecule stays in its lowest excited triplet state T1, it can hardly return
to its singlet ground state S0 by emitting a photon. The probability of such a transition issmall but non-
null because of the overlap integral of the nuclear wave functions (heavy atom effect) and because of
collisions with neighboring molecules, which can provide the necessary spin flip.

If the molecule is left in a higher electronic level, it tendsto get rid of its excitation energy, for instance
by spontaneous emissionof a photon. If this emission stems from an allowed transition between states
of identical spin multiplicity, it is termedfluorescence. Otherwise, it is calledphosphorescence. Due
to the much higher probability of performing an allowed transition, phosphorescence is in general much
weaker than fluorescence. Fluorescence occurs typically within nanoseconds, whereas phosphorescence
occurs on a microsecond to seconds time scale.

Because the molecule yet dissipated heat after absorbing a photon and will dissipate heat again after
emitting a photon, the energy of the emitted photon is in general lower than the absorbed energy. This
means that the emitted photons have a longer wavelength – theemission spectrum is red shifted. In
a polar solvent, for instance water, the changes of the molecule’s polarization induce a reorganization
of the neighboring solvent molecules as well. This reorganization leads to a partial compensation of the
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polarization change, which also contributes to the red shift. The red shift of the peak emission wavelength
versus the peak absorption wavelength is calledStokes shift[m]. Due to the stochastic nature of all these
events, the emission spectrum is broadened. The spectral bandwidth of the emission is much larger than
the homogeneous line width. For instance, the fluorescence spectrum of the red fluorophore ATTO 647N
outlined infigure 1.4peaks at a wavelengthλfl = 669nm. The measured Stokes shift of this fluorophore
is therefore 25nm.

If an excited molecule is exposed to light matching (part of)its fluorescencespectrum, astimulated
emissioncan be induced. The photon emitted by this stimulated transit carries the same energy, momen-
tum and angular momentum as the stimulating photon. This process is exhaustively used in lasers because
it provides a coherent amplification of the number of photonsin an excited gain medium. The efficiency
of the stimulation can be described with a cross-section much alike the absorption cross-sectionσ(λ).
However, the stimulation cross-section does not absorb thestimulating photons. Instead of producing
a shadow, it duplicates the incident photons. Albert Einstein showed that the stimulation cross-section
is identical to the emission cross-section, which means that the stimulated emission efficiency and the
spontaneous emission spectrum match perfectly.

Molecules that are prone to emit a photon swiftly after excitation are calledfluorophores. In general, flu-
orophores are small organic molecules with benzene rings, or fluorescent proteins. Many organic molecu-
les absorb and emit light in the near ultraviolet range. The absorption and emission spectra of engineered
fluorophores are usually in the visible to near infrared range. Thechromophore is the photoactive core
of a fluorophore or fluorescent protein.

Molecules that are good absorbers but bad emitters belong tothe class ofcolorants or dyes (though
dye became synonym to fluorophore). Colorants do hardly emitlight but are very photostable, thereby
providing permanent colors for textiles, paints and so on.

1.2.5 Non-radiative transitions

An excited molecule is not required to return to a lower electronic state by radiation. Indeed, most mole-
cules tend to give off the excitation energy swiftly by dissipating heat or by transferring their polarization
to neighboring molecules.

By internal conversion, that is by transforming electronic energy (polarization)into kinetic energy
(vibrations), a molecule can transit from a higher to a lowerelectronic state. In this case, the kinetic
energy is so high that the molecule is free to transit into an electronic state of different spin multiplicity
whilst dissipating heat. A transition from a singlet to a triplet state or vice versa is calledintersystem
crossing.

The thermal relaxation can be considered as non-radiative too, although it does not bridge electronic
energy levels and can therefore only dissipate heat (phonons) by definition, not photons.

1.2.6 F̈orster resonant energy transfer

A molecule can also get excited by receiving energy via direct resonant dipole–dipole energy transfer
from a nearby fluorophore. In thisFörster resonant energy transfer(FRET), the receiving molecule
is theacceptor, whereas the sending fluorophore is thedonor. FRET is a near field process and has a
typical coupling range of about 10nm or less over which this process is likely to occur, provided that
the acceptor and donor transitions have matching energies.Because of its strong dependence on the
donor–acceptor distance, FRET can be used as a ruler of molecular distances, see for instance [4, 5].
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Depolarization of a fluorophore from its excited triplet state T1 to its singlet ground state S0 is very
much favored by a FRET of the fluorophore’s triplet energy to molecular oxygen O2. Because oxygen
is normally in its triplet ground state T0, this energy transfer is efficient and typically occurs within
microseconds at room temperature. If oxygen is removed froma fluorophore solution, the fluorophores
stay 102 − 104× longer in their (dark) triplet state T1.

Light is an electromagnetic wave with quantized energy. Thelight quanta are called
photonsand carry an energyhν, a momentum~~k and an angular momentum (spin)
±~; but no rest mass.

Molecules possess energy states of different kind.Electronic statesreflect the elec-
tron energy levels and the (transient) polarizability of the molecule.Vibration and
rotation substatesreflect kinetic energy sublevels of the electronic states. These
kinetic substates are due to vibrations of the molecule’s atoms (bond stretches) and
due to rotations of the molecule as a whole.

Molecules can interact with light byabsorbing or emitting photons. The absorbed
photon transfers its energy to the molecule, which transitsinto a higher electronic
state of identical spin multiplicity –singlet or triplet . The molecule can emit a
photon be returning into a lower electronic state. Absorption and emission arera-
diative transitions bridging the large energy gaps between electronic states ofthe
molecule.

Due to the exchange of momentum and angular momentum betweenthe photon
and the molecule, the molecule transits into an energetic kinetic substate of the new
electronic state. After the transit, the molecule relaxes from this mechanical stress
by dissipating heat, calledthermal relaxation. Moreover, in a polar solution, a
transient polarization of the molecule will cause a reorganization of the neighboring
solvent molecules, which partially shields the polarization change.

Fluorophores are (organic) molecules that likely emit afluorescencephoton
swiftly after absorption.Intersystem crossingto and emission from an electronic
state with different spin multiplicity are unlikely to occur but can resultin the emis-
sion of phosphorescencephotons. The dissipated heat and the polarization shield-
ing are responsible for the Stokes shift and the broad emission spectrum. TheStokes
shift denotes the red shift of the emission as compared to the absorbed light.

1.3 Transition rates

Fluorophores are frequently used as specific stains for fluorescence microscopy of cells at ambient or
physiological temperature. This means that their typical environment is an aqueous solution. Under these
conditions,table 1.1summarizes the time scales and defines the various transitions between the most
relevant molecular states of a fluorophore. A fluorophore takes the characteristictransition time τxy

before it undergoes a transit. The dwelling time before a transit is stochastic and can be well described
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Process Transition Time scale

Internal conversion Sn→ S1 τic ≈ 10−14 − 10−11s
Thermal relaxation S∗n→ Sn τtr ≈ 10−12 − 10−10s
Intersystem crossing S1→ T1 τisc ≈ 10−11 − 10−6s
Fluorescence S1→ S0 τfl ≈ 10−9 − 10−6s
Phosphorescence T1→ S0 τph ≈ 10−6 − 102s
Non-radiative decay S1→ S0 τnrs≈ 10−7 − 10−5s

T1→ S0 τnrt ≈ 10−6 − 102s

Table 1.1: Time scales of molecular state transitions.

by an exponential probability density with characteristicdecay timeτxy.6 The characteristictransition
rate kxy is given by 1/τxy. If a number ofN fluorophores ”prepare” for the same transition xy, the
observabletransit rate Kxy equals tokxyN.

With these definitions, it is now possible to draw conclusions about the characteristic response of a
fluorophore if continuously exposed to light. This characteristic response includes the lifetime of the
electronic states as well as the average emission rates.

How long does a fluorophore reside in a particular state ST? The Jablonski diagram should show
all transitions xy that start from the state ST, as well as their transition rateskxy. Therefore, the state can
be left with a total transition rate equal to the total rate ofall leaving transitions xy. The characteristic
residence timein the state ST is therefore given by

τST =


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
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









−1

. (1.6)

This is thelifetime τST of this molecular state ST.

Considering now the probability that a fluorophore undertakes a particular transition xy from the state
ST, it becomes immediately clear that this probability is given by

qxy = kxyτST. (1.7)

This is thequantum efficiency qxy ∈ (0, 1], also calledyield. These terms imply that the fluorophore
”selects” and undertakes one and exactly one transit for leaving the current molecular state.

How does a fluorophore respond if exposed to a constant photonflux? A fluorophore exposed to
a constant light intensityIex will continuously perform absorption–emission cycles. Its average cycling
behavior can be derived directly from the lifetime of its molecular states and the quantum efficiencies of
its transitions. This average behavior is exemplified by considering theJablonski diagram 1.1. For this
example, the internal conversionkic can be neglected by assuming that the fluorophore never reaches the
excited state Sn.

6 In principle, the thermal relaxation would require a multi-exponential probability density for describing this multi-level
multi-step process. In practice however, experimental results are adequately described by a single exponential decay, because
the thermal relaxations are much faster than the other transitions.
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Let assume that the fluorophore initially resides in its ground state S0. The incident light provides the
fluorophore excitation energy because the fluorophore captures photons at an absorption ratekex.

kex = σexΦex = σex
Iexλex

hc0
=

1
τex

(1.8)

The fluorophore will take an average timeτex + τtr to reach the excited singlet state S1. There, it will
reside for the excited singlet state lifetimeτS1 = 1/(kfl + knrs + kisc), thefluorescence lifetime, before
it returns to S0 or crosses to the triplet state T1. With a probabilityqisc = kiscτS1 it passes to the triplet
state T1 and will take an additional time ofτtr + τT1 for returning to S0, whereτT1 = 1/(kph + knrt) is the
triplet state lifetime .

The average timeτ for the cycle S0→ ...→ S0 is given by the sum of the residence times in the
traversed states weighted by the probability of encountering these states.

τ = τex + τS1+ 2τtr + qisc (τtr + τT1) ≈ τex + τS1+ qiscτT1 (1.9)

The time-averaged probability that the fluorophore residesin the molecular state ST is obtained by nor-
malizing the residence time in that state by the average cycle time. This probability is theoccupation
probability PST = τST/τ, from which the emission rates per molecule are derived.

Kfl = kflPS1 = kfl
τS1

τ
=

qfl

τ
(1.10)

Kph = kphPT1 = kph
qiscτT1

τ
= qisc

qph

τ
(1.11)

How does the fluorophore respond if the excitation intensityis increased? Equation (1.8) shows
that the absorption ratekex is directly proportional to the photon fluxΦex. If the excitation intensity is
increased more and more, the absorption timeτex→ 0. In the limit, the cycle time (1.9) reduces toτ →
τS1+ qiscτT1. The cycling rate is then limited by the time the fluorophore takes to return spontaneously
to the ground state. This means that the emission rates saturate.

Thesaturation intensity Isat is defined as the excitation intensityIex required for depleting the ground
state population to 50% of the fluorophores, which corresponds to an S0 occupation probability of 50%.
Therefore, the saturation intensity is obtained by fulfilling the conditionτex = τS1+ qiscτT1.

Isat=
hc0

σexλex
(τS1+ qiscτT1)−1 (1.12)

1.4 Rate equations

The principal time-averaged response of a fluorophore to a continuous incident photon fluxΦex was just
depicted by calculating the lifetimes of the molecular states and the yields of all transitions connecting
them. In the following, this response is described by the rate equations linking the transit rates with the
variations of the molecular state populations, which allows studying the fluorophore’s transient behavior
to varying excitation conditionsΦex(t) as well.

Let PST be the occupation probability of the molecular state as defined before. For a given total number
N of identical fluorophores, thepopulationsof state ST are then given by the number of fluorophores in
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that state, that isNST = PSTN. In other words, the occupation probability is tantamount to the population
if a single fluorophore is considered (N = 1).

The variation of the population of the state ST can be expressed by the transit rates from and to all
connected molecular states. This relation is calledrate equation and is of the general form

∂PST

∂t
=

∑

←−xy from
←−
ST

k←−xy(t)P←−
ST

(t) −
∑

−→xy to
−→
ST

k−→xy(t)P−→
ST

(t), (1.13)

where all transits←−xy from connected states
←−
ST increase the population and all transits−→xy to connected

states
−→
ST decrease the population of the state ST. Therefore, the complete set of rate equations (1.13) for

all molecular states describes the response of the fluorophore in all detail. This system of rate equations
can be expressed in matrix form as

∂~P
∂t
=
←→
K (t)~P(t), (1.14)

where~P is a column vector describing the populationsPST(t) of all molecular states ST, and where
←→
K is

them×mconnection matrix formed by all transition rates±kxy(t) connecting thesemstates.

Solving the rate equations for the excited state populations PS1(t) or PT1(t) allows then to obtain
the emission rates. Much like before, the fluorescence emission rate per molecule is finally given by
Kfl(t) = kfl(t)PS1(t) and the phosphorescence rate byKph(t) = kph(t)PT1(t), respectively.

The transition rate kxy describes the characteristic rate at which the molecule will
undergo a transit if it resides in the departure state ST of the transition xy. The
characteristictransition time τxy is given byτxy = 1/kxy. The transit rate Kxy =

kxyNST describes the observed rate at which the molecules undertake the transition,
whereNST is the population in the departure state ST.

Thepopulation NST of a molecular state ST is the number of molecules residing in
that state. NormalizingNST by the total numberN of molecules yields theoccupa-
tion probability PST. The transit rate per molecule is then given bykxyPST.

The residence timeτST describes the characteristic time a molecule stays in the
state ST. It is the inverse of the total rate of all transitions xy that depart from ST:
τST = 1/

∑

kxy. Thequantum efficiencyor yield qxy = kxyτST is the probability a
molecule undergoes a particular transition xy if it residesin its departure state ST.

The characteristic timeτ for a complete cycle S0→ ...→ S0 is obtained by sum-
ming the weighted residence times in the traversed states, where the weights are the
probabilities of encountering these states. The occupation probabilities are then ob-
tained by normalizing the weighted residence times byτ, from which the emission
rates at the dynamic equilibrium are immediately obtained.

It is worth noting that the solution of the rate equations canbecome arbitrarily complex, in particular
if the transition rates are time-dependent. Fortunately, the complexity can be reduced significantly by
noting that the thermal relaxation can often be neglected orattributed to the lifetime of the relaxed state.
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Moreover, the excitation ratekex(t) is typically the only relevant time-varying transition rate. For (piece-

wise) constantkex, the eigenvalues of the transition matrix
←→
K are the equilibration rates of the states,

whereas the eigenvectors are the corresponding populations. The column-wise sums of the transition

rates in
←→
K are always zero if the number of fluorophores stays constant.In this case, one eigenvalue is

zero and its eigenvector yields the steady state populations.

The following sections exemplify the rate equations and their solutions for two frequently applied models.
These models provide much simplified but sufficiently accurate descriptions of the fluorophore’s photo-
physical behavior. The first model uses just two states, the ground state S0 and the excited state S1. The
second model uses three states for taking into account the triplet state T1 too.

1.5 Two-level model

The simplifiedJablonski diagram 1.5shows the most essential electronic states and transitionsof a fluo-
rophore. This two-level model forms the simplest possible description of fluorescence. Here, the ground
state S0 and the excited state S1 are both singlet states.7 The rate equations are readily obtained by
applying the general form (1.13).

Energy [1/cm]

General coordinate
0

20’000

10’000

S1

S0

kex kflk n
rs

hνex hνfl

Figure 1.5: Two-level Jablonski diagram showing the singlet states S0 and S1 as well as the transition
rates of the excitationkex, the fluorescencekfl and the non-radiative decayknrs.



























∂PS0

∂t
= −kexPS0+ (kfl + knrs) PS1

∂PS1

∂t
= kexPS0− (kfl + knrs) PS1

(1.15)

We note thatkfl + knrs = kS1 is the total transition rate S1→ S0, which yields the excited state lifetime

τS1 = 1/kS1. Alternatively, the rate equation system (1.15) can be written in the matrix forṁ~P =
←→
K ~P,

where

~P(t) =

(

PS0(t)
PS1(t)

)

and
←→
K (t) =

(

−kex(t) kS1

kex(t) −kS1

)

. (1.16)

7 The two-level model neglects the thermal relaxations but assumes a Stokes shift. In fact, the Stokes shift is essential for an
efficient absorption because it largely prevents stimulated emission by the excitation beam. Implicitly, any two-level model of
a fluorophore is a three- or four-level model.
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With the conditionPS0+PS1 = 1 and the abbreviationk(t) = kex(t)+kS1, two independent inhomogeneous
differential equations are obtained.

ṖS0(t) + k(t)PS0(t) = kS1

ṖS1(t) + k(t)PS1(t) = kex(t)
(1.17)

Because the fluorescence emission per molecule is given by equation (1.10) asKfl(t) = kflPS1(t), it is
sufficient to solve for the excited state populationPS1(t). Unfortunately, there is no general solution for
the behavior of a fluorophore in response to a varying excitation ratekex(t), not even for this simple
two-level model. However, we can easily draw the main characteristics of the fluorophore’s response to
piece-wise constant conditions.

What happens if the excitation stays constant? If the excitation is kept continuously at the ratekex,
the populations will reach adynamic equilibrium characterized by~P(t) = constant. This is thesteady
statesolution that we find by letting∂~P/∂t = 0, which immediately leads toPS1 = kex/k.

It is quite instructive to check whether this steady state solution is equal to the solution found in
section 1.3. In this two-level model, the characteristic cycle time isτ = τex+ τS1. Therefore, the average
population of the excited state isPS1 = τS1/τ, which is indeed identical tokex/k.

What happens if the excitation is switched on? Let assume no excitation fort < 0 and a constant
excitation ratekex for t > 0. The fluorophore will be initially in the ground state, thatis PS1(t ≤ 0) = 0.
For t > 0, the steady state solution is approached and will be reached for t ≫ 0. The transient response
of the fluorophore is found to be

PS1(t ≥ 0) =
kex

k
(

1− exp(−kt)
)

, (1.18)

which can be verified easily by putting it back into the differential equation (1.17). We observe thatk(t)
is the decay rate at which the singlet state populations track transients in the excitation ratekex(t).

What happens if the excitation is switched off? Let assume the excitation is switched off at t = 0.
For obtaining the response att > 0, we solve the homogeneous differential equatioṅPS1+ kS1PS1 = 0 or
we reuse the result (1.18) for a negative transient. We find

PS1(t ≥ 0) = PS1(0) exp(−kS1t) , (1.19)

where the initial condition is the excited state populationPS1(t = 0). After switching the excitation off,
the excited state population decays exponentially. As we could expect, the characteristic decay time is
the fluorescence lifetime of the fluorophore.

What happens if the excitation rate changes? Let assume that the excitation rate changes tokex at the
time t = 0. The initial condition is again the excited state population PS1(t = 0) due to prior excitations.
From the transient response (1.18), we obtain directly the response to the change in the excitation rate if
we note that the transient only applies to the change of the excited state population.

PS1(t ≥ 0) = PS1(0)+

(

kex

k
− PS1(0)

)

(

1− exp(−kt)
)

(1.20)

Letting PS1(0) = 0 reproduces the result (1.18) andkex = 0 yields the solution (1.19), respectively.
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What happens if the excitation rate varies continuously? In principle, the differential equation
(1.17) has no general solution for a continuously changing excitation ratekex(t) because the excitation
rate also changes the equilibration ratek(t). However, if this influence is small compared tokS1 (no satu-
ration) or if the excitation rate variations are small (small perturbation), the fluorophore can be modeled
like a linear shift invariant (LSI) system. Assuming a LSI system, the response of the fluorophore can be
approximated by an exponential impulse response convolvedwith the excitation rate.

Let k̄ex = 〈kex(t)〉 be the average excitation rate. The average equilibration rate for the singlet popula-
tions is then given bȳk = k̄ex + kS1. If the variations|δkex(t)| ≪ k̄, the differential equation (1.17) can be
approximated by

ṖS1(t) + k̄PS1(t) ≈ kex(t). (1.21)

The homogeneous solution is identical to the result (1.19) but with a characteristic decay timēk. If the
fluorophore is brought in the excited state att = 0 by a short excitation pulse (Dirac), it will respond by

PS1(t > 0) ≈ exp
(

−k̄t
)

, (1.22)

which is theimpulse responseor theGreen’s function of the fluorophore. Therefore, the response to a
variable excitation rate is given by the convolution ofkex(t) with this impulse response.

PS1(t) ≈

∞
∫

0

kex(t − τ) exp
(

−k̄τ
)

dτ (1.23)

1.5.1 Exercise

Using theJablonski diagram 1.5, calculate the fluorescence emission rateKfl(t) for a sinusoidal excitation
intensity Iex(t) = 2I0 cos2 (ωt/2), where I0 ≪ Isat. What happens if the modulation frequencyω is
increased from zero to infinity?

Hint Characterize the response in the frequency domain.

1.6 Three-level model

The simplifiedJablonski diagram 1.6shows the essential electronic states and transitions of a fluorophore
for modeling fluorescence and phosphorescence. This three-level model extends the previous two-level
model by including the lowest triplet state T1. Although this model is still fairly simple, it is well appre-
ciated because it allows modeling most features of fluorophores with sufficient fidelity.

Once more, the rate equations are obtained by applying the general form (1.13).
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
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
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















∂PS0

∂t
= −kexPS0+ (kfl + knrs) PS1+

(

kph + knrt

)

PT1

∂PS1

∂t
= kexPS0− (kfl + knrs+ kisc) PS1

∂PT1

∂t
= kiscPS1−

(

kph+ knrt

)

PT1

(1.24)
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Figure 1.6: Three-level Jablonski diagram showing the singlet states S0 and S1 as well as the triplet
state T1 and the relevant transition rates.

The second equation shows the fluorescence lifetime, that isthe total S1 depopulation ratekS1 = kfl +

knrs+ kisc. The third equation does the same for the triplet state lifetime, that iskT1 = kph + knrt. Using

these abbreviations, the rate equations (1.24) can be rewritten in the matrix forṁ~P =
←→
K ~P, where

~P(t) =





















PS0(t)
PS1(t)
PT1(t)





















and
←→
K (t) =





















−kex(t) kfl + knrs kT1

kex(t) −kS1 0
0 kisc −kT1





















. (1.25)

Recalling and observing that the column-wise sums of the transition rates in
←→
K are zero, one rate equa-

tion can be determined by the others. For the sake of completeness, all rates are outlined here. However,
the response to an excitationkex(t) will be derived from the excited states only. Applying the condition
PS0+ PS1+ PT1 = 1 yields then the following differential equation system.















ṖS1(t) = kex(t) (1− PT1(t)) − (kex(t) + kS1) PS1(t)

ṖT1(t) = kiscPS1(t) − kT1PT1(t)
(1.26)

At this point, we could solve for either excited state population. We decide to solve for the triplet state
population first because it keeps a record of the excited singlet state population, which itself tracks the
history of the excitation rate. Regardless of possibly abrupt changes in the excitation rate, the triplet state
population evolves strictly continuously, and so does its first derivative.

Solving the triplet state differential equation for the excited singlet state yields

PS1(t) =
ṖT1(t) + kT1PT1(t)

kisc
. (1.27)

Insertion into the excited singlet state differential equation (1.26) results then in an inhomogeneous sec-
ond order differential equation.

∂2PT1

∂t2
+ (kex+ kS1+ kT1)

∂PT1

∂t
+ (kexkisc+ (kex+ kS1) kT1) PT1 = kexkisc (1.28)

For a piece-wise constant excitation ratekex, we try an ansatz of the formPT1(t) = aexp(−bt) + c and
obtain by identification of constant terms

c =
kexkisc

kexkisc + (kex + kS1) kT1
=

qiscτT1

τex+ τS1+ qiscτT1
, (1.29)
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which is the steady state solution calculated insection 1.3. The exp(−bt) terms yield the characteristic
polynomial of second order for the rateb at which the triplet state population approaches its dynamic
equilibrium.

b2 − (kex + kS1+ kT1) b+ kexkisc + (kex+ kS1) kT1 = 0 (1.30)

Solving for the two possible ratesb leads to

b± =
1
2

(

kex + kS1+ kT1 ±

√

(kex+ kS1− kT1)2 − 4kexkisc

)

. (1.31)

Therefore, the triplet population is given by the general form

PT1(t) = a+ exp(−b+t) + a− exp(−b−t) + c, (1.32)

where the amplitudesa± are obtained with the initial conditions given by the continuity of the triplet
state populationPT1(t) and its derivativeṖT1(t). The results (1.29) and (1.31) show that solving for the
triplet state population first has the advantage of requiring neither the derivative nor the integral of the
excitation ratekex(t). Therefore, all parametersa±, b± andc are well defined irrespective of potential
discontinuities of the excitation rate such as steps or Dirac pulses.

What happens if the excitation is switched off? Let assume the excitation is switched off at t = 0.
For obtaining the response att > 0, we look up the equilibration rates (1.31) for kex = 0 and findb+ = kS1

andb− = kT1, respectively. Obviously, these are the decay rates of the excited states without excitation.
The steady state triplet population (1.29) is of course zero, that isc = 0. Finally, we obtain the amplitudes
a± with the initial conditions.















PT1(0) = a+ + a−
ṖT1(0) = −a+kS1− a−kT1

(1.33)

The transient response of the triplet state population is then given by

PT1(t ≥ 0) =
ṖT1(0)+ kT1PT1(0)

kT1 − kS1
exp(−kS1t) +

ṖT1(0)+ kS1PT1(0)
kS1− kT1

exp(−kT1t) . (1.34)

What happens if the excitation is switched on? Let assume no excitation fort < 0 and a constant
excitation ratekex for t > 0. The fluorophore will be initially in the ground state, thatis PT1(t ≤ 0) = 0 and
ṖT1(t ≤ 0) = 0. For t > 0, the steady state solution (1.29) is approached and will be reached fort ≫ 0.
The transient response of the fluorophore is found by solvingthe initial conditions for the amplitudesa±
as before.















PT1(0) = 0 = a+ + a− + c

ṖT1(0) = 0 = −a+b+ − a−b−
(1.35)

The transient response of the triplet state population is then given by

PT1(t ≥ 0) =
b−c

b+ − b−
exp(−b+t) +

b+c
b− − b+

exp(−b−t) + c. (1.36)
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Interpretation

For weak excitationIex ≪ Isat, the rate constantsb± are approximately given by the decay rateskS1

andkT1 of the excited states as if no excitation were present. If this approximation seems too coarse,
the excitation ratekex has to be taken into account. Nevertheless, the expressionsin equation (1.31) can
be further simplified by noting that typicallykisc ≪ kS1 − kT1. Therefore, the square root can be well
approximated by

√

(kex + kS1− kT1)2 − 4kexkisc = (kex + kS1− kT1)
√

1− 4kexkisc (kex + kS1− kT1)−2

≈ kex+ kS1− kT1 −
2kexkisc

kex+ kS1− kT1
.

(1.37)

The rate constants (1.31) are then simplified by the approximate expressions

b+ ≈ kex + kS1−
kexkisc

kex+ kS1− kT1
≈ kex+ kS1 and

b− ≈ kT1 +
kexkisc

kex+ kS1− kT1
∈ [kT1, kT1 + kisc) .

(1.38)

We observe thatb+ corresponds to the singlet state equilibration ratek found with the two-level model
in section 1.5and we note thatb− is the triplet state equilibration rate, respectively.

We recall that the singlet state populationPS1(t) is readily obtained by applying the relation (1.27).

1.6.1 Exercise

Based on theJablonski diagram 1.6, calculate the fluorescence emission rate in response to a rectangular
excitation pulse providing an excitation ratekex = 5 · 106/s during a time interval oftex = 20µs. Plot the
excited state populations for a fluorescence lifetimeτS1 = 12ns, a triplet state lifetimeτT1 = 5µs and an
intersystem crossing yieldqisc = 5%.

Thesteady stateis thedynamic equilibrium achieved for constant excitation when
the variations of all molecular states vanish, that is∂~P/∂t = 0. For the three-level
model, the steady state excited singlet state population isgiven by

PS1 =
kexkT1

kexkisc + (kex+ kS1) kT1
=

τS1

τex+ τS1+ qiscτT1
.

For the two-level model the intersystem crossing ratekisc, respectively its yieldqisc,
is set to zero. For large excitation rateskex → ∞, the emission saturatesand is
limited by the spontaneous relaxation of the excited states.

The transient response of a fluorophore due to a change of the excitation ratekex(t) is
in general exponentially approaching the steady state withcharacteristicequilibra-
tion rates of the populationsPST(t) of the states ST. These equilibration rates are
approximately given by the absolute sums of the rates of all transitions connected
with each state ST.
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1.7 Fluorescence quenching

Any extrinsic process that decreases the emission of a fluorophore is aquenching process. The char-
acteristic parameters for the fluorescence emission such asquantum yield and lifetime are influenced
in the presence of aquencherQ. This quencher Q interacts with excited molecules in various ways to
inhibit fluorescence. These fluorophore–quencher interactions compete with the intrinsic de-excitation
of the fluorophore. In theJablonski diagram 1.1, the quenching rate can be outlined as an additional
non-radiative transition rate S1,T1→ S0 or simply added to the existing non-radiative transition rates
knrs and/or knrt. Therefore, the general forms of the rate equations and their solution do not change ex-
cept that the fluorescence and/or phosphorescence quantum yields and lifetimes decrease with increasing
quenching rate.

There are a manifold of molecular energy transfer processescausing quenching, see for example B.
Valeur [6]. Next, two important quenching processes and their influence on the fluorophore’s response
are exemplified.

1.7.1 Dynamic quenching

If the energy is transferred to the quencher molecule upon collision of the fluorophore with the quencher
molecule, this fluorophore–quencher interaction is calledcollisional quenchingor dynamic quenching.
The collisional quenching process increases the rate of non-radiative transitions by the quenching rate
kdq[Q], which is proportional to the concentration [Q] of the non-excited quencher.8 Therefore, the fluo-
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Figure 1.7: Collisional quenching process (left) and Stern-Vollmer plot (right). The Stern-Vollmer plot
shows the impact of collisional quenching at different temperatures.

rescence quantum yield decreases with the quencher concentration.

qfl([Q]) =
kfl

kfl + knrs+ kisc + kdq[Q]
= qfl(0)

kS1

kS1+ kdq[Q]
(1.39)

TheStern-Vollmer equation expresses the quenching efficiency by the ratio of the fluorescence quantum
yield qfl(0) without quencher versus the quantum yieldqfl([Q]) in the presence of the quencher.

qfl(0)
qfl([Q])

= 1+
kdq[Q]

kS1
= 1+ τS1kdq[Q] (1.40)

8 Quencher molecules are mostly inactive if they are still excited due to a prior quenching interaction.
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This ratio is represented as a function of the quencher concentration in theStern-Vollmer plot 1.7. In
most solvents, the collision rate and therefore the quenching ratekdq increases with the temperature
because the diffusion coefficient increases and because the solvent viscosity decreases. This dependence
shows up in the Stern-Vollmer plot as an increased slope of the quenching efficiency with temperature.

In general, dynamic quenching already occurs with the solvent molecules acting as quenchers, which
can become particularly significant at high temperature. Onthe other hand, at cryogenic temperature,
many molecules become fluorescent as their non-radiative decay is sufficiently slowed down.

Molecular oxygen Oxygen O2 is well known as a quencher for many fluorophores. The oxygen ground
state is a triplet state. The collisional quenching of singlet states but in particular of triplet states is pos-
sible through an energy transfer process. The triplet statequenching is fairly efficient because of its long
lifetime and the triplet ground state of oxygen, which allows to transfer the change in spin multiplicity
as well. The oxygen does the transit T0→ S1 whilst the fluorophore returns to the ground state T1→ S0.
The collisional quenching rate is proportional to the mean square distance

〈

∆r2
〉

= 6
(

DF + DQ
)

∆t the
fluorophore and the quencher diffuse during∆t, that is the lifetimeτS1 or τT1 of the excited state S1 or
T1, respectively.

An oxygen molecule in water at a temperature of 25oC has a diffusion constantDQ = 2.4 · 10−5cm2/s.
During the singlet lifetime of nanoseconds, the oxygen molecule diffuses over a distance of nanometers
only. The probability to collide with a fluorophore in the triplet state is much higher because the triplet
state lifetime is in the range of micro- to milliseconds.

1.7.2 Static quenching

The reversible formation of a non-fluorescent fluorophore–quencher complex FQ is calledstatic quen-
ching. The complex FQ often keeps absorbing photons but returns tothe ground state S0 without emis-
sion. The fluorescence of the free fluorophore F is not affected. If the lifetime of the complex FQ becomes
shorter, the static quenching becomes gradually time-dependent like the dynamic quenching.
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Figure 1.8: Static quenching and the complex formation process (left) and Stern-Vollmer plot (right).
The Stern-Vollmer plot shows the impact of static quenchingat different temperatures.

In equilibrium, the quencher–fluorophore complex formation is described as F+Q⇌ FQ. The fluo-
rescence intensity is related to the quencher concentration [Q] by the association constantKsq for the
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complex formation, which is given as

Ksq =
[FQ]

[F][Q]
, (1.41)

where [F] is the concentration of free fluorophores and [FQ] the concentration of complexes, respectively.
Because of the mass conservation, the total fluorophore concentration [F]0 = [F] + [FQ] is constant. The
fraction of free fluorophores becomes then

[F]
[F]0

=
1

1+ Ksq[Q]
. (1.42)

As the fluorescence is proportional to the concentration [F], the Stern-Vollmer relation leads to

Kfl(0)
Kfl([Q])

= 1+ Ksq[Q]. (1.43)

There are remarkable similarities between the Stern-Vollmer equation (1.40) for collisional quenching
and this result (1.43) for complex formation, respectively. An increase in temperature leads to a slightly
faster association rate, because the complex formation is favored by fast diffusion, hence frequent col-
lisions. However, the dissociation rate becomes significantly faster, because the dissociation energy is
much more frequently achieved by thermal excitation. Overall, the association constantKsq usually
shows a pronounced negative temperature dependency. TheStern-Vollmer plot 1.8shows therefore a
decreasing slope of the static quenching efficiency with increasing temperature.

Quenching is an extrinsic inhibition of the fluorophore’s cabability to fluoresce.
A quencher is a molecule or compound that can deplete the fluorophore’s excited
states by non-radiative energy transfers.

Dynamic quenchingis caused by fluorophore–quencher collisions, at which occa-
sions the fluorophore’s energy is taken up by the quencher molecule(s). Dynamic
quenching becomes more efficient with increasing quencher concentration and with
increasing diffusion speed of the quencher molecules and the fluorophores. In gen-
eral, the diffusion speed increases with temperature and so does the dynamic quen-
ching efficiency.

Static quenching is caused by the reversible formation of non-fluorescent
fluorophore–quencher complexes. Static quenching becomesmore efficient with
increasing quencher concentration and with increasing association constant of the
complex formation. In general, the association constant decreases with temperature
and so does the static quenching efficiency.

A Stern-Vollmer plot outlines the quenching efficiency versus the quencher con-
centration. Thequenching efficiency is the ratio of the non-quenched versus the
quenched fluorescence emission rate or quantum yield.

A notable difference is the influence on the measured lifetime and quantum yield of the fluorophores.
The collisional quenching reduces both characteristics ofthe fluorophore, because this dynamic quen-
ching affects all fluorophores. The complex formation heavily affects the complexed fraction of fluo-
rophores but not the free. If the complex FQ is completely non-fluorescent, the measurable lifetime of
the free fluorophores is not affected at all.
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1.8 Photobleaching and -ionization

An irreversible, permanent loss of the fluorophore’s capability to absorb and emit at its characteris-
tic wavelengths is calledphotobleachingor fading. Photobleaching is due to photoinduced chemical
damage and/or covalent modification,9 which either inhibits fluorescence completely or shifts theab-
sorption and/or emission spectra to non-addressed wavelengths. Recently, it turned out that many fluo-
rophores that were believed to bleach are instead undergoing reversible but long-livedphotoionization,
which renders them temporarily non-fluorescent [7].
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R

Figure 1.9: Photobleaching from the excited triplet state T1 to an irreversible bleached state B. The
bleaching ratekbl may be increased by the presence of free radicals R∗.

A fluorophore in an excited state may interact with another molecule to produce irreversible chemical
modifications. As the triplet state is relatively long-lived with respect to the singlet state, fluorophores
in the excited triplet state have a significant probability of undergoing chemical reactions with com-
ponents in their neighborhood. TheJablonski diagram 1.9exemplifies photobleaching from the excited
triplet state T1 with or without additional activation energy by a free radical R∗. The average number
of excitation and emission cycles before photobleaching depends on the molecular structure of the fluo-
rophore and its local environment. Some fluorophores bleachquickly after emitting only a few photons,
whereas others are more robust and undergo many thousands oreven millions of excitation cycles before
bleaching.

Photobleaching degrades the fluorescence emission in many specimens. Therefore, controlling this ad-
verse artifact is critical for achieving high quality fluorescence microscopy. As an example, the quantum
yield for photobleaching of fluorescein at medium to high illumination intensity dictates that a molecule
will only emit 3 ·104 to 4·104 photons in average before bleaching. Provided that no excitation to higher
excited states Sn or Tn occur, the number of excitation and emission cycles is nearly constant for a given
fluorophore and almost independent of the temporal shape of the excitation light. On the other hand,
highly energetic states Sn or Tn have typically bleaching rates that are orders of magnitudelarger than
for the first excited states S1 and T1, because they can directly provide the energy required for breaking
up bonds of the fluorophore [8]. Photobleaching accross these states becomes particularly important with
picosecond or femtosecond pulsed excitation.

An important bleaching agent is molecular oxygen. As outlined insubsection 1.7.1, oxygen plays an
important role as triplet quencher. In principle, quenching the triplet state is an advantageous reaction

9Mainly dissociation of the molecule (breaking covalent bonds), isomerization of the molecule (reforming covalent bonds)
or reaction with another molecule.
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because it reduces the chance that the fluorophore bleaches by removing the excitation energy more
quickly. However, the oxygen molecule becomes activated during this process and may turn into free
radical singlet oxygen. If such a radical encounters a fluorophore it may oxidize and thereby bleach it, in
particular if the fluorophore is yet in an excited state. Hence, the presence of oxygen in the fluorophore’s
environment has a two-fold effect. It increases the brightness of the fluorophore by quenching its triplet
population at the price of simultaneously increasing the bleaching rate of the fluorophore.

The amount of photobleaching due to thisphotodynamic reaction is depending on the molecular
oxygen concentration and the diffusion between the fluorophores, the oxygen molecules and other com-
ponents. Photobleaching can be reduced efficiently by lowering the excitation energy, which also reduces
the measurable fluorescence signal. Fortunately, suitablecombinations of reducing and oxidizing agents
help avoiding photobleaching by preventing the formation of oxygen radicals whilst keeping the triplet
state quenched [7]. Such anti-bleaching agents are commercially available.However, they introduce ad-
ditional substances, which asks for a case-per-case investigation of their compatibility with the biological
sample.

1.9 Comparing fluorophores

A simple parameter for comparing different fluorescent molecules is the product of the extinctioncoeffi-
cient ǫ(λ) and the fluorescence quantum yieldqfl . This term is directly proportional to the brightness of
the dye, accounting for both the amount of light absorbed andthe quantum efficiency of the fluorophore.
Meaningful comparisons between fluorophores should include both parameters and keep an eye on the
photostability as well.Figure 1.10plots the fluorophore brightnessǫmaxqfl versus the wavelengthλex of
peak absorption for major classes of biologically significant fluorophores [9].
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Figure 1.10: Fluorophore brightnessǫmaxqfl versus wavelength of maximum absorptionλex for major
fluorophore classes. The colors of the structures indicate their wavelengths of maximum emission. For
some molecules, only the chromophores are shown. Reprintedwith courtesy by Lavis and Raines [9].
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