Chapter 1

Fluorescence

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

Typical animal cells are 50-20f in diameter, but the naked eye can resolve structures aftabo
10Qum only. These cells are not only too small to be seen withaditbait also almost colorless and
translucent. Consequently, the discovery of their intestraictures relied on a variety of stains devel-
oped for providing sfiicient contrast to make cell structures visible. Becaushaif high visibility and
advantageous features, fluorophores form a major and wagbgdijed class of stains for visible light mi-
croscopy. For these reasons and up to date, microscopy lmggidepends as much on techniques for
preparing the specimen as on the performance of the miqggesdbemselves.

This chapter describes the energy levels of fluorophoresdbas the Jablonski diagram, as well as
their molecular states and the events causing the molettul@sdergo transitions between these states.
Basic concepts of quantum mechanics are applied for uraglisig the interactions of molecules with
light and for describing the fundamental behavior of fludroes exposed to light. The chapter concludes
with considerations regarding the suitability of varioygés of fluorophores for visible light microscopy.

1.1 Molecular states and energy levels

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

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

Electronic statesare characterized by discrete energy levels with largeggrdifferences well above
the thermal energy. Electronic states are classified asesiagtriplet states based upon their angular
momentum of the electron spin. The electrons in most orgawiecules are paired with opposite spins
(¥1/2) in the bonding and non-bonding orbitals, resulting intezeeo spin for the state. Such states have
a single energy level (0) in an applied magnetic field and laeeefore calleginglet states Electronic
states in which two electrons with identical spin occupgyedient orbitals (Pauli exclusion principle) have
a net spin of one (4/2). In a magnetic field such states have three energy levél9(+1) and are called
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Figure 1.1: Jablonski diagram of molecular states, enexggi$ and transitions. The energy is scaled
in waves per centimeter ag.l

triplet states. The distinction between singlet and triplet states is irtgopd because photon induced
transitions always lead to a state of the sapi& multiplicity (singlet>singlet or tripletstriplet).

The ground state is the electronic state with the lowest energy that is oamlifiy a molecule in
thermal equilibrium and without perturbation. For most ewiles, the ground state is a singlet state
denoted § One notable exception is molecular oxyges ®hich is found in its lowest triplet state,?

All other electronic states aexcited statesbecause they possess a higher energy than the ground state.
S to S, denote excited singlet states angtd T, excited triplet states, respectively.

Each electronic state has associatdatation androtation substates The corresponding associated
kinetic energy sublevels are discrete and quantized ali&estectronic energy levels, but with a much
smaller energy quantum. In thermal equilibrium, the mdecgcupies these sublevels with a probability
according to the Boltzmann distribution.

1 In quantum mechanics, the spin multiplicity indicates thenber of possible quantum states of a system with given
principal spin quantum numbé&. The diferent states are distinguished by the spin projection gnanumberS,, which can
take the valuesS,-S + 1,...,S — 1, S. Therefore, the spin multiplicity is+ 1, whereS is the number of singly occupied
orbitals multiplied by the electron spin quantum numirgr A system withS = 0 has exactly one possible state. It is therefore
in a singlet state. A system with= 1/2 is a doubletS = 1 is a triplet, and so on.

The most important application is to electrons in a molecsystem. A single electron (as in a free radical) 8Bas 1/2 and
is therefore always in a doublet state. Two electrons (agliragical) can pair up in a singlet or in a triplet state. Naliynthe
singlet is the ground state.

2 Oxygen has two singly occupied orbitals with electron spimast can beft, 1| 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 o@ziprbitals multiplied by
the electron spims = 1/2.
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1.2 Light—molecule interactions

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

1.2.1 Quantum properties of light

In the classical picture, a light beam is described as arirefeagnetic wave traveling at the speed of
light ¢ [m/s] and oscillating with a frequency [Hz], i.e. an angular frequency = 2xv [rads]. In
vacuum, the speed of light iy = 2.998- 10°my/s. The speed of light slows down to= cy/n in a
material with refraction index. The wavelength is given by = ¢/v [m]. The propagation direction of
the wave is described by a wave vedkowhich has a magnitud|&| = 2r/A [radm]. The intensityl of
the electromagnetic wave is obtained as the rBfi& of the powerP flowing through an are& and is
linked to the amplitud¢lj|2 of the oscillating electromagnetic field. An associatechelavave is then
given as

E(r.t) = Uexp(ik- - iwt). (1.1)

In the quantum-mechanical picture, a light beam is desgrilyea stream of photons traveling at the
speed of light in the direction of the wave vect@r Photons can be imagined as confined wave packets
oscillating with a central frequenoy (figure 1.9. According to Max Planck and Albert Einstein, each
photon carries arenergy Epn = hv = hiw, where the Planck constantlis= 6.626- 1034Js and the
reduced Planck constantfis= h/2r = 1.055- 10~34Js. Therefore, an intensity{\W/m?] of a light beam
corresponds to a photon flux densiby= | /hy [photongm?s].

hiw

Figure 1.2: Graphical representation of a photon as a waskepaonsisting of a few oscillations of the
electromagnetic field with enerdyo, momentuntk and angular momentum

Photons carry a kinetimomentum, which is described by the momentum vecfe 7K. Its mag-
nitude is also found by = h/A. This momentum is responsible for the radiation pressgte kxerts
on matte? Because photons only exist as long as they are travelingeatgbed of light, they do not
possess mass at rest as one might conclude from Albert Eisg@mous relatiorE = mc2.

3The radiation pressure may be used for satellite propulsyosolar sails, for instance.
4 Photons are said to be "stable” because they can travel Hfmmisi of years whilst crossing the universe. Applying the
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Photons also possesgrinsic angular momentum, calledspin. The magnitude of this spin is quan-
tized to the two valueS = £, often denoted as1. The spin is responsible for the radiation torque light
excerts on mattey.

1.2.2 Radiative transitions

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

During aradiative transit a photon is created or destroyed. The conservation of enengiies that
the photon energy equals the transit energy. Moreover,dhsetvation of momentum implies that the
photon’s momentum and its angular momentum are exchangbdhei molecule as well. Therefore, the
molecule not only transits to aférent electronic state, but it also gets kinetic energy.dnegal and
as a result thereof, the molecule finds itself in an energdi@ation and rotation substate of the new
electronic state.

In the Jablonski diagram 1, Xadiative transitions are represented as straight atricows between
electronic states. The arrows are outlined vertically beeathe interaction time of a photon with a
molecule is in the order of a femtosecond, which leaves ne fion the molecule to relax from the
experienced kinetic stress by finding a new thermal equilibr This is often referred to as teanck-
Condon principle, which states that during an electronic transit, a change fone vibration energy
sublevel to another will be more likely to happen the better tivo vibration wave functions overlap.
The induced kinetic stress is then typically relaxed withitoseconds by dissipating heat. Tthiermal
relaxation ST* ~» ST is outlined in a Jablonski diagram by a wavy diagonal arieading from an
energetic substate S1o a more relaxed kinetic substate of g@meelectronic state ST.

1.2.3 Absorption of light

If a molecule is exposed to light, it may capture the energplaitons to transit into a fierent, more
energetic electronic state. During thlissorption event, the photon energy is transferred to the molecule
and excites it. The momentum and the angular momentum obdw@laed photons are transferred as well,
which puts the molecule in an energetic kinetic substatbehew electronic state. By heat dissipation,
the molecule relaxes until it reaches a transient thermalibgqum.

The better the photon energy matches with the transitionggra the molecule, the more likely the
photon gets absorbed. A spectral measurement ofrédmsmissivity T(2) of light traveling through a
small cuvette containing the sample solution allows deit@ng the absorptionféciency of the mole-
cules with respect to the photon enerfy, = hc/A. This measurement is commonly performed with
a dual-beam spectrometer, which measures the transmigsmugh two sample arms simultaneously.
After mutual calibration of the spectrometer arms with blaamples, one arm measures the transmis-
sion T1(4) through a cuvette containing only the solvent, whereaother measures the transmission
T»(2) through an identical cuvette containing the dissolvedya@aT he ratioT2(1)/T1(2) yields then the
net transmissivityl (1). This ratio measurement avoids perturbations by the tefiigcat the air—cuvette

relativity laws, the time a photon "experiences” betwesartitation and its destruction is exactly null, which resds#ysolete
any statement on stability from the viewpoint of a photon.
5 Linearly polarized light does not induce torque becausevefly distributed spins, which sum up to zero in average.
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Figure 1.3: Absorption spectroscopy. An analyte solutiv@ icuvette is exposed to an incident light
intensity lo(1), which is reduced to the transmitted intendity1) after an absorption length. The
concentration of absorbing moleculegiand their extinction caéicient ise().

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

Figure 1.3outlines the interpretation of the transmissivity1). L is the cuvette length andis the
analyte concentration. The incident light of intensigys partially absorbed by the analyte, which reduces
the transmitted intensity < lp. Assuming a (macroscopically) homogeneous absorptioneirctivette,
which is valid at low analyte concentration, dfdrential equation for the transmitted light intensity is
obtained.

di(1)

W = —E(/I)Cdl_, (12)
wheree(1) [M~tm™1] is theextinction coefficient. Integration leads to thew of Lambert-Beer,
T(Q) = L@ = exp(—e(A)cL) . (1.3)
lo(1)

Of course, the absorption is not homogeneous at the motescede. Therefore, a filerent interpre-
tation can be derived by attributing each absorbing moteamlabsorption cross-sections(1) [m?].
Light falling on this cross-section shall get absorbed.ré&fae, a number of moleculesNd= cNa dV
in a small volume element\W= AdL produce a shadow @f(1) dN area, wherdNa = 6.022- 10°3/mol
is the Avogadro constant. The transmitted intensity becothen proportional to the non-obstructed
cross-sectioA — o(1) dN, that is

T = D _ 1 yeNaL. (1.4)

lo(1)
Equating (.3) and (L.4) results in the relation

_ 1 - exp(—e(A)cl)

1
() CNAL .

(1.5)

which yields the equivalence(1) = €(1)/Na in the limit of vanishing length. — 0. The extinction
codficiente and the absorption cross-sectiorare both characteristic figures for thelarizability 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 floloooe ATTO 647N in agueous solution.

The absorption spectruefl) outlined infigure 1.4shows a maximum at a wavelengtk = 644nm.
The maximum extinction cdicientemay = 1.5-10°M~tcm corresponds to an absorption cross-section
omax = 2.5A%, which is comparable to the size of a benzene ring in orgartecnles. Secondary
absorption peaks at ~ 430nm andl ~ 320nm indicate excitations into higher singlet statgsTe
black vertical line shows a suitable excitation wavelergft633nm (HeNe laser).

1.2.4 Emission of light

If a molecule is in a higher electronic state, it can gi¥eits energy by emitting a photon for returning
to a lower electronic state. The emitted photon will obt&ie diference energy of this radiative transit.
Because the photon also carries away momentum and angutaembam, the molecule will be again in
an energetic kinetic substate after the transit, from whioklaxes by heat dissipation.

The conservation of the spin multiplicity favors emissivansitions between electronic states of the
same kind — singlet or triplet. If a molecule stays in its Istvexcited triplet state 1T it can hardly return
to its singlet ground stateg®y emitting a photon. The probability of such a transitiosnsall but non-
null because of the overlap integral of the nuclear wavetfans (heavy atom féect) and because of
collisions with neighboring molecules, which can providle hecessary spin flip.

If the molecule is left in a higher electronic level, it teridget rid of its excitation energy, for instance
by spontaneous emissionf a photon. If this emission stems from an allowed transithetween states
of identical spin multiplicity, it is termedluorescence Otherwise, it is callegphosphorescenceDue
to the much higher probability of performing an allowed #s#ion, phosphorescence is in general much
weaker than fluorescence. Fluorescence occurs typicalhinvianoseconds, whereas phosphorescence
occurs on a microsecond to seconds time scale.

Because the molecule yet dissipated heat after absorbihgtarpand will dissipate heat again after
emitting a photon, the energy of the emitted photon is in gariewer than the absorbed energy. This
means that the emitted photons have a longer wavelength entiigsion spectrum is red shifted. In
a polar solvent, for instance water, the changes of the nalaiscpolarization induce a reorganization
of the neighboring solvent molecules as well. This reorzgtion leads to a partial compensation of the
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polarization change, which also contributes to the red.sHife red shift of the peak emission wavelength
versus the peak absorption wavelength is calimkes shiftfm]. Due to the stochastic nature of all these
events, the emission spectrum is broadened. The spect@dvizith of the emission is much larger than
the homogeneous line width. For instance, the fluoresceyesrsim of the red fluorophore ATTO 647N
outlined infigure 1.4peaks at a wavelength = 669nm. The measured Stokes shift of this fluorophore
is therefore 25nm.

If an excited molecule is exposed to light matching (partitsffluorescencespectrum, atimulated
emissioncan be induced. The photon emitted by this stimulated traasiies the same energy, momen-
tum and angular momentum as the stimulating photon. Thisgsis exhaustively used in lasers because
it provides a coherent amplification of the number of photioren excited gain medium. Théheiency
of the stimulation can be described with a cross-sectionhnalike the absorption cross-sectiot(l).
However, the stimulation cross-section does not absortstihailating photons. Instead of producing
a shadow, it duplicates the incident photons. Albert Einss@owed that the stimulation cross-section
is identical to the emission cross-section, which meanisthigastimulated emissionffeciency and the
spontaneous emission spectrum match perfectly.

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

Molecules that are good absorbers but bad emitters belottgetalass ofcolorants or dyes (though
dye became synonym to fluorophore). Colorants do hardly kghit 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 etatt state by radiation. Indeed, most mole-
cules tend to givefithe excitation energy swiftly by dissipating heat or by sfanring their polarization
to neighboring molecules.

By internal conversion, that is by transforming electronic energy (polarizationtp kinetic energy
(vibrations), a molecule can transit from a higher to a loeectronic state. In this case, the kinetic
energy is so high that the molecule is free to transit intoleatenic state of dferent spin multiplicity
whilst dissipating heat. A transition from a singlet to alet state or vice versa is calléatersystem
crossing

The thermal relaxation can be considered as non-radiaiveatthough it does not bridge electronic
energy levels and can therefore only dissipate heat (pl&rmndefinition, not photons.

1.2.6 Forster resonant energy transfer

A molecule can also get excited by receiving energy via tliresonant dipole—dipole energy transfer
from a nearby fluorophore. In thisdrster resonant energy transfer(FRET), the receiving molecule
is theacceptor, whereas the sending fluorophore is ttenor. FRET is a near field process and has a
typical coupling range of about 10nm or less over which thicess is likely to occur, provided that
the acceptor and donor transitions have matching enerBiesause of its strong dependence on the
donor—acceptor distance, FRET can be used as a ruler of nfenletistances, see for instanek ).
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Depolarization of a fluorophore from its excited triplettstd; to its singlet ground stateySs very
much favored by a FRET of the fluorophore’s triplet energy meauular oxygen @. Because oxygen
is normally in its triplet ground stateg] this energy transfer isfigcient and typically occurs within
microseconds at room temperature. If oxygen is removed &dlmorophore solution, the fluorophores
stay 16 — 10*x longer in their (dark) triplet state;T

Light is an electromagnetic wave with quantized energy. ligie quanta are called
photonsand carry an energyy, a momentunik and an angular momentum (spin)
+7#; but no rest mass.

Molecules possess energy states fedéent kind.Electronic statesreflect the elec-
tron energy levels and the (transient) polarizability @ tholeculeVibration and

rotation substatesreflect kinetic energy sublevels of the electronic statdmsé
kinetic substates are due to vibrations of the moleculemat(bond stretches) and
due to rotations of the molecule as a whole.

Molecules can interact with light bgbsorbing or emitting photons. The absorbed
photon transfers its energy to the molecule, which tramsitsa higher electronic
state of identical spin multiplicity singlet or triplet. The molecule can emit a
photon be returning into a lower electronic state. Absorpand emission ane-
diative transitions bridging the large energy gaps between electronic statéseof
molecule.

Due to the exchange of momentum and angular momentum betiiegphoton
and the molecule, the molecule transits into an energatietiki substate of the ney
electronic state. After the transit, the molecule relaxemfthis mechanical stress
by dissipating heat, callethermal relaxation. Moreover, in a polar solution, a
transient polarization of the molecule will cause a reoizition of the neighboring
solvent molecules, which partially shields the polar@atchange.

=

Fluorophores are (organic) molecules that likely emit fluorescence photon
swiftly after absorptionintersystem crossingto and emission from an electronic
state with dfferent spin multiplicity are unlikely to occur but can resalthe emis-
sion of phosphorescencghotons. The dissipated heat and the polarization shield-
ing are responsible for the Stokes shift and the broad eonisgiectrum. Th&tokes
shift denotes the red shift of the emission as compared to thelzasbght.

1.3 Transition rates

Fluorophores are frequently used as specific stains foredbeence microscopy of cells at ambient or
physiological temperature. This means that their typioglrenment is an aqueous solution. Under these
conditions,table 1.1summarizes the time scales and defines the various trarssibetween the most
relevant molecular states of a fluorophore. A fluorophoredake characteristitansition time 7y
before it undergoes a transit. The dwelling time before msitds stochastic and can be well described
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| Process | Transition | Time scale \

Internal conversion | S, —> S, | 7ic » 10¥ - 1011s
Thermal relaxation | S, — S, v ~ 10012 - 10105
Intersystem crossingg S; — T1 | 7isc ~ 1011 - 107°s
Fluorescence S - % 1 ~ 109 - 10°%s
Phosphorescence | T1 — Sy | tph~ 10°-10%s
Non-radiative decay] S; —» Sy | s~ 1077 — 10°s
T1- S | Ter10%-10%s

Table 1.1: Time scales of molecular state transitions.

by an exponential probability density with characteristécay timery,.® The characteristitransition
rate kyy is given by JYryy. If a number ofN fluorophores "prepare” for the same transition xy, the
observablédransit rate Ky equals tdkyyN.

With these definitions, it is now possible to draw conclusi@iout the characteristic response of a
fluorophore if continuously exposed to light. This chardste 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 ag th@nsition ratek,y. Therefore, the state can
be left with a total transition rate equal to the total ratalbfleaving transitions xy. The characteristic
residence timein the state ST is therefore given by

TsT = [; kxy]_l = {Z i]_l. (1.6)

Xy Txy

This is thelifetime rst of this molecular state ST.

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

Oxy = kxyTST- .7

This is thequantum efficiency gxy € (0, 1], also calledyield. These terms imply that the fluorophore
"selects” and undertakes one and exactly one transit foirlgahe current molecular state.

How does a fluorophore respond if exposed to a constant photdiux? A fluorophore exposed to
a constant light intensityex Will continuously perform absorption—emission cycles.dverage cycling
behavior can be derived directly from the lifetime of its emilar states and the quantuffi@encies of
its transitions. This average behavior is exemplified bysaering theJablonski diagram 1.2For this
example, the internal conversiég can be neglected by assuming that the fluorophore neverasdoh
excited state

8 In principle, the thermal relaxation would require a meltiponential probability density for describing this mustiel
multi-step process. In practice however, experimentalltesre adequately described by a single exponential dbeaguse
the thermal relaxations are much faster than the otheritiams
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Let assume that the fluorophore initially resides in its gbstate §. The incident light provides the

fluorophore excitation energy because the fluorophore mpphotons at an absorption rétg.
lexAd 1
Kex = Tex®ex = U'ex—eﬁcoex = T_ex (2.8)

The fluorophore will take an average timg + 1 to reach the excited singlet state. Shere, it will
reside for the excited singlet state lifetinng; = 1/(ky + kars + Kisc), the fluorescence lifetime before
it returns to g or crosses to the triplet statg.TWith a probabilitygisc = kisc7s1 it passes to the triplet
state T and will take an additional time afy + 711 for returning to g, whererry = 1/(kpn + Knrt) is the
triplet state lifetime.

The average time for the cycle § — ... » Sy is given by the sum of the residence times in the
traversed states weighted by the probability of encoumgetiese states.

T = Tex + Ts1+ 27y + Oisc (Trr + TT1) & Tex + Ts1+ QiscTT1 (1.9)

The time-averaged probability that the fluorophore residdélse molecular state ST is obtained by nor-
malizing the residence time in that state by the averageedyle. This probability is theccupation
probability Pst = rs7/7, from which the emission rates per molecule are derived.

-
Kn = kiPsy = ky—= = £l (1.10)
T T

iscT Oph
Koh = konPr = kon T2 = Gse— (1.11)

How does the fluorophore respond if the excitation intensityis increased? Equation (.8) shows
that the absorption ratiey is directly proportional to the photon flukey. If the excitation intensity is
increased more and more, the absorption tigye— 0. In the limit, the cycle timeX.9) reduces ta —
Ts1 + QiscTT1. The cycling rate is then limited by the time the fluorophalkets to return spontaneously
to the ground state. This means that the emission ratesasatur

Thesaturation intensity g5 is defined as the excitation intenslty, required for depleting the ground
state population to 50% of the fluorophores, which corredpdo an § occupation probability of 50%.
Therefore, the saturation intensity is obtained by fulfglithe conditionrey = 751 + Qisc7T1.

(rs1+ GiscTT2) (1.12)

|sat =
ex/lex

1.4 Rate equations

The principal time-averaged response of a fluorophore toiremus incident photon fluey was just
depicted by calculating the lifetimes of the molecularesaind the yields of all transitions connecting
them. In the following, this response is described by the egfuations linking the transit rates with the
variations of the molecular state populations, which afi@tudying the fluorophore’s transient behavior
to varying excitation condition®ey(t) as well.

Let Pst be the occupation probability of the molecular state as ddfiefore. For a given total number
N of identical fluorophores, theopulations of state ST are then given by the number of fluorophores in
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that state, that iblst = PstN. In other words, the occupation probability is tantamoorthe population
if a single fluorophore is considered & 1).

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

aZtST: D, kgOPs® - > ky®P50), (1.13)

%y from ST %y to ST

where all transitsy from connected stateT increase the population and all trans¥sto connected

statesST decrease the population of the state ST. Therefore, thplete set of rate equations.13 for
all molecular states describes the response of the fluorephall detail. This system of rate equations
can be expressed in matrix form as

P o
== K (t)B(t), (1.14)

whereP is a column vector describing the populatid®si(t) of all molecular states ST, and wher is
them x m connection matrix formed by all transition ratek,y (t) connecting thesm states.

Solving the rate equations for the excited state populatlsi(t) or Pri(t) allows then to obtain
the emission rates. Much like before, the fluorescence @nisate per molecule is finally given by
K (t) = kn (t)Psa(t) and the phosphorescence rateky(t) = kon(t)Pra(t), respectively.

Thetransition rate k,, describes the characteristic rate at which the molecule wil
undergo a transit if it resides in the departure state ST eftthnsition xy. The
characteristidransition time 7,y is given byry, = 1/kyy. Thetransit rate Ky, =
kv NsT describes the observed rate at which the molecules undettakransition,
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. Normalizing\st by the total numbeN of molecules yields theccupa-
tion probability Pst. The transit rate per molecule is then givenkgyPs.

The residence timerst describes the characteristic time a molecule stays in|the
state ST. It is the inverse of the total rate of all transgioty that depart from ST
7sT = 1/ X Kxy. Thequantum efficiency or yield dy, = kyy7sT iS the probability a
molecule undergoes a particular transition xy if it resiioteiss departure state ST.

The characteristic time for a complete cycle &— ... —» S is obtained by sum-
ming the weighted residence times in the traversed statesenhe weights are thg
probabilities of encountering these states. The occupatiobabilities are then ob
tained by normalizing the weighted residence times byom which the emission
rates at the dynamic equilibrium are immediately obtained.

1%

It is worth noting that the solution of the rate equations baoome arbitrarily complex, in particular
if the transition rates are time-dependent. Fortunatbly,domplexity can be reduced significantly by
noting that the thermal relaxation can often be neglecteattdbuted to the lifetime of the relaxed state.
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Moreover, the excitation ratey(t) is typically the only relevant time-varying transitiorteéaFor (piece-

wise) constankey, the eigenvalues of the transition matrik are the equilibration rates of the states,
whereas the eigenvectors are the corresponding popudafidre column-wise sums of the transition

rates in K are always zero if the number of fluorophores stays condtathis case, one eigenvalue is
zero and its eigenvector yields the steady state popufation

The following sections exemplify the rate equations and g@utions for two frequently applied models.
These models provide much simplified buffatiently accurate descriptions of the fluorophore’s photo-
physical behavior. The first model uses just two states, tbergl state $and the excited state, SThe
second model uses three states for taking into accountipiet istate T too.

1.5 Two-level model

The simplifiedJablonski diagram 1.8hows the most essential electronic states and transdicafiuo-
rophore. This two-level model forms the simplest possilascdiption of fluorescence. Here, the ground
state § and the excited state; Qare both singlet statésThe rate equations are readily obtained by
applying the general formi(13).

Energy [1/cm]
& /
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hVex hVﬂ
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10000 kex | % | K
\{/
0 >
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Figure 1.5: Two-level Jablonski diagram showing the singlates $and S as well as the transition
rates of the excitatiokey, the fluorescencly and the non-radiative dec#ys.

oP

TSO = —KexPso + (il + Kars) Ps1

opP (1.15)
781 = KexPso — (ki + Knrs) Ps1

We note thaky + ks = Ks1 is the total transition rate;S— Sp, which yields the excited state lifetime

751 = 1/ks1. Alternatively, the rate equation systet 15 can be written in the matrix forr® = (ﬁﬁ,
where

B(t) :(izig) and T (t) = (_kti?g) _klfsll). (1.16)

" The two-level model neglects the thermal relaxations betiaes a Stokes shift. In fact, the Stokes shift is essentialrf
efficient absorption because it largely prevents stimulateédgom by the excitation beam. Implicitly, any two-level deb of
a fluorophore is a three- or four-level model.
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With the conditionPsp+Ps1 = 1 and the abbreviatiok(t) = kex(t)+Kks1, two independent inhomogeneous
differential equations are obtained.

Pso(t) + K()Pso(t) = ks1
Psa(t) + K(t)Psa(t) = kex(t)

Because the fluorescence emission per molecule is givenumstieq (.10 asKy(t) = kqPsi(t), it is
suficient to solve for the excited state populatiégy(t). Unfortunately, there is no general solution for
the behavior of a fluorophore in response to a varying exaitaiate key(t), Nnot even for this simple
two-level model. However, we can easily draw the main charatics of the fluorophore’s response to
piece-wise constant conditions.

(1.17)

What happens if the excitation stays constant? If the excitation is kept continuously at the rdts,
the populations will reach dynamic equilibrium characterized by(t) = constant. This is theteady
state solution that we find by Iettin@ﬁ/at = 0, which immediately leads tBs; = kex/k.

It is quite instructive to check whether this steady statetem is equal to the solution found in
section 1.3In this two-level model, the characteristic cycle time is tex + Ts1. Therefore, the average
population of the excited state %, = ts1/7, which is indeed identical they/k.

What happens if the excitation is switched on? Let assume no excitation far< O and a constant
excitation rateke, for t > 0. The fluorophore will be initially in the ground state, thaPsy(t < 0) = 0.
Fort > 0, the steady state solution is approached and will be relafciié > 0. The transient response
of the fluorophore is found to be

Psi(t = 0) = % (1 — exp(=kt)), (1.18)

which can be verified easily by putting it back into théeliential equation1(17). We observe thak(t)
is the decay rate at which the singlet state population& traasients in the excitation rakey(t).

What happens if the excitation is switched &7 Let assume the excitation is switcheff att = 0.
For obtaining the responsetat 0, we solve the homogeneousfdrential equationPs; + ks1Psy = 0 or
we reuse the resuliL(18 for a negative transient. We find

Psi(t > 0) = Ps1(0) exp(—ksit) , (1.19)

where the initial condition is the excited state populati®i(t = 0). After switching the excitationf
the excited state population decays exponentially. As widcexpect, the characteristic decay time is
the fluorescence lifetime of the fluorophore.

What happens if the excitation rate changes? Let assume that the excitation rate changdg,tat the
timet = 0. The initial condition is again the excited state popolafPs,(t = 0) due to prior excitations.
From the transient responsk 18), we obtain directly the response to the change in the diaitaate if
we note that the transient only applies to the change of thiteekstate population.

Paslt> 0) = Pea(0) + & - Psx(0) 1~ exp(-k) (1.20)

Letting Ps1(0) = O reproduces the result.(l8 andke, = 0 yields the solutionX.19), respectively.
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What happens if the excitation rate varies continuously? In principle, the diferential equation
(1.17) has no general solution for a continuously changing etioitaratekey(t) because the excitation
rate also changes the equilibration rkfg. However, if this influence is small comparedks (no satu-
ration) or if the excitation rate variations are small (drpafturbation), the fluorophore can be modeled
like a linear shift invariant (LSI) system. Assuming a LSs®m, the response of the fluorophore can be
approximated by an exponential impulse response convaliicthe excitation rate.

Let kex = (kex(t)) be the average excitation rate. The average equilibratitsnfor the singlet popula-
tions is then given bk = Kex + ks1. If the variationgdkex(t)| < K, the diferential equation1(17) can be
approximated by

Psi(t) + kPsa(t) ~ Kex(t). (1.21)

The homogeneous solution is identical to the resliit9 but with a characteristic decay tinke If the
fluorophore is brought in the excited statd at0 by a short excitation pulse (Dirac), it will respond by

Psi(t > 0) ~ exp(—kt), (1.22)

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

Psa(t) ~ f Kex(t — 7) exp(—kr) dr (1.23)
0

1.5.1 Exercise

Using theJablonski diagram 1,%®alculate the fluorescence emission k&ié) for a sinusoidal excitation
intensity lex(t) = 2lgcos (wt/2), wherely < lsa What happens if the modulation frequeneoyis
increased from zero to infinity?

Hint Characterize the response in the frequency domain.

1.6 Three-level model

The simplifiedJablonski diagram 1.$hows the essential electronic states and transitions wd@fhore
for modeling fluorescence and phosphorescence. This webmodel extends the previous two-level
model by including the lowest triplet statg.TAlthough this model is still fairly simple, it is well appre
ciated because it allows modeling most features of fluormgghwith suficient fidelity.

Once more, the rate equations are obtained by applying thergleform €.13).

oP

81150 = —KexPso + (K + Knrs) Ps1+ (kph * kmt) Pr1
oP

6'[51 = KexPso — (ki + Knrs + Kisc) Ps1 (29
P11

ok KiscPs1— (kph + knrt) Pr1
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Figure 1.6: Three-level Jablonski diagram showing thelsingtates $and § as well as the triplet
state T and the relevant transition rates.

The second equation shows the fluorescence lifetime, thheitotal S depopulation ratés; = kqy +
knrs + Kisc. The third equation does the same for the triplet statarifet that isk_Tl = Kph + Knrt. Using

these abbreviations, the rate equatichg€4) can be rewritten in the matrix ford = <K>I3, where

Pso(t) JN —kex(t) ki +kars  kt1
P(t) = [P81(t)] and K (t) = | kex(t) —ks1 0 (1.25)
Pr1(t) 0 Kisc —kr1

Recalling and observing that the column-wise sums of thesttian rates inK are Zero, one rate equa-
tion can be determined by the others. For the sake of conmgle$e all rates are outlined here. However,
the response to an excitatidg(t) will be derived from the excited states only. Applying trendition
Pso+ Ps1 + Pr1 = 1 yields then the following diierential equation system.

Psi(t) = Kex(t) (1 — Pra(t)) — (kex(t) + Ks1) Psa(t)
Pr1(t) = kiscPsa(t) — kr1Pra(t)

At this point, we could solve for either excited state pofiata We decide to solve for the triplet state

population first because it keeps a record of the excitedetistate population, which itself tracks the

history of the excitation rate. Regardless of possibly pbchanges in the excitation rate, the triplet state
population evolves strictly continuously, and so does it fierivative.

Solving the triplet state flierential equation for the excited singlet state yields
Pra(t) + kriPra(t)
kiSC ‘

Insertion into the excited singlet statdfdrential equationl(.26) results then in an inhomogeneous sec-
ond order diferential equation.

9°P P
atle + (Kex + ks1 + kra) WTI + (Kexkisc + (Kex + ks1) kr1) Pr1 = KexKisc (1.28)

For a piece-wise constant excitation rltg we try an ansatz of the foriar,(t) = aexp(-bt) + ¢ and

obtain by identification of constant terms

_ KexKisc _ OiscTT1
Kexkisc + (Kex + ks1) kt1  Tex + Ts1+ QiscTT1

(1.26)

Psa(t) = (1.27)

c

(1.29)
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which is the steady state solution calculatedgéttion 1.3 The exp(—bt) terms yield the characteristic
polynomial of second order for the ralbeat which the triplet state population approaches its dynami
equilibrium.

b? - (Kex + Ks1 + k11) b + KexKisc + (Kex + Ks1) kr1 = 0 (1.30)

Solving for the two possible ratdsleads to

b, = %(kex s s = (ke ket — ko) - e (1.31)

Therefore, the triplet population is given by the generafifo
Pri(t) = a, exp(-b,t) + a_exp(-b_t) + ¢, (1.32)

where the amplitudea. are obtained with the initial conditions given by the couiin of the triplet
state populatiorPr1(t) and its derivativePrs(t). The results1.29 and @.31) show that solving for the
triplet state population first has the advantage of requiriaither the derivative nor the integral of the
excitation ratekex(t). Therefore, all parameteis., b, andc are well defined irrespective of potential
discontinuities of the excitation rate such as steps ordjrdses.

What happens if the excitation is switched &? Let assume the excitation is switcheff att = 0.
For obtaining the responsetat 0, we look up the equilibration rate$.81) for kex = 0 and findb, = kg1
andb_ = k1, respectively. Obviously, these are the decay rates ofxbited states without excitation.
The steady state triplet populatich 29 is of course zero, that is= 0. Finally, we obtain the amplitudes
a, with the initial conditions.

Pri(0)=a, +a
>11(0) = &, (1.33)
Pr1(0) = —a,ks1 — a_km1
The transient response of the triplet state populationen tiiven by
Pry(t > 0) = Pr1(0) + kr1P11(0) expl(—ksi) + Pr1(0) + ks1Pr1(0) exp(—krt). (1.34)

kt1 — Ks1 Ks1—kr1

What happens if the excitation is switched on? Let assume no excitation far< 0 and a constant
excitation ratekex fort > 0. The fluorophore will be initially in the ground state, thelPr;(t < 0) = 0 and
Pri(t < 0) = 0. Fort > 0, the steady state solutioh.R9 is approached and will be reached fos 0.

The transient response of the fluorophore is found by soltriegnitial conditions for the amplitudes.
as before.

Pri0)=0=a,+a +c
_Tl( ) a, (1.35)
PT]_(O) =0=-a,b, —ab_
The transient response of the triplet state populationen tiiven by
_ b.c
Pri(t>0) = exp(-b,t) + exp(-b_t) + c. (1.36)

b+_b_ b__b+
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Interpretation

For weak excitationey < lsg, the rate constants. are approximately given by the decay rakes
andkry of the excited states as if no excitation were present.  #pproximation seems too coarse,
the excitation ratéey has to be taken into account. Nevertheless, the expressi@ugiation {.31) can
be further simplified by noting that typicallisc < ks1 — ky1. Therefore, the square root can be well
approximated by

VKo + ks — kr1)? — Bhenkisg = (Ko + kst — kr1) y/1 — AKodkise (Kex + ks — kra) 2

~ Koy + ks1 — k1 — _ Zkekise (1.37)
) Kex + ks1— kr1°
The rate constantd (31) are then simplified by the approximate expressions
b, ~ Kox + ks - 2N i ks and
Kex + Ks1 — kr1 1
b_ ~ k +&e[k kr1 + Kisc) %)
_ T1 kex T kSl — le T1, KT1 sc/ -

We observe thab, corresponds to the singlet state equilibration kafeund with the two-level model
in section 1.5and we note thdb_ is the triplet state equilibration rate, respectively.

We recall that the singlet state populatiBgy(t) is readily obtained by applying the relatioh.27).

1.6.1 Exercise

Based on thdablonski diagram 1,&alculate the fluorescence emission rate in response themgrilar
excitation pulse providing an excitation rag = 5- 10°/s during a time interval df.x = 20us. Plot the
excited state populations for a fluorescence lifetirge= 12ns, a triplet state lifetimer; = 5us and an
intersystem crossing yielglsc = 5%.

Thesteady states thedynamic equilibrium achieved for constant excitation when
the variations of all molecular states vanish, thaifot = 0. For the three-level
model, the steady state excited singlet state populatigivésm by

PS]_ — kekal — Ts1
Kexkisc + (Kex + ks1) kt1  Tex + Ts1+ QiscTT1

For the two-level model the intersystem crossing kate respectively its yieldjsc,
is set to zero. For large excitation rates — oo, the emission saturatesand is
limited by the spontaneous relaxation of the excited states

The transient response of a fluorophore due to a change ofdhaten ratekq(t) is
in general exponentially approaching the steady stateahifinacteristie@quilibra-
tion rates of the populationsPs1(t) of the states ST. These equilibration rates are
approximately given by the absolute sums of the rates ofaaisitions connected
with each state ST.
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1.7 Fluorescence quenching

Any extrinsic process that decreases the emission of a fbhore is aquenching process The char-
acteristic parameters for the fluorescence emission sugouasum yield and lifetime are influenced
in the presence of guencherQ. This quencher Q interacts with excited molecules in veriways to
inhibit fluorescence. These fluorophore—quencher interactcompete with the intrinsic de-excitation
of the fluorophore. In thdablonski diagram 1,1the quenching rate can be outlined as an additional
non-radiative transition rate;ST; — Sy or simply added to the existing non-radiative transitiotesa
kars andor knt. Therefore, the general forms of the rate equations and sbkition do not change ex-
cept that the fluorescence dgadphosphorescence quantum yields and lifetimes decre#s@areasing
quenching rate.

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

1.7.1 Dynamic quenching

If the energy is transferred to the quencher molecule uptision of the fluorophore with the quencher
molecule, this fluorophore—quencher interaction is catl@tisional quenchingor dynamic quenching
The collisional quenching process increases the rate ofadiative transitions by the quenching rate
kaq[Q], which is proportional to the concentration [Q] of themexcited quenchérTherefore, the fluo-

Energy a1 (0)/an ([Q)

A \51 A

\J

Figure 1.7: Collisional quenching process (left) and Stéslimer plot (right). The Stern-Vollmer plot
shows the impact of collisional quenching affdient temperatures.

rescence quantum yield decreases with the quencher costoemt

K ks1
= = o (0)———— 1.39
WD = e koo kel ~ " Vierr kel (199

TheStern-Vollmer equation expresses the quenchingieiency by the ratio of the fluorescence quantum
yield ¢ (0) without quencher versus the quantum yigidQ]) in the presence of the quencher.

() _ ., kalQl

=1+

o ([Q1) ks1

8 Quencher molecules are mostly inactive if they are stilitexicdue to a prior quenching interaction.

= 1+ 751Kaq[Q] (1.40)
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This ratio is represented as a function of the quencher erat®n in theStern-Vollmer plot 1.7. In
most solvents, the collision rate and therefore the quewgchatekyq increases with the temperature
because the ffusion codicient increases and because the solvent viscosity desréldse dependence
shows up in the Stern-Vollmer plot as an increased slopeedfitienching &iciency with temperature.

In general, dynamic quenching already occurs with the sblk®lecules acting as quenchers, which
can become patrticularly significant at high temperature tl@nother hand, at cryogenic temperature,
many molecules become fluorescent as their non-radiatis@yds sificiently slowed down.

Molecular oxygen Oxygen Q is well known as a quencher for many fluorophores. The oxygeurgl
state is a triplet state. The collisional quenching of shgtates but in particular of triplet states is pos-
sible through an energy transfer process. The triplet giag@ching is fairly #icient because of its long
lifetime and the triplet ground state of oxygen, which aloww transfer the change in spin multiplicity
as well. The oxygen does the transit & S; whilst the fluorophore returns to the ground state 3 S;.
The collisional quenching rate is proportional to the meguase distancéAr2> = 6(Df + Dg) At the
fluorophore and the quencheffidise duringAt, that is the lifetimers; or 711 of the excited state {Sor

Ti, respectively.

An oxygen molecule in water at a temperature df@%bas a diusion constanDq = 2.4 - 10-%cn?/s.
During the singlet lifetime of nanoseconds, the oxygen eudkedifuses over a distance of nanometers
only. The probability to collide with a fluorophore in thepiet 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 fluorophovergher complex FQ is callefatic quen-
ching. The complex FQ often keeps absorbing photons but returtieetground state Swithout emis-
sion. The fluorescence of the free fluorophore F is fiected. If the lifetime of the complex FQ becomes
shorter, the static quenching becomes gradually timerdbge like the dynamic quenching.

Energy Kn(0)/Kn([Q])
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Figure 1.8: Static quenching and the complex formation @secleft) and Stern-Volimer plot (right).
The Stern-Vollmer plot shows the impact of static quenclaindiferent temperatures.

In equilibrium, the quencher—fluorophore complex fornmai® described as ¥ Q = FQ. The fluo-
rescence intensity is related to the quencher concenirf@p by the association constakt, for the
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complex formation, which is given as

« _ IFQ]
Sq — 5
7 [FIQ]
where [F] is the concentration of free fluorophores and [fF@]doncentration of complexes, respectively.
Because of the mass conservation, the total fluorophoreeotmation [F} = [F] + [FQ] is constant. The
fraction of free fluorophores becomes then

[Fl _ 1

[Flo 1+KsdQ] .
As the fluorescence is proportional to the concentrationtffe Stern-Vollmer relation leads to

Ki(0)

Ka([Q])

There are remarkable similarities between the Stern-\éilaguation 1.40 for collisional quenching
and this result1.43 for complex formation, respectively. An increase in tenapere leads to a slightly
faster association rate, because the complex formaticavasdd by fast diusion, hence frequent col-
lisions. However, the dissociation rate becomes signifigdaster, because the dissociation energy is
much more frequently achieved by thermal excitation. Oljetlae association constan€sq usually

shows a pronounced negative temperature dependencyStEne-Vollmer plot 1.8shows therefore a
decreasing slope of the static quenchifiicency with increasing temperature.

(1.41)

(1.42)

= 1+ KeJQl. (1.43)

Quenching is an extrinsic inhibition of the fluorophore’s cabability luoresce.
A quencheris a molecule or compound that can deplete the fluorophoxeitee
states by non-radiative energy transfers.

Dynamic quenchingis caused by fluorophore—quencher collisions, at which-o¢ca
sions the fluorophore’s energy is taken up by the quencheeculg(s). Dynamic
guenching becomes moréieient with increasing quencher concentration and with
increasing dfusion speed of the quencher molecules and the fluorophorgent
eral, the difusion speed increases with temperature and so does the idymaem-
ching dficiency.

Static quenching is caused by the reversible formation of non-fluorescent
fluorophore—quencher complexes. Static quenching beconoes dficient with
increasing quencher concentration and with increasingcésggon constant of the
complex formation. In general, the association constacitedeses with temperatur
and so does the static quenchirfgaency.

4

A Stern-Vollmer plot outlines the quenchingfiéciency versus the quencher con-
centration. Theguenching dficiency is the ratio of the non-quenched versus the
qguenched fluorescence emission rate or quantum yield.

A notable diference is the influence on the measured lifetime and quanieichof the fluorophores.
The collisional quenching reduces both characteristicheffluorophore, because this dynamic quen-
ching dfects all fluorophores. The complex formation heavifieets the complexed fraction of fluo-
rophores but not the free. If the complex FQ is completely-fhoorescent, the measurable lifetime of
the free fluorophores is noffacted at all.
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1.8 Photobleaching and -ionization

An irreversible, permanent loss of the fluorophore’s cdjghio absorb and emit at its characteris-
tic wavelengths is callegphotobleaching or fading. Photobleaching is due to photoinduced chemical
damage an@r covalent modificatiod, which either inhibits fluorescence completely or shifts e
sorption angbr emission spectra to non-addressed wavelengths. Rgdémtirned out that many fluo-
rophores that were believed to bleach are instead undegyrgeuersible but long-livegphotoionization,
which renders them temporarily non-fluorescefit [

Energy
A

Figure 1.9: Photobleaching from the excited triplet statedran irreversible bleached state B. The
bleaching ratéy, may be increased by the presence of free radicals R

A fluorophore in an excited state may interact with anothelede to produce irreversible chemical
modifications. As the triplet state is relatively long-kivavith respect to the singlet state, fluorophores
in the excited triplet state have a significant probabilifyjundergoing chemical reactions with com-
ponents in their neighborhood. THablonski diagram 1.8xemplifies photobleaching from the excited
triplet state T with or without additional activation energy by a free radi®". The average number
of excitation and emission cycles before photobleachingedds on the molecular structure of the fluo-
rophore and its local environment. Some fluorophores blgadkly after emitting only a few photons,
whereas others are more robust and undergo many thousaedsnomillions of excitation cycles before
bleaching.

Photobleaching degrades the fluorescence emission in rpaoyrens. Therefore, controlling this ad-
verse artifact is critical for achieving high quality fluscence microscopy. As an example, the quantum
yield for photobleaching of fluorescein at medium to highrilination intensity dictates that a molecule
will only emit 3- 10* to 4- 10* photons in average before bleaching. Provided that noagiaitto higher
excited states Sor Ty, occur, the number of excitation and emission cycles is peanhstant for a given
fluorophore and almost independent of the temporal shapkeogxcitation light. On the other hand,
highly energetic states,®r T, have typically bleaching rates that are orders of magnitacger than
for the first excited states;&nd T, because they can directly provide the energy requiredriaking
up bonds of the fluorophor@]. Photobleaching accross these states becomes pafiidoi@ortant with
picosecond or femtosecond pulsed excitation.

An important bleaching agent is molecular oxygen. As oatiim subsection 1.7,loxygen plays an
important role as triplet quencher. In principle, quenghihe triplet state is an advantageous reaction

9Mainly dissociation of the molecule (breaking covalent d&) isomerization of the molecule (reforming covalentds)n
or reaction with another molecule.
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because it reduces the chance that the fluorophore bleaghesnioving the excitation energy more
quickly. However, the oxygen molecule becomes activataithduhis process and may turn into free
radical singlet oxygen. If such a radical encounters a flpiloooe it may oxidize and thereby bleach it, in
particular if the fluorophore is yet in an excited state. Hertloe presence of oxygen in the fluorophore’s
environment has a two-foldfect. It increases the brightness of the fluorophore by quegdts triplet
population at the price of simultaneously increasing tleathing rate of the fluorophore.

The amount of photobleaching due to tiplsotodynamic reaction is depending on the molecular
oxygen concentration and thefiision between the fluorophores, the oxygen molecules amed otm-
ponents. Photobleaching can be redud@diently by lowering the excitation energy, which also reefic
the measurable fluorescence signal. Fortunately, suitaiphdinations of reducing and oxidizing agents
help avoiding photobleaching by preventing the formatiboxygen radicals whilst keeping the triplet
state quenched]. Such anti-bleaching agents are commercially availditavever, they introduce ad-
ditional substances, which asks for a case-per-case igash of their compatibility with the biological
sample.

1.9 Comparing fluorophores

A simple parameter for comparingfiirent fluorescent molecules is the product of the extinctomfti-
ciente(1) and the fluorescence quantum yiefd This term is directly proportional to the brightness of
the dye, accounting for both the amount of light absorbedthedjuantum &iciency of the fluorophore.
Meaningful comparisons between fluorophores should imchmth parameters and keep an eye on the
photostability as wellFigure 1.10plots the fluorophore brightnegs s versus the wavelengtiy of
peak absorption for major classes of biologically signiiicduorophores9.
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Figure 1.10: Fluorophore brightne&g.xn versus wavelength of maximum absorptian for major

fluorophore classes. The colors of the structures inditaie wavelengths of maximum emission. For
some molecules, only the chromophores are shown. Repmiitedourtesy by Lavis and Raine8][
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