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1.1 INTRODUCTION

The study of the way that matter interacts with light is calledspectroscopy. The ori-
gins of spectroscopy as a practical scientiÞc discipline can be traced back to NewtonÕs
famous experiments on the spectrum of sunlight using prisms in 1665. The inabil-
ity of physicists in the nineteeth century toquantitatively explain and predict their
spectroscopic observations led to the foundation of the theory of quantum mechanics.
Quantum theory and spectroscopy have since envolve hand in hand and underpin the
way we currently understand the structure of molecules. For example, electronic struc-
ture, as well as molecular size and shape, has been learned from quantum mechanical
interpretation of experimental spectroscopy. Optical microscopy has likewise evolved
over a period of many centuries, allowing us to elucidate physical structures down to
the micrometer scale. More recently, advanced approaches have allowed resolution on
the nanometer scale.

The fusion of the disciplines of microscopy and spectroscopy over the past three
decades, spawning microscopy applications such as ßuorescence lifetime imaging
microscopy (FLIM), ßuorescence resonance energy transfer (FRET), and ßuorescence
recovery after photobleaching (FRAP), has made both disciplines more powerful, more
sensitive, and more selective, though more complicated. Researchers now must have
a sound understanding of the physics of optics,spectroscopy, and nonlinear processes
and the chemistry of dyes, antifade agents,and intermolecular interactions and yet
somehow remain experts in their native discipline!

The objective of this chapter is to provide a simple understanding of molecular
spectroscopy, with a focus on concepts and techniques relevant to microscopy. The
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Figure 1.2 Different regions of the electromagnetic spectrum.

The mathematical relationship that deÞnes these three properties is

� =
c
�

(1.1)

The wavelength of light can vary over many orders of magnitude, without limit, as
illustrated in part in Figure 1.2. The optical, or visible, wavelengths form a narrow
range, extending from approximately 400 to750 nm. The wavelength range immedi-
ately following the longer wavelengths is called infrared (IR) while the adjacent region
with shorter wavelengths is the ultraviolet (UV). Historically, although UV illumination
has been used to excite ßuorescence emission in the visible region, optical microscopy
has dealt exclusively with the visible wavelength region because our eyes were the
detectors. This was supplemented with emulsion Þlm photography; furthermore, more
recently, with the development of IR- and UV-sensitive detectors and the advent of
nonlinear optical techniques, these neighboring wavelength regions have also become
important.

Dual Nature of Light About one hundred years ago, Planck postulated that the
energyof an EM wave could not have any valuebut was quantized. This smallest unit
of energy is proportional to its frequency� and has a magnitude

E = h� (1.2)

whereh is now called thePlanck constant. This smallest amount, or quantum, of energy
is associated with onephoton of light. It is important to note that molecules usually
absorb or emit one photon at a time. The exception to this rule is under conditions of
very intense radiation, where two or morephotons can be absorbed simultaneously,
leading to multiphoton absorption (see Section 1.2.3).
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also have speciÞc resonant frequencies at which they like to oscillate. Each of the
resonant frequencies� (or energies, asE = h� ) is related tostatesof the molecule,
each with an associatedenergy level. For example,vibrational statescorrespond to
particular resonant frequencies of the atoms in a molecule vibrating together. Electrons
in a molecule oscillating with a resonant frequency do so by making periodic transitions
back and forth between twoelectronic statesand the resonant frequency is given by the
energy separation between these states. Because there are multiple atoms in a molecule,
most with multiple electrons, there are a large number of energy levels; in fact, the
number of each electronic and vibrational energy level is inÞnite. Fortunately, only a
few are practically important.

There are many other states in molecules that give rise to different forms of spec-
troscopy, including nuclear spin [nuclearmagnetic resonance (NMR) spectroscopy],
rotation (microwave spectroscopy), and electron spin [ESR or electron paramagnetic
(EPR) spectroscopy]. However, it is the interaction of light with the electrons and
nuclei that is important in optical spectroscopy and microscopy, so we shall restrict
our discussion to these interactions.

Vibrational States If a group of molecules is cooled to near absolute zero, then they
will all have the minimum energy possible; that is, they will all be in theirground state.
The concept of the ground state comes from the idea that an elevator at the ground level
is at the lowest possible level. As the temperature is raised, some molecules will start to
vibrate after collisions with the walls or each other or by absorbing background thermal
radiation. Vibration of the atoms in a molecule is one means by which a molecule can
store energy.

In a simple but accurate picture, the vibrating atoms in a molecule can be treated as
balls joined by springs (the bonds). To take the simplest such example, consider two
balls joined by one spring to represent a diatomic molecule. These two balls can vibrate
with a characteristic frequency that dependson the mass of the balls and the ÒtightnessÓ
of the spring holding them together. Mathematically, the equation that describes the
characteristic oscillation frequency� and how it depends on massµ and spring (or
force) constantk is given by

� =
1

2�

�
k
µ

(1.3)

Note here thatµ is called the Òreduced massÓ and allows for the balls to be of different
masses. The reduced mass is deÞned as

1
µ

=
1

m1
+

1
m2

(1.4)

According to Eq. 1.3, stiffer springs (or stronger bonds) result in a higher frequency.
Heavier atoms result in a lower frequency. This is consistent with what we know
about vibrations of strings in musical instruments: For example, the heavy E string
on a guitar is a much lower note (82.4 Hz) than the lighter E string, which is four
times higher in frequency (329.6 Hz), while tightening a string increases the pitch
(frequency).

This simple system of either two balls and a spring or two atoms and a bond
has a single characteristic frequency. The balls, or atoms, can only vibrate with this
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characteristic frequency or an integer multiple of this frequency. These integer-multiple
frequencies are calledovertones, both in music and spectroscopy.

A more complex molecule can still be modeled quite accurately as balls of different
masses joined by springs of different tensions (representing different atoms with dif-
ferent bonds). Although it might not be as intuitively obvious, there are still a limited
number of characteristic frequencies for a polyatomic molecule. For example, benzene
has 30 characteristic vibrations, whileMitoTracker red, a common ßuorescent dye,
has 243 (the number of characteristic frequencies is given by 3N Š 6, whereN is
the number of atoms in the molecule). Whilethe number of characteristic vibrations
increases only slowly with the size of the molecule, the number of overtones rises more
rapidly. Additionally, now that there are different types of vibrations, these vibrations
may occur together, giving rise to combination vibrations. The number of these com-
binations now increases almost exponentially with increasing energy. The result is that
for spectroscopically ÒlargeÓ molecules,including all microscopy dyes, the number
of vibrational states is too high to count oreven to portray accurately in a diagram.
This can be a signiÞcant complication for a spectroscopist, but for the purposes of this
introductory chapter, we do not have to be concerned with the speciÞcs of vibrational
states and only need to recognize that there are an incredibly large number of vibra-
tional states and that these states are a temporary store of energy in a molecule (see
below).

Electronic States Electrons, being over 1000 times lighter than nuclei, oscillate at
much higher frequencies. Oscillations ofthe valence electrons (those involved with
chemical bonding) correspond to transitions between electronic states induced by EM
waves with wavelengths in the ultraviolet and visible (UV/Vis) region of the spec-
trum. Oscillations (transitions) of the coreelectrons, which are bound very tightly to
the nucleus, occur at a much higher frequency, corresponding to the X-ray region
of the spectrum (remember a tight spring vibrates with a higher frequency than a
loose spring). Optical spectroscopy and microscopy, involving radiation in the UV/Vis
region of the spectrum, therefore involve the excitation of valence electrons in a
molecule.

A property of electrons calledspin is also associated with speciÞc energetic states
(spin represents a form of energy inherent in the spinning of a particle about an axis
within itself, also called itsintrinsic angular momentum). Most stable molecules have
an even number of electrons. Because each electronic energy level (i.e., orbital) can
only have two electrons with opposite spin (thePauli principle), the lowest (ground)
electronic state of most molecules has a zero total electron spin, as shown schematically
in Figure 1.5. When an electron is excited to ahigher electronic state, its spin is usually

S0 S1T1

Figure 1.5 Electron spin for ground state, Þrst singletstate, and Þrst triplet states of the
hydrogen molecule as a simple example.
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unaffected. Therefore, although two of the electrons are now unpaired (the one excited
to a higher orbital and the one left behind), the total electron spin on the molecule is
still zero. All states with zero total electron spin are called singlet states and are given
the labelS. The labels are appended with a numerical subscript that simply counts
from the ground state,S0, through the Þrst excited singlet state,S1, and so on for
higher states.

If the electron spin is ßipped after being excited to a higher state, then the total
electron spin on the molecule will be 1. In the same way that an orbital angular
momentum ofl = 1 gives rise to the threep orbitals,S = 1 in a molecule gives rise
to three close-lying electronic states. This collection of states is called atriplet state
and is given the labelT . If more than one electron is excited, then more ÒunpairingsÓ
can occur, giving rise to quintet states, and so on. A molecule with an odd number of
electrons will have a half integral total spin, which gives rise to doublet and quartet
states, and so on. However, for most molecules used in practical UV/Vis spectroscopy
and microscopy, only singlet and triplet states are important.

Depicting States and Transitions (PerrinÐJablonski Diagrams) When a
molecule absorbs a photon of light, it gets excited to a higher energy state. Unless the
absolute energies of the molecular states are particularly important, then the energy
levels of a molecule are depicted ina diagrammatic way, often called aJablonski
diagram but more correctly termed aPerrinÐJablonski diagramin recognition that
Perrin was the Þrst to formalize this diagrammatic analysis [1], a simple example of
which is shown in Figure 1.6. Energy in this diagram is increasing along the vertical
axis. This axis is usually not depicted because the energies are not drawn to scale. The
horizontal axis in this diagram is meaningless and never drawn. Electronic states are
represented by thick lines. In Figure 1.6,only three such states are drawn: the ground
state S0 and two excited electronic states labeledS1 and T1. As discussed above,
these latter two states are the lowest excited singlet and triplet states. Notice thatT1
is of lower energy thanS1. This is always the case and crucial to the ßuorescence
characteristics of various dyes (see below).

The vibrational states in a PerrinÐJablonskidiagram are represented by lightweight
lines. Although there are a multitude of vibrational states, the vibrational energy-level
structure is only drawn in a cartoon fashion. Often this is just a set of equally spaced
lines, or sometimes a set of lines that get closer together in spacing to represent that
the density of vibrational states is increasing with energy.

S1

S0

T1

Figure 1.6 Simple PerrinÐJablonski diagram showing three electronic states (thick lines) and
several vibrational states (thin lines).
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One of the key aspects of a PerrinÐJablonski diagram is that it is only drawn as
complicated as it needs to be to get across the concept under discussion. For example,
if triplet states were unimportantto a topic, then they would be omitted.

1.2 ABSORPTION AND EMISSION OF LIGHT

1.2.1 Interaction of Light with a Molecule

When a molecule is placed in an oscillating EM Þeld (i.e., light is shone on the
molecule), the oscillating Þelds can push andpull the molecule around. In particular,
charged parts of the molecule are affected by the oscillatingelectric Þeld of light; the
effect of the oscillatingmagneticÞeld is much weaker. If the charges on the molecule
can oscillate in synchrony with the oscillating Þeld (this is calledresonance), then the
molecule can absorb energy from the Þeld. As a physical analogy, we can consider
a child on a swing. If the child is randomly pushed, then the swing never really gets
going. But if it is pushedin resonancewith the oscillation of the swing, then the swing
can absorb a lot of energy.

This concept of resonance is frequently encountered in our daily life, from musical
instruments to radio reception. One thingwe should notice is that there is often one
speciÞc resonant frequency for simple systems. We can only push the child on the swing
at one frequency. If we play middle C on a piano, then the piano string vibrates 262
times per second. Molecules likewise have speciÞc resonant frequencies. A typical
CÐH bond in a molecule vibrates about 1014 times per second (1014 Hz), while a
CÐC bond vibrates at about 3× 1013 Hz. Although this is incredibly fast compared to
middle C above, Eq. 1.3 provides the reason: H and C atoms are around 1024 times
lighter than the piano string. This mass difference on its own causes a

�
1024 = 1012

difference in vibrational frequency. An oscillating EM Þeld at 1014 Hz corresponds to
light in the mid-IR region of the spectrum (see Figure 1.2). The corresponding range
of wavelengths is about to 3Ð30µm (see Eq. 1.1). A molecule exposed to mid-IR
radiation of the right frequency can therefore absorb one photon from the Þeld to
become vibrationally excited.

Electrons are over 1000 times lighter thannuclei and oscillate at even higher fre-
quencies. Again, simple application of Eq.1.3 suggests that this frequency is a factor
of about 30 times higher. Indeed, a typicalfrequency of light absorbed by valence
electrons is 1015 Hz, which is 30 times faster than the CÐC bond vibration. Light with
this frequency corresponds to the near-UV region of the spectrum. More generally, the
range of wavelengths absorbed by valence electrons varies from about 1000 nm (near
IR) through the visible and UV down to about 100 nm (far UV).

Absorption of EM radiation and excitation of electrons take place more or less
instantaneously (� 10Š18 s) relative to nuclear motion (� 10Š15 s), according to the
FranckÐCondon principle. Despite this difference in time scales, excitation of electrons
in a molecule can also cause a change in molecular structure. The absorbed energy
leads to a redistribution of the electron cloud of the molecule, resulting in altered
vibrational levels, an altered dipole moment, and a change in the shape of the molecule.
Quite simply, the bonds are not the same after an electron has been removed and put
into a different orbital. A consequence of this is that electronic absorption is often
accompanied by vibrational motion as the atoms move to their new positions.
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Excited states of molecules are unstable. They relax (lose their energy) by a number
of mechanisms, including collisions with other molecules, for example, the solvent,
or reaction with other species, for example, dissolved oxygen. The excited molecule
may also relax by emitting a photon of light to return to a lower state, though not
always the same lower state from which it came. The emitted photon will have an
energy corresponding to the difference in energy between the initial and Þnal states of
the molecule. This emission of a photon is known asßuorescenceor in some cases
phosphorescence, as we shall see below.

1.2.2 Absorption and Emission of Light Depicted
on a Perrin–Jablonski Diagram

An enduring picture that should be remembered for absorption and emission of radia-
tion is that they occur in coincidence witha molecule undergoing a transition between
two speciÞc energy levels. On a PerrinÐJablonski diagram, these transitions are repre-
sented by arrows, as shown in Figure 1.7. At room temperature, molecules are almost
always in their ground electronic state,S0. Even for vibrational states, the ground state
is still the most likely state of a molecule, although low-frequency vibrations may
have signiÞcant population. Therefore, on the PerrinÐJablonski diagram, the absorp-
tion transition is shown as starting in the ground state. There is no such restriction
on the excited state; therefore absorption may occur to a variety of vibrational states
in the excited electronic states. The typical amount of vibrational excitation, as dis-
cussed above, depends on the change in geometry of the molecule between the two
different electronic states. Small changes in geometry are accompanied by small vibra-
tional excitation (arrow 1) whereas large changes in geometry are accompanied by
large vibrational excitation (arrow 2). Essentially, to be absorbed, the energy of the
incident radiation must exactly match oneof the available energy-level transitions.
Given the many possible combinations of electronic and vibrational energy levels for
a polyatomic molecule, a range of light energies may be absorbed. As noted above
(Eq. 1.2), the energy of the light is proportional to its frequency (thus inversely related
to its wavelength), so a given molecule will absorb a speciÞc set of wavelengths of
light, giving rise to its absorption spectrum.

Absorption

S0

S1

(1)

(2)

Absorption

Fluorescence

Phosphorescence

T1

Figure 1.7 Simple PerrinÐJablonski diagram showing three electronic states, several vibra-
tional states, absorption of EM radiation, and emission of ßuorescence or phosphorescence.
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The PerrinÐJablonski diagram in Figure 1.7 shows absorption to bothS1 and T1.
In reality, the transition fromS0 to T1 is many orders of magnitude weaker than
from S0 to S1. Absorption into triplets states, as shown in the Þgure, is therefore
practically unimportant in most cases and isonly observed in specialized situations in
spectroscopy. However, this is not to say thepopulation of triplet states is unimportant:
quite the contrary. Population of triplet states is one of the main mechanisms for
photobleaching, which will be discussed later. It is simply, and fortuitously, that triplets
are not populated to any great extent by absorption of light by molecules commonly
used in ßuorescence spectroscopy and microscopy.

Emission of light is shown on a PerrinÐJablonski diagram as an arrow from the
excited state back to the ground state. Emission that does not change electron spin, just
like absorption, is much preferred over emission in which the electron spin is ßipped.
This spin-conserving emission is calledßuorescence. Because the process is favorable,
it happens readily and quickly with the result that excited electronic states survive for
only a very short period of time, typically a few nanoseconds, before emitting. Emission
between triplet and singlet states is calledphosphorescence. Because this is a weak
and therefore slow process, the moleculecan remain excited much longer, typically
milliseconds to seconds. Although this might seem still like a very rapid process, it
is slow compared to molecular events and can give rise to unusual chemistry in the
excited state leading to reduction in ßuorescence efÞciency, photobleaching, and other
processes (see later).

1.2.3 Multiphoton Excitation

The discussion above on absorption of light and excitation of ßuorescence could be
termed Òone-photonÓ excitation; that is, one photon is absorbed, leading to one photon
being emitted. The reader may already have heard about laser-scanning microscopic
techniques designated as Òtwo photonÓ or more generally as Òmultiphoton.Ó Such tech-
nology has several advantages and is becoming increasingly common. Multiphoton
laser-scanning microscopy involves using pulsed (femtosecond, 1 fs= 10Š15 s) laser
beams and optics to focus an intense incident beam of coherent photons to a precise
spot. Using such intense radiation allows the possibility of more than one photon to
(essentially) simultaneously excite a ßuorophore.

A simple understanding of two-photon (or multiphoton) excitation can be achieved
using either the particle or wave description of light. Consider Þrst a photon (particle)
with exactly half the energy required fora speciÞc electronic transition. This photon,
at the speed of light, will impinge upon the ßuorophore, for approximately 10Š18 s.
If a second photon impinges on the molecule within this interaction time, then the
molecule can absorb both photons together to impart twice the amount of energy into
the molecule, as would be expected. The likelihood of two photons impinging on the
molecule at the same time is proportional to the number of photons squared (akin to
second-order kinetics for those familiar withkinetic theory). Therefore, the (very low)
number of two-photon absorption events scales with the square of the laser power.
Hence, two-photon microscopy is only possible with very intense lasers.

Above, we described the conventional absorption of light as arising from the inter-
action of the oscillating electric Þeld of a wave of light with charged regions of the
molecule. If the electric Þeld becomes very intense, then the molecule will experience
overtones of the Þeld. To use a music analogy again, if you blow a recorder modestly,
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of light before the molecule has a chance to reemit as ßuorescence or phosphorescence.
Figure 1.9 shows this process in a PerrinÐJablonski diagram. Four processes are shown:

1. Absorption of light fromS0 to a high vibrational level inS1.
2. Thermodynamics dictates that energy will ßow from the vibrationally hotter

molecule to the cooler surroundings. Therefore VR removes the excess vibra-
tional energy, leaving the molecule in the lowest vibrational level of theS1
state.

3. Fluorescence emission, decreasing the electronÕs energy to a high vibrational
level in S0. This is not a random choice of vibrational state; if a large change
in geometry betweenS0 and S1 causes signiÞcant vibrational excitation upon
absorption, then the reverse geometry change will occur upon emission, again
causing signiÞcant vibrational excitation.

4. VR removes this excess energy, leaving the molecule back where it started.

1.3.2 Internal Conversion

An interesting question concerns why the electronic energy is not also removed by the
solvent in the same way that vibrational energy is. In fact it is! The difference is that
the relaxation of an excited electronic state requires a much larger energy exchange
with the surroundings. It is well known in the energy transfer literature that larger
energy exchanges between molecules are much more difÞcult than small exchanges
of energy. A small exchange of energy can occur between an excited ßuorophore
and the solvent if the ßuorophore swaps its electronic energy for the same amount of
vibrational energy. This process is shown schematically in the left panel of Figure 1.10,
where an excited molecule has undergone several VR steps until it is left in the lowest
vibrational state ofS1Ñthe same as Figure 1.9. Now, however, the excited state
is converted to a high vibrational state ofS0Ña state of similar total energy. This is
indicated on the PerrinÐJablonski diagram by a horizontal (meaning energy is constant),
wavy arrow. This process is calledinternal conversion (IC). Although Figure 1.10
shows IC betweenS1 and S0, the process can occur between any states of the same
multiplicity, that is, between singlet states orbetween triplet states. In fact, IC between
higher states is even more likely and often occurs with a much faster rate than IC
betweenS1 andS0. This is because higher electronic states lie closer in energy to each
other than do theS1 and S0 state; the gap betweenS0 and S1 is usually the largest
gap between any two electronic states. As a result, the energy exchange between
ßuorophore and solvent is less and the IC process is more efÞcient between higher
states. The right-hand side of Figure 1.10 shows this other common ßuorescence cycle:
absorption to a higher electronic state,S2, followed by IC toS1, then ßuorescence. This
illustrates a process known variously asVavilovÕs lawor KashaÕs law, which states
that ßuorescence only occurs from the lowestexcited electronic state, irrespective
of which state is initially excited. A consequence of this law combined with VR is
that a ßuorophore usually ßuoresces at exactly the same wavelength, no matter which
electronic or vibrational state is excited.This is shown in Figures 1.9 and 1.10. In both
cases the ßuorescence is exactly the same, even thoughS1 is excited in one case andS2
in the other. SpeciÞc examples of VavilovÕs or KashaÕs law are shown for ßuorophores
later in this chapter.
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S1 S1

S2

S0 S0

(2) VR

(3) IC

(4) VR
(1) Absorption (1) Absorption(4) Fluorescence

(2) IC

(3) VR

(5) VR

Figure 1.10 PerrinÐJablonski diagrams showing nonradiative loss of absorption energy (left)
and excitation to higher electronic state but emission from lowest exited state (right).

1.3.3 Intersystem Crossing

We have already seen that singlet and triplet manifolds do not interconvert readily
by absorption or emission of light. Collisions with surrounding molecules seem to be
more efÞcient at ßipping a molecule from singlet to triplet states (and vice versa). The
nonradiative transfer between singlet and triplet states is calledintersystem crossing
(ISC). Figure 1.11 shows how to represent ISC in a PerrinÐJablonski diagram. Once in
the triplet manifold, all the normal processes occur with similar efÞciency, including
VR and IC. After the initial ISC event the molecule will usually relax downward in
energy until it reaches the lowest vibration level of the lowest triplet state. This state
is metastable, which means that there is no efÞcient process to remove energy, even
though the molecule is still in an excited state. This is a dangerous place for a molecule
to be! The lowest triplet state, remember, has two unpaired electrons, which makes
for a very reactive molecule. One of the main decomposition (or photobleaching)
mechanisms for ßuorophores is to react from a triplet state.

1.4 PROPERTIES OF EXCITED MOLECULES

1.4.1 Quantum Yield

With so many processes that can occur after the absorption of one photon, it becomes
crucial to know which are the most important. One measure of the importance of each
process is thequantum yield. Mathematically, the quantum yield� i for a processi is

� i =
ki�

k
(1.6)

whereki is the rate of processi divided by the sum of all rates. Conceptually, the
quantum yield is simply the fraction of times that a molecule undergoes a particular
process. For example, a quantum yield for ßuorescence,� f = 0.90, means that after
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(6b) VR

(4) VR

(2) VR

(3) ISC

(5a) ISC

(6a) VR

(1) Absorption

S0

T1

S1

(5b) Phosphorescence

Figure 1.11 PerrinÐJablonski diagram showing production and relaxation from triplet states.
The state at the end of process 4 is metastable and can undergo a variety of fates, two of which
are shown here (chemical reaction is another possibility).

absorption of a photon, 90% of the molecules will reemit the energy as ßuorescence.
Clearly, the higher the quantum yield for ßuorescence, the brighter a ßuorophore will
appear (more photons out for the same photons in). In terms of degradation of the
ßuorophore, the quantum yield for intersystem crossing,� ISC, is the important value,
and clearly this should be as small as possible.

1.4.2 Excited-State Lifetime

The lifetime of ßuorescence or phosphorescence is the time of persistence of electronic
state excitation. The lifetime, denoted by the Greek letter tau (� ), is a practically impor-
tant parameter that may be affected by changes in the environment of a ßuorophore,
thereby affecting other measured parameterssuch as polarization. The lifetime is specif-
ically deÞned as the inverse of the sum of therate constants that deplete the excited
state, and thus for the singlet state the relative contributions of internal conversion,
intersystem crossing, and the radiative process will determine the lifetime value. The
magnitude of the rate constants that depleteS1 is typically around 108 sŠ1, indicating a
ßuorescence lifetime on the order of 10 ns (10× 10Š9 s), although known ßuorophores
have lifetimes varying from picosecondsto hundreds of nanoseconds. In the case of
phosphorescence emission, the rate processes depleting the triplet state are generally
slower (between 103 and 1 sŠ1), leading to lifetimes around milliseconds to seconds.

1.5 SPECTROSCOPY AND FLUOROPHORES

1.5.1 Absorption, Excitation, and Emission Spectra

In this section we bring together all the earlier concepts into a concrete discussion of
the spectra of dyes. Three different kinds of spectra are often reported, and the ability
to interpret these spectra is crucial to the correct selection of instrumental parameters
for ßuorescence spectroscopy and microscopy and/or of an appropriate dye for the
application at hand. These three spectra are theabsorption, emission, and excitation
spectra and we will deal with them separately.
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1. Absorption Spectra The absorption spectrum of a dye is the most fundamental
of the three spectra to the extent that all molecules will have an absorption spectrum,
though they might not ßuoresce. The innate strength with which a molecule absorbs
light is characterized by theabsorption coefficient (or extinction coefficient , ε). The
amount of light absorbed (absorbance A) is described by theBeer–Lambert law , which
relates this absorbance to theconcentration of the compound(c) and the length of the
path through which the light travels(l):

Absorbance= log10
I0

I
= εcl (1.7)

As Eq. 1.7 shows, the absorbance is deÞned in terms of the intensity of incident
light, I0, and the intensity of transmitted light,I . The unit of the pathlength is usually
the centimeter (indeed, the standard absorption cell is 1 cm in length). If the units
of c are moles per liter or grams per liter, thenε has units of liters per mole per
centimeter or liters per gram per centimeter. Figure 1.12 shows the absorption spectrum,
in black, of the ßuorophore pyrenesulfonic acid (PSA). The spectrum at Þrst may
appear complicated but can readily be understood using the discussion in the previous
sections. The main peaks, labeledS1, S2, and S3, are the transitions corresponding
to the lowest three excited singlet statesof PSA. A subsidiary peak, displaced about
20 nm to the shorter wavelength of each labeled peak (blue-shifted), is absorption to
a speciÞc vibrational level within each electronic state. In this case the assignment is
quite straightforward based largely on theemission spectrum.

2. Emission Spectra The emission spectrum of PSA, excited by 347-nm light (i.e.,
the peak of theS1 transition), is shown in blue in Figure 1.12. We should notice that
the emission spectrum is shifted to a longer wavelength than the absorption spectrum.
This is always true and Figure 1.9 shows why.Vibrational relaxation always removes
some of the energy of the photon into the environment as heat. The energy of the
emitting photon is therefore always lower than the photon that was absorbed (or at
best the same energy). Lower energy corresponds to longer wavelength (Eq. 1.4). This
difference between the absorption peak and the ßuorescence peak is known as the
Stokes shift (named after Sir George Stokes, who in 1852 described this phenomenon
and also coined the termfluorescence). Different dyes have a different Stokes shift;
this is related simply to the change in molecule geometry upon electronic excitation.
As described above, a large change in geometry leads to a large vibrational excitation,
which in turn leads to a large amount of VR both inS1 and S0 and ultimately to a
large Stokes shift. Large Stokes shifts arevery useful in microscopy and spectroscopy
because it is easy to Þlter out the exciting light in favor of the ßuorescence. However,
large Stokes shifts are also associated withmore energy dissipated as heat and therefore
heating of the sample and faster degradation of the ßuorophore.

The second thing to notice is that the emission spectrum has some structure to it.
This structure must be a vibrational structure as there are no electronic states between
S1 andS0, by deÞnition (excluding triplet states, which, as discussed above, are very
weak absorbers and emitters of light). In Figure 1.9, these ßuorescence transitions
would be indicated by arrows terminating in different vibrational states.

Finally, one should notice that the emission spectrum looks like a mirror image
of the absorption spectrum, at least the part of the spectrum attributed toS1. Again,
Figure 1.9 shows the cause of this. The lowest energy (longest wavelength) transition
would excite thev = 0 (lowest) level of theS1 state. As the sample is scanned at




