Electronic Spectroscopy: Theory
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Fluorescence and phosphorescence are types of molecular luminescence methods. A molecule of analyte absorbs a
photon and excites a species. The emission spectrum can provide qualitative and quantitative analysis. The term
fluorescence and phosphorescence are usually referred as photoluminescence because both are alike in excitation
brought by absorption of a photon. Fluorescence differs from phosphorescence in that the electronic energy transition
that is responsible for fluorescence does not change in electron spin, which results in short-live electrons (<10-5 s) in
the excited state of fluorescence. In phosphorescence, there is a change in electron spin, which results in a longer
lifetime of the excited state (second to minutes).Fluorescence and phosphorescence occurs at longer wavelength
than the excitation radiation.

Introduction
Fluorescence can occur in gaseous, liquid, and solid chemical systems. The simple kind of fluorescence is by dilute
atomic vapors. A fluorescence example would be if a 3s electron of a vaporized sodium atom is excited to the 3p
state by absorption of a radiation at wavelength 589.6 and 589.0 nm. After 10-8 s, the electron returns to ground
state and on its return it emits radiation of the two wavelengths in all directions. This type of fluorescence in which the

absorbed radiation is remitted without a change in frequency is known as resonance fluorescence. Resonance
fluorescence can also occur in molecular species. Molecular fluorescence band centers at wavelengths longer than
resonance lines. The shift toward longer wavelength is referred to as the Stokes Shift.

Excited States Produces Fluorescence and Phosphorescence
Understanding the difference between fluorescence and phosphorescence requires the knowledge of electron spin
and the differences between singlet and triplet states. The topics below lay out a general review of the rules and
descriptions of electron spin and states.

Electron Spin
The Pauli Exclusion principle states that two electrons in an atom cannot have the same four quantum numbers (n, l, ml, ms) and
only two electrons can occupy each orbital where they must have opposite spin states. These opposite spin states are called spin
pairing. Because of this spin pairing, most molecules do not exhibit a magnetic field and are diamagnetic. In diamagnetic
molecules, electrons are not attracted or repelled by the static electric field. Free radicals are paramagnetic because they contain
unpaired electrons have magnetic moments that are attracted to the magnetic field.
Singlet and Triplet Excited State Singlet state is defined when all the electron spins are paired in the molecular
electronic state and the electronic energy levels do not split when the molecule is exposed into a magnetic field. A
doublet state occurs when there is an unpaired electron that gives two possible orientations when exposed in a
magnetic field and imparts different energy to the system. A singlet or a triplet can form when one electron is excited
to a higher energy level. In an excited singlet state, the electron is promoted in the same spin orientation as it was in
the ground state (paired). In a triplet excited stated, the electron that is promoted has the same spin orientation
(parallel) to the other unpaired electron. The difference between the spins of ground singlet, excited singlet, and
excited triplet is shown in Figure 1. Singlet, doublet and triplet is derived using the equation for multiplicity, 2S+1,
where S is the total spin angular momentum (sum of all the electron spins). Individual spins are denoted as spin up (s
= +1/2) or spin down (s = -1/2). If we were to calculated the S for the excited singlet state, the equation would be
2(+1/2 + -1/2)+1 = 2(0)+1 = 1, therefore making the center orbital in the figure a singlet state. If the spin multiplicity
for the excited triplet state was calculated, we obtain 2(+1/2 + +1/2)+1 = 2(1)+1 =3, which gives a triplet state as
expected.

Figure 1. Spin in the ground and excited states The difference between a molecule in the ground and excited state is
that the electrons is diamagnetic in the ground state and paramagnetic in the triplet state.This difference in spin state
makes the transition from singlet to triplet (or triplet to singlet) more improbable than the singlet-to-singlet transitions.
This singlet to triplet (or reverse) transition involves a change inelectronic state. For this reason, the lifetime of the
triplet state is longer the singlet state by approximately 104 seconds fold difference.The radiation that induced the
transition from ground to excited triplet state has a low probability of occurring, thus their absorption bands are less
intense than singlet-singlet state absorption. The excited triplet state can be populated from the excited singlet state
of certain molecules which results in phosphorescence. These spin multiplicities in ground and excited states can be
used to explain transition in photoluminescence molecules by the Jablonski diagram.

Photoluminescent Energy Level Diagrams
The Jablonski diagram that drawn below is a partial energy diagram that represents the energy of photoluminescent
molecule in its different energy states. The lowest and darkest horizontal line represents the ground-state electronic
energy of the molecule which is the singlet state labeled as So. At room temperature, majority of the molecules in a
solution are in this state.

Figure 2. Partial Jablonski Diagram for Absorption, Fluorescence, and Phosphorescence

The upper lines represent the energy state of the three excited electronic states: S 1and S2represent the electronic singlet state (left)
and T1represents the first electronic triplet state (right). The upper darkest line represents the ground vibrational state of the three
excited electronic state.The energy of the triplet state is lower than the energy of the corresponding singlet state.
There are numerous vibrational levels that can be associated with each electronic state as denoted by the thinner
lines. Absorption transitions (red lines in Figure 2) can occur from the ground singlet electronic state (S o) to various
vibrational levels in the singlet excited vibrational states. It is unlikely that a transition from the ground singlet
electronic state to the triplet electronic state because the electron spin is parallel to the spin in its ground state (Figure
1). This transition leads to a change in multiplicity and thus has a low probability of occurring which is a forbidden
transition. Molecules also go through vibration relaxation to lose any excess vibrational energy that remains when
excited to the electronic states (S1and S2) as demonstrated in orange in Figure 2. The knowledge of forbidden
transition is used to explain and compare the peaks of absorption and emission.

Absorption and Emission Rates
The table below compares the absorption and emission rates of fluorescence and phosphorescence.The rate of
photon absorption is very rapid. Fluorescence emission occurs at a slower rate.Since the triplet to singlet (or reverse)
is a forbidden transition, meaning it is less likely to occur than the singlet-to-singlet transition, the rate of triplet to
singlet is typically slower. Therefore, phosphorescence emission requires more time than fluorescence.
Absorption/ Emission

Rate (seconds)

Comments

Photon Absorption

10-14 to 10-15

Fast

Fluorescence emission

10-5 to 10-10

Fast (singlet to singlet transition)

Phosphorescence Emission

10-4 to 10

Slow (forbidden transition)

Table 1. Rates of Absorption and Emission comparison.

Deactivation Processes
A molecule that is excited can return to the ground state by several combinations of mechanical steps that will be described
below and shown in Figure 2 (above).The deactivation process of fluorescence and phosphorescence involve an emission of a
photon radiation as shown by the straight arrow in Figure 2.; The wiggly arrows in Figure 2 are deactivation processes without
the use of radiation. The favored deactivation process is the route that is most rapid and spends less time in the excited state.If
the rate constant for fluorescence is more favorable in the radiationless path, the fluorescence will be less intense or absent.

Vibrational Relaxation
A molecule maybe to promoted to several vibrational levels during the electronic excitation process.Collision of
molecules with the excited species and solvent leads to rapid energy transfer and a slight increase in temperature of
the solvent. Vibrational relaxation is so rapid that the lifetime of a vibrational excited molecule (<10-12) is less than the

lifetime of the electronically excited state. For this reason, fluorescence from a solution always involves the transition
of the lowest vibrational level of the excited state. Since the space of the emission lines are so close together, the
transition of the vibrational relaxation can terminate in any vibrational level of the ground state.

Internal Conversion
Internal conversion is an intermolecular process of molecule that passes to a lower electronic state without the emission of
radiation.It is a crossover of two states with the same multiplicity meaning singlet-to-singlet or triplet-to-triplet states.The internal
conversion is more efficient when two electronic energy levels are close enough that two vibrational energy levels can overlap as
shown in between S1and S2. Internal conversion can also occur between S0and S1 from a loss of energy by fluorescence from a
higher excited state, but it is less probable.
The mechanism of internal conversion from S 1to S0 is poorly understood.For some molecules, the vibrational levels of
the ground state overlaps with the first excited electronic state, which leads to fast deactivation.These usually occur
with aliphatic compounds (compound that do not contain ring structure), which would account for the compound is
seldom fluorescing. Deactivation by energy transfer of these molecules occurs so rapidly that the molecule does not
have time to fluoresce.

External Conversion
Deactivation of the excited electronic state may also involve the interaction and energy transfer between the excited state and the
solvent or solute in a process called external conversion.Low temperature and high viscosity leads to enhanced fluorescence
because they reduce the number of collision between molecules, thus slowing down the deactivation process.

Intersystem Crossing
Intersystem crossing is a process where there is a crossover between electronic states of different multiplicity as demonstrated in
the singlet state to a triplet state (S1to T1) on Figure 2.The probability of intersystem crossing is enhanced if the vibration levels of
the two states overlap. Intersystem crossing is most commonly observed with molecules that contain heavy atom such as iodine
or bromine. The spin and orbital interaction increase and the spin become more favorable.Paramagnetic species also enhances
intersystem crossing, which consequently decreases fluorescence.

Phosphorescence
Deactivation of the electronic excited state is also involved in phosphorescence. After the molecule transitions through
intersystem crossing to the triplet state, further deactivation occurs through internal or external fluorescence or
phosphorescence. A triplet-to-singlet transition is more probable than a singlet-to-singlet internal crossing. In phosphorescence,
the excited state lifetime is inversely proportional to the probability that the molecule will transition back to the ground
state. Since the lifetime of the molecule in the triplet state is large (10 -4to 10 second or more), transition is less probable which
suggest that it will persist for some time even after irradiation has stopped. Since the external and internal conversion compete so
effectively with phosphorescence, the molecule has to be observed at lower temperature in highly viscous media to protect the
triplet state.

Variables that affect Fluorescence
After discussing all the possible deactivation processes, variable that affect the emissions to occur. Molecular structure and its
chemical environment influence whether a substance will fluoresce and the intensities of these emissions.

Quantum Yield
The quantum yield or quantum efficiency is used to measure the probability that a molecule will fluoresce or
phosphoresce. For fluorescence and phosphorescence is the ratio of the number of molecules that luminescent to the total
number of excited molecules. For highly fluoresce molecules, the quantum efficiency approaches to one.Molecules that do not
fluoresce have quantum efficiencies that approach to zero.
Fluorescence quantum yield (ϕ) for a compound is determined by the relative rate constants (k) of various
deactivation processes by which the lowest excited singlet state is deactivated to the ground state. The deactivation
processes including fluorescence (kf), intersystem crossing (ki), internal conversion (kic), predissociation (kpd),
dissociation (kd), and external conversion (kec) allows one to qualitatively interpret the structural and environmental
factors that influence the intensity of the fluorescence. They are related by the quantum yield equation given below:

kfkf+ki+kec+kic+kpd+kd
Using this equation as an example to explain fluorescence, a high fluorescence rate (k f) value and low values of the all the other
relative rate constant terms (kf +ki+kec+kic+kpd+kd) will give a large ϕ, which suggest that fluorescence is enhanced. The magnitude
of kf , kd, and kpd depend on the chemical structure, while the rest of the constants ki, kec, and kic are strongly influenced by
the environment.

Transition Types in Fluorescence
Fluorescence rarely results from absorption of ultraviolet radiation of wavelength shorter than 250 nm because
radiation at this wavelength has sufficient energy to deactivate the electron in the excited state by predissociation or
dissociation. The bond of some organic molecules would rupture at 140 kcal/mol, which corresponds to 200-nm of
radiation. For this reason, σ→σ∗ transition in fluorescence are rarely observed. Instead, emissions from the less
energetic transition will occur which are either

π∗→π or π∗→n transition.

Molecules that are excited electronically will return to the lowest excited state by rapid vibrational relaxation and
internal conversion, which produces no radiation emission. Fluorescence arises from a transition from the lowest
vibrational level of the first excited electronic state to one of the vibrational levels in the electronic ground state. In
most fluorescent compounds, radiation is produced by a π∗→π or π∗→n transition depending on which requires
the least energy for the transition to occur.

Quantum Efficiency and Transition Types
π→π∗ (excited singlet
π→π∗ transitions. The reason for this is
that the molar absorptivity, which measures the probability that a transition will occur, of the π→π∗ transition is 100
Fluorescence is most commonly found in compounds in which the lowest energy transition is
state) than n→π∗ which suggest that the quantum efficiency is greater for

to 1000 fold greater than n→π∗ process. The lifetime of π→π∗ (10-7 to 10-9 s) is shorter than the lifetime
of

n→π∗

(10-5 to 10-7).

n→π∗ excited state which
π→π∗ triplet state. Intersystem crossing is also

Phosphorescent quantum efficiency is the opposite of fluorescence in that it occurs in the
tends to be short lived and less suceptable to deactivation than the
more probable for π→π∗ excited state than for the

n→π∗state because the energy difference between the singlet

and triplet state is large and spin-orbit coupling is less likely to occur.

Fluorescence and Structure
The most intense fluorescence is found in compounds containing aromatic group with low-energy π→π∗ transitions.
A few aliphatic, alicyclic carbonyl, and highly conjugated double-bond structures also exhibit fluorescence as
well. Most unsubstituted aromatic hydrocarbons fluoresce in solution too. The quantum efficiency increases as the
number of rings and the degree of condensation increases. Simple heterocycles such as the structures listed below
do not exhibit fluorescence.

Pyridine

Pyrrole

With nitrogen heterocyclics, the lowest energy transitions is involved in

Furan

n→π∗ system

Thiophene
that rapidly converts to the

triplet state and prevents fluorescence. Although simple heterocyclics do not fluoresce, fused-ring structures do. For
instance, a fusion of a benzene ring to a hetercyclic structure results in an increase in molar absorptivity of the
absorption band. The lifetime of the excited state in fused structure and fluorescence is observed. Examples of
fluorescent compounds is shown below.

quinoline
Benzene ring substitution causes a shift in the absorption maxima of the wavelength and changes in fluorescence
emission. The table below is used to demonstrate and visually show that as benzene is substituted with increasing
methyl addition, the relative intensity of fluorescence increases.
Compound

Structure

Wavelength of Fluorescence
(nm)

Relative intensity of
Fluorescence

Benzene

270-310

10

Toluene

270-320

17

Propyl
Benzene

270-320

17

Table 2. Relative intensity of fluorescence comparison with alkane substituted benzenes.

The relative intensity of fluorescence increases as oxygenated species increases in substitution. The values for such
increase is demonstrated in the table below.

Compound

Structure

Wavelength of
Fluorescence (nm)

Relative intensity of
Fluorescence

Phenol

285-365

18

Phenolate ion

310-400

10

Anisole

285-345

20

Table 3. Relative intensity of fluorescence comparison with benzene with oxygenated substituted benzene
Influence of a halogen substitution decreases fluorescence as the molar mass of the halogen increases. This is an
example of the “heavy atom effect” which suggest that the probability of intersystem crossing increases as the size

of the molecule increases. As demonstrated in the table below, as the molar mass of the substituted compound
increases, the relative intensity of the fluorescence decreases.

Compound

Structure

Fluorobenzene

Wavelength of
Fluorescence (nm)
270-320

Relative intensity of
Fluorescence
10

Chlorobenzene

275-345

7

Bromobenzene

290-380

5

Table 4. Relative intensity fluorescence comparison with halogen substituted compounds
In heavy atom substitution such as nitro derivatives or heavy halogen substitution such as iodobenzene, the
compounds are subject to predissociation. These compounds have bonds that easily rupture that can then absorb
excitation energy and go through internal conversion. Therefore, the relative intensity of fluorescence and fluorescent
wavelength is not observed and this is demonstrated in the table below.

Compound

Structure

Wavelength of
Fluorescence (nm)

Relative intensity of
Fluorescence

Iodobenzene

None

0

Anilinium ion

None

0

Nitrobenzene

None

0

Table 5. Relative fluorescent intensities of iodobenzene and nitro derivative compounds

Carboxylic acid or carbonyl group on aromatic ring generally inhibits fluorescence since the energy of the
transition is less than

transition. Therefore, the fluorescence yield from

Compound

Structure

Benzoic Acid

transition is low.

Wavelength of
Fluorescence (nm)

Relative intensity of
Fluorescence

310-390

3

Table 6. Relative fluorescent intensity of benzoic acid
Effect of Structural Rigidity on Fluorescence
Fluorescence is particularly favored in molecules with rigid structures. The table below compares the quantum
efficiencies of fluorine and biphenyl which are both similar in structure that there is a bond between the two benzene
group. The difference is that fluorene is more rigid from the addition methylene bridging group. By looking at the
table below, rigid fluorene has a higher quantum efficiency than unrigid biphenyl which indicates that fluorescence is
favored in rigid molecules.

Compound

Structure

Quantum Efficiency

Fluorene

1.0

Biphenyl

0.2

Table 7. Quantum Efficiencies in Rigid vs. Nonrigid structures

This concept of rigidity was used to explain the increase in fluorescence of organic chelating agent when the
compound is complexed with a metal ion. The fluorescence intensity of 8-hydroxyquinoline is much less than its zinc
complex.

vs
8-hydroxyquinoline

8-hydroxyquinoline with Zinc complexed

The explanation for lower quantum efficiency or lack of rigidity in caused by the enhanced internal conversion rate
(kic) which increases the probability that there will be radiationless deactivation. Nonrigid molecules can also
undergo low-frequency vibration which accounts for small energy loss.
Temperature and Solvent Effects
Quantum efficiency of Fluorescence decreases with increasing temperature. As the temperature increases, the frequency of the
collision increases which increases the probability of deactivation by external conversion. Solvents with lower viscosity have
higher possibility of deactivation by external conversion. Fluorescence of a molecule decreases when its solvent contains heavy
atoms such as carbon tetrabromide and ethyl iodide, or when heavy atoms are substituted into the fluorescing compound. Orbital
spin interaction result from an increase in the rate of triplet formation, which decreases the possibility of fluorescence. Heavy
atoms are usually incorporated into solvent to enhance phosphorescence.

Effect of pH on Fluorescence
The fluorescence of aromatic compound with basic or acid substituent rings are usually pH dependent. The
wavelength and emission intensity is different for protonated and unprotonated forms of the compound as illustrated
in the table below:
Compound
aniline

Structure

Wavelength of Fluorescence (nm) Relative intensity of Fluorescence
310-405

20

Anilinium ion

None

0

Table 8. Quantum efficiency comparison due to protonation
The emission changes of this compound arises from different number of resonance structures associated with the
acidic and basic forms of the molecule.The additional resonance forms provides a more stable first excited state, thus
leading to fluorescence in the ultraviolet region.The resonance structures of basic aniline and acidic anilinium ion is
shown below:

basic Aniline Fluorescence of certain compounds have been used a detection of end points in acid-base titrations.An
example of this type of fluorescence seen in compound as a function of pH is the phenolic form of 1-naphthol-4sulfonic acid.This compound is not detectable with the eye because it occurs in the ultraviolet region, but with an
addition of a base, it becomes converted to a phenolate ion, the emission band shifts to the visible wavelength where
it can be visually seen.Acid dissociation constant for excited molecules differs for the same species in the ground
state.These changes in acid or base dissociation constant differ in four or five orders of magnitude.

Dissolved oxygen reduces the intensity of fluorescence in solution, which results from a photochemically induced oxidation of
fluorescing species.Quenching takes place from the paramagnetic properties of molecular oxygen that promotes intersystem
crossing and conversion of excited molecules to triplet state.Paramagnetic properties tend to quench fluorescence.

Effects of Concentration on Fluorescence Intensity
The power of fluorescence emission F is proportional to the radiant power is proportional to the radiant power of the
excitation beam that is absorbed by the system. The equation below best describes this relationship.

(1)

Since

f K” is constant in the system, it is represented at K’. The table below defines the variables in this equation.
Variable

Definition

F

Power of fluorescence emission

P0

Power of incident beam on solution

P

Power after transversing length b in medium

K”

Constant dependent on geometry and other factors
Quantum efficiency

f
Table 9. Definitions of all the variables defined in the Fluorescence Emission (F) in Equation 1.

Fluorescence emission (F) can be related to concentration (c) using Beer’s Law stating:

(2)
Where

is the molar absorptivity of the molecule that is fluorescing. Rewriting Equation 2 gives:

(3)
Plugging this Equation 3 into Equation 1 and factoring out P0 gives us this equation:

(4)
The MacLaurin series could be used to solved the exponential term.

(5)

Given that 2.303

= Absorbance <0.05, all the subsequent terms after the first can be dropped since the

maximum error is 0.13%. Using only the first term, Equation 5 can be rewritten as:

(6)
Equation 6 can be expanded to the equation below and simplified to compare the fluorescence emission F with
concentration. If the equation below were to be plotted with F versus c, a linear relation would be observed.

(7)
If c becomes so great that the Absorbance > 0.05, the higher terms start to become taken into account and the
linearity is lost. F then lies below the extrapolation of the straight-line plot. This excessive absorption is the primary
absorption. Another cause of this negative downfall of linearity is the secondary absorption when the wavelength
of emission overlaps the absorption band. This occurs when the emission transverse the solution and gets
reabsorbed by other molecules by analyte or other species in the solution, which leads to a decrease in fluorescence.

Quenching Methods
Dynamic Quenching is a nonradiative energy transfer between the excited and the quenching agent species (Q).The
requirements for a successful dynamic quenching are that the two collision species the concentration must be high so
that there is a higher possibility of collision between the two species.Temperature and quenching agent viscosity play
a role on the rate of dynamic quenching.Dynamic quenching reduces fluorescence quantum yield and the
fluorescence lifetime.
Dissolved oxygen in a solution increases the intensity of the fluorescence by photochemically inducing oxidation of the
fluorescing species.Quenching results from the paramagnetic properties of molecular oxygen that promotes intersystem crossing

and converts the excited molecules to triplet state.Paramagnetic species and dissolved oxygen tend to quench fluorescence and
quench the triplet state.
Static quenching occurs when the quencher and ground state fluorophore forms a dark complex.Fluorescence is
usually observed from unbound fluorophore.Static quenching can be differentiated from dynamic quenching in that
the lifetime is not affected in static quenching.In long range (Förster) quenching, energy transfer occurs without
collision between molecules, but dipole-dipole coupling occurs between excited fluorophore and quencher.

Emission and Excitation Spectra
One of the ways to visually distinguish the difference between each photoluminescence is to compare the relative intensities of
emission/excitation at each wavelength. An example of the three types of photoluminescence (absorption, fluorescence and
phosphorescence) is shown for phenanthrene in the spectrum below.In the spectrum, the luminescent intensity is measure in a
wavelength is fixed while the excitation wavelength is varied. The spectrum in red represents the excitation spectrum, which is
identical to the absorption spectrum because in order for fluorescence emission to occur, radiation needs to be absorbed to create
an excited state.The spectrum in blue represent fluorescence and green spectrum represents the phosphorescence.

Figure 3: Wavelength Intensities of Absorption, Fluorescence, and Phosphorescence
Fluorescence

and

Phosphorescence

occur

at

wavelengths

that

are

longer

than

their

absorption

wavelengths.Phosphorescence bands are found at a longer wavelength than fluorescence band because the excited
triplet state is lower in energy than the singlet state.The difference in wavelength could also be used to measure the
energy difference between the singlet and triplet state of the molecule. The wavelength (
inversely related to the energy (E) by the equation below:

) of a molecule is

As the wavelength increases, the energy of the molecule decrease and vice versa.
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