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What is optical spectroscopy



Example



What is light: wave and photon

Main formulas:

1. Wave formula: frequency*wavelength=speed of light; c = f λ

2. Planck’s formula: energy of one quantum (photon) E = h f

Here h is Planck’s constant

3. Light is a transverse wave.

4. The direction of the electric field is called “polarization direction”

5. Photons carry spin (angular momentum), which equals ℏ, which is the 

“reduced Planck’s constant”.



De Broglie standing wave – electronic orbitals

Each stable closed orbit must have a length equal to the wavelength 

multiplied by an integer.

The calculation shows

How the angular momentum

Is quantized.

Key idea: a photon can be absorbed by the atom, in which case the 

electron transitions to a higher orbit.
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How to calculate De Broglie standing wave – solve the 
Schrodinger equation



Energy bands in molecules and solids



Energy bands in molecules and solids

HOMO

LUMO



Energy bands in molecules and solids

Each arrow epresent an electron. Each electron has internal angular momentum,

called “spin” which can be either +1/2 (up) or -1/2 (down). 



From http://de.cem.com

Electromagnetic Spectrum of atoms and molecules

https://www.olympus-

lifescience.com/en/microscope-

resource/primer/techniques/fluorescence/fluoresce

nceintro/



Luminescence and Photoluminescence

Luminescence is the emission of light 

produced by methods other than heat. 

Luminescence is caused by the 

movement of electrons from higher 

energy states to lower energy states. 

There are many different types of 

luminescence including 

bioluminescence, chemiluminescence, 

phosphorescence, and fluorescence.

Photoluminescence (abbreviated 

as PL) is light emission from any form of 

matter after the absorption 

of photons (electromagnetic radiation).

https://en.wikipedia.org/wiki/Light
https://en.wikipedia.org/wiki/Photons


Fluorescence is a two-stage chemical process involving absorption of 

shorter-wavelength light by a chemical fluorophore such as a protein or 

carotenoid (excitation), followed by the release of some of the absorbed 

energy as longer-wavelength light (emission).



Fluorescence and Phosphorescence



Singlet states and triplet states



Singlet states and triplet states

Singlet state has 

a total zero 

angular 

momentum, so it 

is not shown on 

the picture. Such 

state can only 

have value of its 

projection: zero.

Therefore it is 

called “singlet”.





Types of Fluorescent Molecules

Image from Zrazhevskiy et al. 2010 Nano Lett., 2010, 10 (9), pp 3692-3699. DOI: 
10.1021/nl1021909

From mineralman.net

Synthetic Organic: 
Fluorescein

Naturally Occuring:

Semiconductor Nanocrystal: Crystals:

Ruby and assorted minerals

Fluorescent Nanodiamonds

Fluorescent Proteins:

Green Fluorescent Protein



Perrin-Jablonski energy diagram

Alexander Jabłoński

Diagram by Ulai Noomnarm in Photosynth Res. 2009 Aug-Sep;101(2-3):181-94. 

illustrates the electronic states of a molecule and the transitions between them

ground electronic singlet state

1898-1980



Perrin-Jablonski energy diagram
illustrates the electronic states of a molecule and the transitions between them



Time scales

Diagram by Ulai Noomnarm in Photosynth Res. 2009 Aug-Sep;101(2-3):181-94. 

ground electronic singlet state

The fluorescence process is governed by three important events, all of which 

occur on timescales that are separated by several orders of magnitude.

Excitation of a susceptible molecule by an incoming photon happens in 

femtoseconds (10E-15 seconds), while vibrational relaxation of excited state 

electrons to the lowest energy level is much slower and can be measured in 

picoseconds (10E-12 seconds). The final process, emission of a longer 

wavelength photon and return of the molecule to the ground state, occurs in 

the relatively long time period of nanoseconds (10E-9 seconds). Although the 

entire molecular fluorescence lifetime, from excitation to emission, is 

measured in only billionths of a second, the phenomenon is a stunning 

manifestation of the interaction between light and matter that forms the basis 

for the expansive fields of steady state and time-resolved fluorescence 

spectroscopy and microscopy. 



One of the very first commercially available instruments that measures 
absorbance was the Beckman DU spectrophotometer

Machines nowadays that utilize diffraction grating and diode array detector can 
acquire an absorbance spectra in less than 10 seconds.

Steady State Measurements: Absorbance



Fluorescence spectroscopy



Fluorescence spectroscopy



Diffraction grating



Diffraction grating principle: all waves must be “in 
phase”, in order to get the maximum intensity



Fluorescence spectroscopy



Single Molecule Fluorescence Imaging

Center of the 

distribution can be 

determined in ~1.5 

nm accuracy if #N is 

more than 10^4 



Super Resolution Fluorescence Imaging

http://www.microscopyu.com/articles/superresolution/stormintro.html

Huang et al Science,2008

http://www.microscopyu.com/articles/superresolution/stormintro.html


Fluorescence in ruby 
(some Al is substituted with Cr)



Fluorescence in ruby 
(some Al is substituted with Cr)



rate constant for leaving 
excited state while emitting a 
photon

=Probability of being in the excited state

Time-Dependent Fluorescence: Fluorescence Lifetime

Diagram by Robert Clegg  in Photosynth Res. 2009 Aug-Sep;101(2-3):181-94. 

rate constant for leaving excited 
state through other means (ie. 
Dynamic quenching, Energy Transfer, 
etc)  

kf

ki =

1
i

i

k

=Fluorescence Lifetime:

Excited State

kf

ki

ki

Fluorescence Lifetime: The average amount of time a molecule stays in excited state

Lifetime is sensitive to other decaying 

pathways present!



Lambert law

Absorbance is defined as "the logarithm of the ratio of 

incident to transmitted radiant power through a sample 



Lambert law



Lambert law



Beer-Lambert’s Law

log(I0 )− log(I) = cl

l

Extinction coefficient: Concentration

?

O
.D

O
.D

Caffeine 



http://www.isbc.unibo.it/Files/10_SE_BoStone.htm

The Bolognian Stone

Marc Antonio Cellio
(1680) representing 
the light emission of 

heated barite

It took scientists a long time to figure out what it was 

that made baryte glow the way it did. Over four 

centuries after its discovery, scientists took a lab to 

samples of the Bologna Stone. What they found was 

an impurity in the baryte. Copper ions, denuded of two 

electrons each, were sprinkled through the baryte. 

When exposed to light, they would absorb energy, and 

then slowly emit it over multiple days. 

https://gizmodo.com/the-bologna-stone-was-a-

glowing-mystery-for-400-years-1724589932https://www.flickr.com/photos/28617364@N04/

sets/72157635506831648/

Here’s someone who made “Bologna stone 

pies,” by adding, among other things, copper 

chloride to barium sulfate and baked the result. 

The Bologna Stone was discovered in 1603, at the base 

of a dead volcano near Bologna. When treated with heat, 

and exposed to sunlight, it would glow for hours—

sometimes days. It took 400 years to figure out why.

In 1603, Vincenzo Cascariolo was digging in the volcanic 

rock near Bologna, Italy. The man was a shoemaker by 

trade, but he hoped to get rich by alchemy. When he 

found a milky-white stone he decided to take some 

samples back to his workshop. There, he most likely 

heated a sample of the stone, possibly in a special oven 

that let him control the exposure of the material to both 

the source of heat (coals or flames) and the oxygen in the 

air. The process is called “calcination.” Cascariolo failed 

to come up with the Philosopher’s Stone, but he can’t be 

faulted for thinking he did. After all, after the treatment, if 

exposed to sunlight or flames this particular stone glowed 

in the dark for hours.

http://www.isbc.unibo.it/Files/10_SE_BoStone.htm
https://www.maxlab.lu.se/sites/default/files/I811_123_MAX-lab_activity_report_2011_Bologna_Stone_-_Holsa_group.pdf
https://www.maxlab.lu.se/sites/default/files/I811_123_MAX-lab_activity_report_2011_Bologna_Stone_-_Holsa_group.pdf
https://www.flickr.com/photos/28617364@N04/sets/72157635506831648/
https://www.flickr.com/photos/28617364@N04/sets/72157635506831648/
https://www.flickr.com/photos/28617364@N04/sets/72157635506831648/
https://www.flickr.com/photos/28617364@N04/sets/72157635506831648/


“The Bologna stone, when placed in the  
sun attracts the rays, and retains them 
so long as to give light a considerable 
time after it is removed into the dark. “ 
Goethe “The Sorrows of Werter”

First mention of lifetimes?



Lastusaari et al. 2011



Painting by Joseph Wright of Derby (18thcentury) representing the discovery of 
the “phosphorescence” of the phosphorus extracted from urine by Hennig Brand in 

1669

Dr. Brand in 1674-5 attempted to distil human urine and in this way discovered 
phosphorus.

Misnomer:
Phosphorescence 
of phosphorous is 
due to  slow 
oxidation

Phosphorus (Greek 
phosphoros was the 
ancient name for 
the planet Venus) 
was discovered by 
German alchemist 
Hennig Brand in 
1669 through a 
preparation from 
urine. Working in 
Hamburg, Brand 
attempted to distill 
salts by evaporating 
urine, and in the 
process produced a 
white material that 
glowed in the dark 
and burned 
brilliantly. 



Measuring the Depletion of the excited state

( )* *# # F tk k t

ox x e
− +

   =   

( )*#   Fx k = Intensity that you 
measure

Intensity measured is proportional to the # of molecules in the excited state!

[x]*

KF     is rate constant of fluorescence



Measuring Lifetime: Time Domain

nsec

What do you need?

-Collect signal fast enough

-Fitting



Measuring Lifetime: Frequency Domain

What do you need?

-Intensity modulators

-Synchronization

( )o ω E EE(t) = E + E cos ω t + φ ( )o ω E EF(t) = F + F cos ω t + φ - φ

( )  = Etan ω

( )

ω o

2
ω o

Mod

F F 1
M = =

E E 1+ ωτ



AOMs – Intensity Modulator

-modulation frequency limited by 
resonance frequency of the acousto-
optic cell

-variations in the intensity modulation 
caused by temperature

Annals of the New York Academy of Sciences Vol. 158 pp 361-376, 1969



Champaign, IL: domain of fluorescence lifetime imaging microscopy

Robert Clegg – UIUC
Full-Field FLIM

Enrico Gratton – UIUC
Scanning Confocal FLIM (FLIMBox)

Beniamino Barbieri – ISS Inc.
Commercialization of FD FLIM 



Applications of Fluorescence in Biology



Top of cell: Intensity Top of cell: Lifetimes
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Images courtesy of John Eichorst

Fluorescence Lifetime Imaging on Live Cells
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