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What is light?

2. Particles: Photons
==> Photo Effect

10 - 1 µm 
1 - 0.3 µm
0.3 - 0.01 µm
< 0.0002 µm = 2 Å

1. Electromagnetic Waves
==> Interference

Wavelength Particle Energy

Infrared
Visible
Ultraviolet
X-rays, γ

0.1 - 1 eV 
1 - 3 eV
3 - 500 eV
> 5000 eV
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Wave-Particle Dualism

Wave Particle

Wavelength: λ Mass:               
Frequency: ν = c/λ
Speed: c = λ ν Speed:               v
Momentum: p = h/λ Momentum:      p = m v

Wave Front, Diffraction                   Light Rays, Geometric Optics

c = light speed 3

m = m0 ⋅
1

1 − ( v
c )

2



Plane Wave

Light is an electro-magnetic wave.
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Plane Wave diffracted by a slit

Light is an electro-magnetic wave.

5



d

Δx
θ

Light is an electro-magnetic wave.

The existence of “interference” proves 
that light is a wave phenomenon.
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nλ = 2d sin(θ)

nλ = d sin(θ)

Bragg’s Equation for diffraction in a crystal:

Bragg’s Equation 
for a double slit:



Electro-Magnetic Waves Dualism: Wave vs. Particle

Electro-Magnetic Waves

ν = c / λ
c = Lightspeed = 3*108 m/s

ν = Frequency
E = h ν
h = Planck constant = 6*10-34 J/s

E = Energy

1 J = 6.242*1018 eV

102 1 10-1 10-4 10-7 10-8 10-10 10-12 10-14

Wavelength in meters

Visible X-Ray Gamma

λ 500 nm 0.03 nm 0.0003 nm
ν 6*1014 Hz 1*1019 Hz 1*1021 Hz

E
3.6*10-19 J

= 2.2eV
6.4*10-15 J 
= 40 keV

6.4*10-13 J
= 4 MeV
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Electro-Magnetic Waves
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Hertz’ dipole:  
An antenna creates an electromagnetic wave

Maxwell equations:
Unify magnetic and electric forces.

Magnetic field

Electric field

Changes in the magnetic field B create an electric field vortex (Rotation of E):

Changes in the electric field E and/or an electric current J create a rotation in the magnetic field:
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Light is a particle ( => Photons)

The existence of the “photo effect” proves that light must be 
composed of particles.

Experiment:
• Prepare “stopping voltage” V [Volts].
• Shine light of frequency ν=c/λ onto plate.
• Measure current I [Amperes]

E = hν = h c
λ

ν = c
λ
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Frequency of light:



What is light?

2. Particles: Photons
==> Photo Effect

10 - 1 µm 
1 - 0.3 µm
0.3 - 0.01 µm
< 0.0002 µm = 2 Å

1. Electromagnetic Waves
==> Interference

Wavelength Particle Energy

Infrared
Visible
Ultraviole
X-rays, γ

0.1 - 1 eV 
1 - 3 eV
3 - 500 eV
> 5000 eV
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Wave – Particle Dualism

σ xσ p ≥
h
2

Heisenberg’s Uncertainty principle:
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“If you know, where a particle is (x),  
then you cannot know its momentum (p), i.e., mass*speed.”

“If you specify exactly the speed and mass of a particle, then 
you cannot know where it is.”

A similar uncertainty relation exists between Energy and Time:  If you know the energy of a state,  you cannot know how long it will last.



The Human Retina

Rods in the 
human retina 
are long and 
thin, and can be 
triggered by as 
little as 6 
photons of any 
color. Rods 
provide grey-
level “night 
vision”.

Rod cell

Cones in the human retina are shorter and 
triangular. Three different types of cones 
provide color vision of three spectral 
sensitivities, giving Red, Green, and Blue vision. 
Hence, an RGB signal on a computer monitor 
provides for humans a perfect “simulation” of 
the full color spectrum found in nature.

source: wikipedia

Spectral sensitivity of  
the human eye’s cones
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Rods and Cones

Nucleii

Nucleii

Outer plexiform 
layer

Inner plexiform 
layer

Ganglionic layer
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Image from: Micronaut.ch



The human eye only sees RGB and Grey signals

Spectral distribution of light from 
the object (apple)

Spectral sensitivity 
of the human eye

Wavelength [nm]

Wavelength [nm]

Wavelength [nm]

Color perception

Lamp

Wavelength [nm]

Wavelength [nm]

Wavelength [nm]
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A basic spectrometer

A spectrometer analysis of the 
wavelengths within a light beam 

reveals the nature of the light source.
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UV / Vis Absorption Spectroscopy
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Microwave oven:
2.45 GHz ->  12.2 cm wavelength



UV / Vis Absorption Spectroscopy

A = log10
I0
I
= ε ⋅c ⋅ l

Beer-Lambert law:

A = Absorption; ′A = A ln(10) = 2.303∗A
ε = Characteristic Extinction Coefficient
′ε = ε ln(10) = 2.303∗ε
c = Sample Concentration
l = Length of Light Path within Sample
I0 = Incident Light
I = Transmitted Light

I = I0 ⋅e
− ′A = I0 ⋅e

− ′ε ⋅c⋅l
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UV / Vis Absorption Spectroscopy

Only the aromatic amino acids absorb light in the UV region
18



UV / Vis Absorption Spectroscopy
AMP

Cytochrome C

LysozymePhenylalanine (––––)
Histidine (------)
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UV / Vis Absorption Spectroscopy
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UV / Vis Absorption Spectroscopy

Photodiode array
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UV / Vis Absorption Spectroscopy

Bradford Assay
22



Absorbance vs. Fluorescence Spectroscopy

Absorbance Fluorescence
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Fluorescence Spectroscopy

Tryptophan

Tyrosine

Chemiluminescence
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Fluorescence



Fluorescence Spectroscopy

Ethidium bromide

6-Carboxy Fluorescein:
95% self-quenched >100mM

Tyr, Trp, Phe
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Fluorescein

Intrinsic fluorescence: From the sample itself.
Extrinsic fluorescence: From an additive to the sample



Fluorescence Spectroscopy
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Plane-polarized and Circularly Polarized Light

27



Chirality of Amino Acids
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Optical Activity

• All amino acids except for Glycine rotate polarized light.
• All amino acids except for Proline have an L stereochemical 

configuration.
• Optically active molecules have an asymmetry such that mirror 

images are not superimposable.
• Enantiomers (L- / D- forms) are physically and chemically 

indistinguishable by most techniques (except optics).
29

H3N+ H3N+

CH3

COO–COO–

HHCH3



Chirality of life

• Ordinary synthesis of chiral molecules produces racemic mixtures, 
i.e., equal amounts of L- and D- stereoisomers. Ordinary methods 
do not show stereochemical preference. 

• A fact of life: biosynthesis of substances having asymmetric 
centers produces almost pure stereoisomers, i.e. only one kind.

• Examination of amino acids in meteorites always shows racemic 
mixtures. Thus, these are not based on life. 

• It is not known why life has shown preference for L-steroisomers.  

30



Thalidomide
• German drugmaker Chemie Grünenthal introduced thalidomide, under the name Contergan, to the 

German market on Oct. 1, 1957 
• It was a sedative to treat insomnia as well as to reduce nausea associated with pregnancy.  
• In clinical trials, the R-enantiomer had been produced and used. When successful, upscaling the 

production process produced racemic mixtures, containing the R- and L-enantionmers. 
• By 1960, the drug was in use in more than 20 European and African countries.  
• When several malformations in newborns were finally connected with Contergan, the drug was taken off 

the market in 1962. 
• More than 10’000 children were born with severe malformations.

• The L-enantiomer was teratogenic, the R-enantiomer was previously believed to be solely sleep-
inducing. However, also the R-enantiomer is now known to cause some malformations. 

R-enantiomer L-enantiomer

Image: WDR.de
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ORD measures, how much the sample rotates plane-polarized light.
(Note: ORD does not measure any light absorption.)
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Optical Rotatory Dispersion (ORD)



Circular Dichroism (CD)

εL ≠ εR
If molar extinction coefficients are different:

A = log I0
I
= ε ⋅c ⋅ l

Beer-Lambert law for Absorption:

A = Absorption
ε = Characteristic Extinction Coefficient
c = Sample Concentration
l = Length of Light Path within Sample
I0 = Incident Light
I = Transmitted Light

ΔA = Δε ⋅c ⋅ l

we have a difference in the absorbance of 
left and right circularly polarized light:

Ellipticity (Circular Dichroism)
(CD measures, how much the sample differently absorbs  

left and right circularly polarized light.)
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Circular Dichroism (CD)

θ = Amount of ellipticity [deg]ΔA = θ
32.982

ΔA = Δε ⋅c ⋅ l Δε = ΔA
c ⋅ l

Ellipticity (Circular Dichroism)
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(The sample differently absorbs  
left and right circularly polarized light.)

𝛩 = 0º 𝛩 = 25º



Circular Dichroism (CD)
is wave-length dependent.Δε
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Circular Dichroism (CD)
or         are wave-length dependent.Δεθ

–––––––  alpha-helix
– – – – –  antiparallel beta-sheet
.................  type I beta-turn
|-|-|-|-|-|-| poly (Pro) II helix
-----------  random structure

CD for protein structures:
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Alpha = Elephant



Circular Dichroism (CD)
or         are wave-length dependent.Δεθ

–––––––  alpha-helix
– – – – –  antiparallel beta-sheet
.................  type I beta-turn
|-|-|-|-|-|-| poly (Pro) II helix
-----------  random structure

CD for protein structures: CD for DNA and RNA:

Chem Biol Drug Des 2009; 74: 101–120 37



DNA Forms

A-Form B-Form Z-Form

Helical Sense
Diameter
Base pairs per helical turn
Helix rise per base pair
Base tilt normal to helix axis
Prevalence

Right handed
~26 Å

11
2.6 Å
20º

Only at high Cations  
or dehydration

Right handed
~20 Å
10.5
3.4 Å

6º
Normal form

Left Handed
~18 Å

12
3.7 Å

7º
Forms in high salts  

(> 2.5 M NaCl) 38



Circular Dichroism (CD)

Thermal Scans of  
the same protein in two different buffers

Thermal Scans of 
two different mutant forms of a protein

Chem Biol Drug Des 2009; 74: 101–120 39

10 mM CaCl2

0 mM CaCl2 Native
Mutant



Michelson Moorley Experiment

Albert Michelson and Edward Moorley
(1887)
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Earth rotation around
sun at 30 km/s

This is one of the most famous 
“failed experiments”. 

It proved the non-existence 
of an aether.

Michelson and Morley's interferometric setup, 
mounted on a stone slab and floating in a pool of mercury



FTIR

Michelson Interferometer

Fourier Transform Infrared Spectrometry
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FTIR

Phase-shifted beams can extinguish each other through destructive interference.
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}
}

Fourier Transform Infrared Spectrometry



FTIR
The recorded Interferogram is translated into the Spectrum via the Fourier Transformation.

Absorption SpectrumDetector Signal
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FTIR
• White light is passed through the Michelson Interferometer. 

• The mirror in the interferometer moves from one end to the other.

• This causes the different wavelengths of the white light to flicker with a 
different frequency: Blue light is blinking faster than red light.

• The white light (composed of different wavelengths that now blink each 
with a different frequency) passes through the sample, and the total light 
signal is recorded over time.

• The sample absorbs different wavelengths (i.e., differently blinking 
frequencies) differently.

• The recorded signal (light intensity over time) is Fourier transformed, 
which results in the IR absorption spectrum (light intensity over light 
frequency (wave numbers)).  All wavelengths are measured at the same 
time.

• Since all light frequencies pass through the sample at the same time, 
recording the FTIR spectrum is very fast.
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FTIR
Application: Characterization of samples by comparing FTIR spectra with known spectra. 

Here: Samples taken from a Roman sarcophagus.

International Journal of Spectroscopy,  Volume 2009 (2009),  doi:10.1155/2009/893528, 
The Use of FTIR and Micro-FTIR Spectroscopy:  An Example of Application to Cultural Heritage 45



Raman Spectroscopy
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Raman Spectroscopy

Δν = ν0 −ν

• Sometimes, light is scattered at different energies than 
the incident light beam.

• This effect is so rare that a strong laser light source and 
a collecting optic is needed to capture the few cases.

• Needs highly concentrated samples (20 mg/ml) 
(hopefully, the sample doesn’t aggregate...)

• Rayleigh line: 

• Stokes lines:  Lower energy than incident light.

• Anti-Stokes lines: Higher Energy than incident light. 

• Anti-Stokes is even less frequent than Stokes. 

• Stokes and Anti-Stokes lines show the characteristic 
vibrational spectrum of the sample.

• Raman spectroscopy can be done in solution (water), on 
fibers (dry), or on 3D crystals (semi-dry).

• Infrared spectroscopy also shows the vibrational 
spectrum of a sample, but infrared spectroscopy cannot 
be done in water, since water absorbs IR light.

Δν = 0

(lower energy) (higher energy)
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