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What is spectroscopy?

Light = electromagnetic radiation

Study of interaction of light with 
matter (sample) with resulting aim of 
obtaining an optical "spectrum" that 
"reflects" the properties of the sample 
in a defined way...…

Matter: elements versus molecules



Molecular spectroscopy
Monitoring the interaction of different types of radiation with an unknown 
substance - molecule.

Use of observed phenomena in order to:

• Identification
• Study of molecules structure and behavior
• Determination of concentration of different components - molecules

Important note: molecular versus atomic spectroscopy

Atomic Molecular

Interaction between atoms and 
electromagnetic light

Interaction between molecules and 
electromagnetic light

Line spectra Complicated band spectra

Electron transitions in elements / 
atoms

Vibrational, rotational and electronic 
transitions in molecules

WHY?



Molecular spectroscopy
Atomic spectroscopy Molecular spectroscopy

Line spectra Complicated band spectra
WHY?

emission

absorption

Electrons in an atomic orbital can acquire 
only certain (different) energies, and the 
transition of an electron from one orbital to 
another by receiving (absorption) or giving up 
(emission) a photon with an energy 
corresponding to the difference between the 
energy levels

In an atom, as a result of the emission or 
absorption of electromagnetic radiation, only 
the distribution of electrons in the respective 
atomic orbitals changes, not the rotational and 
vibrational states...!



Molecular spectroscopy:
Measurements (spectrometers) according to 
(observed) behavior of radiation

Incoming electromagnetic 
light (molecule excitation)

Absorption

reflection

photoluminescence

transmission

scattering



Spectrometry techniques, generally……

Measures how much electromagnetic radiation (light) is 
absorbed, emitted, or diffusely reflected by a sample

• intensity and wavelength of the light is controlled and subsequently 
measured by measurement device - spectrometer

• results of the measurements – the spectra – are highly characteristic 
for the sample, sometimes one can even speak about fingerprint.

Main measurements principles

• Absorption – how much of electromagnetic light was absorbed by 
sample and on what frequency? F.e. Infrared spectroscopy

• Fluorescence and Emission – sample is emitting new kind of 
radiation after excitation of molecule by light, heat, electricity etc. 
F.e. Raman spectroscopy



Molecular spectroscopy types

Technique What we measure App examples

Ultraviolet and Visible 
spectroscopy: UV-VIS Electron molecular absorption

Quantitative analysis of unsaturated 
inorganic substances and some 
colored inorganic substances

Fluorimetry
Fotoluminiscence. Absorbed radiation 
emitted by higher (longer) 
wavelengths

Routine quantitative organic 
analysis, often more sensitive than 
UV-VIS. Biochemistry / bioimaging

Infrared spectroscopy: 
IR, FTIR

Vibrational-rotational molecular 
spectroscopy

Identification, quantification and 
study of organic and inorganic 
molecules

Raman spectroscopy Vibrational-rotational molecular 
spectroscopy

Identification, quantification and 
study of organic and inorganic 
molecules

Nuclear magnetic 
resonance: NMR

Nukleární absorption: 
change of the spin state of atomic 
nuclei by a magnetic field

Identification, quantification and 
study of mostly organic molecules

Mass spectroscopy Ionization and fragmentation of 
molecules

Identification, quantification and 
structural study of mostly organic 
molecules



Molecular spectroscopy

http://solar-center.stanford.edu

http://solar-center.stanford.edu/


Molecular spectroscopy

λ (micrometers) Wavelength (cm-1) Note

UV – VIS area 0,19 – 0,8 53 000 – 12 500 Electron 
absorption

Near infrared area: NIR, 
FT-NIR spectroscopy

0,8 – 2,5 12 500 – 4 000 Higher 
absorption 
harmonic 
transitions

Mid infrared area MIR, FT-IR 
spectroscopy

2,5 – 25 4 000 – 350 Normal vibration 
transitions

Far infrared area: FIR, FT-FAR 
spectroscopy

25 - 1000 350 – 10 Lattice vibrations, 
inorganic mostly

Raman spectroscopy: approx. 8 000 – 2 cm-1, usually systems 3 500 – 40 cm-1

Compatibility with IR, FT-IR spectra – complementary methods

"Anthropocentric" division: nomenclature according to 
proximity to what the human eye can see……



The physical nature of 
molecular spectroscopy

 Chemical bonds can be represented like oscillating 
springs connecting atoms.
 Absorption of infrared radiation leads to a change 

in the rate of oscillation.
 Absorption of radiation occurs only when it induces 

a permissible change in the rate of vibration for the 
measured molecule.

 Position of absorption peaks in spectra is determined 
via: atomic mass, bond strength, surrounding bonds in 
the molecule



Sir Chandrasekhara
Venkata Raman

1888 – 1970

Nobel price in physics
1930

A New Type of Secondary Radiation
C. V. Raman and K. S. Krishnan, Nature, 121(3048), 501, March 31, 1928

The experiments we have made have confirmed this anticipation, and shown that in
every case in which light is scattered by the molecules in dust-free liquids or gases,
the diffuse radiation of the ordinary kind, having the same wavelength as the incident
beam, is accompanied by a modified scattered radiation of degraded
frequency.





The physical nature 
of Raman spectroscopy



The physical nature 
of Raman spectroscopy

One of the main difference is type of light forcing on sample:

• FTIR = polychromatic light (heated ceramics, diodes etc.)
• Raman = monochromatic light - LASERS

The vibrational frequencies of molecules are independent of whether we 
study them with infrared or Raman spectroscopy, but the intensities of the 

spectral lines will be for both spectroscopic techniques
distinctly different.

0 to +3300 cm-1 ranges 
for selected Raman lasers
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Kurzy 2017

Infrared (FT-IR) versus Raman
Raman IR

Dispersion of light by vibration of molecule Absorption of light by vibration of molecule

Molecule vibration is active in Raman 
spectrum only with change of polarizability

Molecule vibration is active in IR spectrum only with 
change of molecule dipole moment

Mikroscopy with resolution around 0,5 
micrometers

Microscopy with resolution around 15 micrometers 
(diffraction limit)

Water is not a problem Water have huge absorption in IR spectrum, that is 
problem with water as solvent

Usually no sample preparation, even 
possibility of measurement through different 

materials (packaging etc.)

Sample preparation could be challenging: KBr pellets, 
cutting of samples, solvents, extractions etc.

Molecular backbone is dominant
-S-S-, -C-S-, -C=C- etc.

End groups of molecules – intense signal in spectrum 
(peaks)

Indication of covalent character of molecule Indication of ion character of molecules

Better measurement range: FAR-IR (400 – 50 
cm-1) is not a problem (inorganics!) FAR-IR is very challenging technique

Could be very expensive (lasers etc.) Price usually lower than Raman



Classification of basic vibrations types
Vibration, rotation = peaks: IR or Raman spektrum!



Classification of basic vibrations types

Umbrella vibration of NH3
(out of plane bending….)



Classification of basic 
vibrations types

Breathing vibration of benzene

1050 – 990 cm-1 = breathing vibration



Classification of basic vibrations types

Molecular 
vibrations

Fundamental 
vibrations

Stretching

Symetric Anti-
symetric

Bending

In plane

Scissoring Rocking

Out of 
plane

Wagging Twisting

Non-fundamental vibrations

Overtones,
combinational tones 
and Fermi resonance



Classification of basic vibrations types
Complexity of molecule:

• Acetylene: 7 vibrations
• Benzene: 30 vibrations
• Sucralose: 129 vibrations
• Protein with 4000 atoms: 11,994 vibrations

Acetylen

Myoglobin



Position of peaks in spectrum are main 
parameter for identification!
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Ethylacetate • Direct compare with standard spectra
• Spectral libraries (commercial or prepared)
• Identification of mixtures or inpurities
• Cluster analysis (DA)
• Basic research of molecules



Molecular spectroscopy
Lambert-Beer law: quantitative analysis

Pierre Bouguer (1729) Johann Heinrich Lambert (1760) August Beer (1852)

Independently deduced that:

Light is attenuated when passing through a material, and this attenuation is material dependent
P. Bouguer discover this during drinking of red Portuguese wine

• Lambert: absorption coefficient and pathlength
• Beer: absorption coefficient and pathlength and concentration (peak height / area)



Molecular spectroscopy
Lambert-Beer law: quantitative analysis

A = log(Φ0/Φ) = ελ.c.l
A = absorbance
Φ0 = light coming to sample
Φ = light changed by sample
ελ = molar absorption coefficient
c = concentration
l = pathlength

assuming a constant optical path and evaluating to one 
characteristic band that belongs only to the quantified 

component (it is not affected by another band of another 
component):

A equals c



FT-IR and Raman systems
 Portable, handheld versus laboratory 

systems
 microscopes
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Identification of gemstones via Raman: very fast

Even chemically 
very similar 

gemstones have 
different Raman 

features!
Fast ID of knock 

offs etc.
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Moissanit (SiC) – “fake” synthetic diamonds 
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Moldavite – natural vs „china“

Natural: different locations

China origin

Tektit: SiO2 + Al2O3
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Czech garnets: quality, inclusions, purity, origin

Garnets: neosilicates with a complicated chemical formula of 
general shape X3Z2[SiO4]3, where:
• X = Ca, Mg, Fe2+, Mn (bivalent cationts)
• Z = Al, Fe3+, Cr, V3+, Zr, Ti (trivalent cationts)

From latin granatum malum – pomegranate.

Raman spectroscopy/microscopy: garnet type determination, quality
control, inclusions control (e.g. peridot), jewelry treatment control, 
etc…

Czech garnet (pyrop): composition is magnesium 
aluminum silicate Mg3Al2(SiO4)3, with at least 
2 % Cr2O3.

Ideally combination of visual inspection, Raman and XRF spectroscopy. 
Raman immediately shows if the stone is garnet and if chromium is 
present!

https://cs.wikipedia.org/wiki/V%C3%A1pn%C3%ADk
https://cs.wikipedia.org/wiki/Ho%C5%99%C4%8D%C3%ADk
https://cs.wikipedia.org/wiki/%C5%BDelezo
https://cs.wikipedia.org/wiki/Mangan
https://cs.wikipedia.org/wiki/Hlin%C3%ADk
https://cs.wikipedia.org/wiki/%C5%BDelezo
https://cs.wikipedia.org/wiki/Chrom
https://cs.wikipedia.org/wiki/Vanad
https://cs.wikipedia.org/wiki/Zirkonium
https://cs.wikipedia.org/wiki/Titan_(prvek)
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Czech garnets: quality, inclusions, purity, origin

 Raman (area 5 000 – 3 600 cm-1): luminiscence of chrome ionts! 
Cr3+ sometimes also V3+

Renata Jasinevicius: CHARACTERIZATION OF VIBRATIONAL AND ELECTRONIC FEATURES IN 
THE RAMAN SPECTRA OF GEM MINERALS, THE UNIVERSITY OF ARIZONA 2009 

Czech garnet?: yes

Czech garnet: no!

Czech garnet: standard 
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Amber: „new“ versus old

Amber: around 100 mil old (Myanmar/Barma)
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Amber: „new“ versus old

Amber: new (manufactured)



Example of forensic application



Forensic research: Car paints



Checking with database

Forensic research: Car paints



• Chemical mapping (IR) of sample from hit and run – different layers

• Mapping with spatial resolution around 5 𝝁𝝁m

Forensic research: Car paints



Paint chip Pontiac 79



sec@nicoletcz.cz

Thank you!

mailto:sec@nicoletcz.cz
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