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SPECTROSCOPIES: based on absorption, emission, diffusion or
diffraction of electromagnetic radiation by molecules: corresponding to
an absorption, emission…. of quantum energy

How was quantization "born"?
 wave nature of electrons and photons = WAVE ie sinusoidal
function with wavelength  in a circular circuit of radius r
A

 At point A (as in any other point of the circumference) the waves
must

arrive

in

phase

and

there

must

be

positive

or

CONSTRUCTIVE INTERFERENCE (after one revolution the
amplitudes of the wave are added): the circumference MUST
contain an integer number of wavelengths
2r=n; =2r/n
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MOLECULAR SPECTROSCOPIES:

X Rays

UV-Visible
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internal electrons
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(UV-Vis; fluorescence; RAMAN)

Infrared

= 10-3 –10-6m

molecular vibrations
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molecular rotations

(IR; RAMAN)

Microwaves

(rotational-EPR)

Radiovawes

electronic spin transitions

>1m

nuclear spin transitions

(NMR)

 Interaction between molecules and the ELECTRIC radiation
component:
 Absorption spectroscopies
 UV-Vis (or electronic)
 Rotational
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 IR
 Emission spectroscopies
 Fluorescence (and Phosphorescence)
 Diffusion spectroscopies
 RAMAN
 Interaction between molecules and the MAGNETIC components of
the radiation
 Absorption and emission spectroscopies
 Electronic Paramagnetic Resonance (EPR)
 Nuclear Magnetic Risonance (NMR)

INTERACTION MATTER-RADIATION possible if:
variation of dipolar moment ()  0
 el,perm.= q x d
 el,ind.=  x E
 magn.= i x A
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Interaction between the electronic component of the radiation
and the oscillating electric dipole of matter:

The oscillating electric dipole in the UV-Vis transition
(electronic motion between different areas around the nuclei),
in rotation and in vibration, generates a sinusoidal trend
equivalent to the radiation whose frequency must correspond
to

the

frequency

of

the
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absorbed

radiation

UV-VIS SPECTROSCOPY:
The vision, the RETINAL. Contains the carbonyl group
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The transition between  and * has an energy that is too high for UVVis and the two sp2 oxygen orbitals that contain the electron pairs
become orbital n (not binding)
UV-Vis TRANSITIONS between the "populated" MO with higher
energy and the "empty" one with higher energy (HOMO and LUMO).
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The energy jump corresponding to the UV-Vis frequency (E = h) is
due to transitions:
n *
n *
 * (only if "conjugated", that is if the electrons are delocalized)

These transitions occur in molecular groups (sometimes called
CHROMOPHORES) containing double bonds (better if conjugated, ie
delocalized) and / or non-bonding doublet

Examples:
Aldehydes, ketones and acids (carbonyl group)
Aromatic compounds
Amines

Transitions for transition metals ions (complex) due to the mobility of
d electrons
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Information obtainable from UV-Vis spectroscopy:

1) Identification of the chromophoric groups and therefore of
substances in solution
2) Shift of the peaks due to changes in the structure and the
surrounding of the molecule under examination and therefore
indicative of such variations: drugs in cancer cells
3) Retinal in cis/trans conformation and interaction with protein
(rhodopsin): energy impulse to the brain that allows vision
4) Denaturation of proteins and DNA
5) Quantitative evaluation from the law of Lambert Beer (I = light
intensity; C = concentration of the chromophoric substance; L = cell
size):
-dI/I =  C dL  ln(Iinc/Itrasm) =  C L
A = absorbance = Lg (Iinc/Itrasm) = /2.3 C L =  C L ( = molar
extinction coefficient)
T = transmittance = (Itrasm / Iinc) x100 [A = -Lg (T / 100)]
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Vibrational structure in the UV-Vis spectra:
We need to use potential curves to define the chemical bond
and the vibrations of this bond (the vibrational levels
indicated by the quantum number vi, contained in the
curve):

E

ro

r (interatomic distance)

v4
v3
v2
v1

e) The electronic transition takes place initially with the
nuclei still in their positions (Franck and Condon principle)
f) After the transition the electrons accumulate in areas of
space outside the joining of the nuclei and exercising an
attraction on the nuclei
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g) The distance between the nuclei therefore increases from
ro (bond distance) to r ’
h) This causes the excited level curve to move to the right
and then the jumping electron (vertically) no longer finds
the v1 level, but, as the curve moves to the right, it reaches
v2, v3, v4 ... .
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Dissipation of absorbed energy:

1. Thermal dissipation:
energy in the form of heat transferred to the environment,
increases the mobility of the surrounding molecules

2. Chemical processes:
absorbed energy is used for chemical reactions or
interactions between molecules

3. Radiative emission:
absorbed energy is re-emitted in the form of visible or UV
radiation

FLUORESCENCE
PHOSPHORESCENCE

It is experimentally observed that the frequencies (= energies)
emitted are lower than those absorbed:
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1. The starting point corresponds to the final point of
absorption in which the electron has reached the level v4 of the
excited state
2. There cannot be radiative emission between the vibrational
levels for which there is thermal dispersion up to the lowest
vibrational level (v1) of the excited state
3. Given the relative shift of the curves (one at ro and the other
at r’), the first fluorescence transition takes place from the
vibrational level of the v1 level of the excited state to the v4
level of the ground state
4. When the electrons return to the ground state, the excited
state curve moves back to the equilibrium position (from r ’ to
ro)
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5. Transitions at lower vibrational levels of the ground state
curve are then gradually allowed until they return to the
energy transition equivalent to that of absorption starting.

More selective technique of the UV-Vis technique:
Only a few substances give rise to the radiative transition:
heat dissipation is favoured
Use of PROBES and Fluorescence QUENCHER
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LASER
Laser is the acronym of "Light Amplification by Stimulated Emission
of Radiation”

L; laser tube length. Positive
interference: 2L=n

Laser components:
1) Active optical medium
2) Energy supplied to the optical medium
3) Mirror
4) Semi-reflective mirror
5) Output laser beam

How does it work? Example of a dye laser:
vacuum is created in the tube and fluorescent molecules are placed in
the tube in gaseous state. The energy supplied (often an electric
discharge) allows the excitation of the molecules that then emit
fluorescence radiation that bounces between one mirror and another.
At the point where the ray will exit the tube, the fluorescent radiation
overlaps each 2L cycle and must arrive in phase and give positive
interference (2L=n) to sum the amplitudes and increase the intensity
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more and more. When the intensity is at maximum, the exit window is
opened and a light beam with maximum and monochromatic intensity
comes out (due to the positive interference, only one frequency is
selected).
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VIBRATIONAL SPECTROSCOPY (IR)

Chemical bond considered as a spring that vibrates with
harmonic oscillations around the equilibrium point:

harmonic oscillator: stretching and shortening on the X axis of
an equal quantity x

1) For a spring:
Hooke's law: call-up force = F = -kx
Newton's law (the mass is the "reduced" one, which, for
an A-B molecule, is given by 1/µ = (1/mA) + (1/mB):
F = ma = a =  (d2x / dt2)
By matching the two forces:
-kx =  (d2x / dt2)
solution: x = sin(k/)1/2t
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2) For a pendulum:
solution for harmonic oscillator (considering the angular
speed  that depends on the oscillation frequency )
x = sin t = sin (2) t

matching the arguments of the two sine functions:
2t=(k/)1/2t
=(k/)1/2/2
Evib=vi h ;
Evib = vi (h/2) (k/)1/2

Information:
characteristic frequency for each bond, frequency variations
are indicative of changes in the surroundings, binding energy,
molecular mass. FOLLOWING ANTICANCER DRUG FATE

For molecules with more than two atoms (N atoms): more
vibration motions:
stretching: stretching/shortening of the bonds: symmetrical or
asymmetrical
bending: variation of the bond angles
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also in this case   0 (variation of the dipole moment)
IR Spectroscopy: CO2 spectrum

1. symmetrical Stretching

 = 0

2. asymmetrical Stretching

  0 ; = 2349 cm-1

3. Bending in the plan

  0 ; = 667 cm-1

4. Bending outside the plan

  0 ; = 667 cm-1
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IR spectrum for H2O

1. symmetrical Stretching

  0 ; = 3652 cm-1

2. asimmetrycal Stretching

  0 ; = 3756 cm-1

3. Bending

  0 ; = 1595 cm-1

FT-IR (Fourier Transform IR)

is based on the Michelson interferometer

Two paths for radiation (bouncing on mirrors):
one fixed and one variable

For the variable path you can have CONSTRUCTIVE or
DESTRUCTIVE INTERFERENCE.
To have constructive interference, the path traveled must be
equal to an integer number of wavelengths. Therefore there is
constructive interference = "light on" and destructive
interference

=

"light

off"

INTERFEROGRAM
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depending

on

the

path:

All radiations, even at different wavelengths, will have a path
that allows them to have constructive interference. This allows
to have a signal for all the components of the radiation at
different wavelengths

B = movable mirror
C = fixed mirror
D = sample with mirror
Screen with detector
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RAMAN SPECTROSCOPY:
No absorption, no emission, but DIFFUSION of the radiation
in all directions = SCATTERING (use of backscattering, ie the
recorder is placed together with the emitter).
The quantomechanical model of the RAMAN effect is the
transition to a “virtual” state, coming back to a different
vibrational state

CLASSIC INTERPRETATION OF THE RAMAN EFFECT

Instant dipole moment polarizability

Electric field from radiation
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In the polyatomic molecules, the polarizable groups give
clearly visible Raman signals, better if they are not already
polar

and

therefore

often

the

complementary to the IR technique.

21

Raman

technique

is

MAGNETIC RESONANCE

1) NUCLEAR (NMR)
2) ELECTRONIC (EMR = EPR)

Application of a magnetic field H in the Z direction

Z

Hz
+

X
Y
Hz generates a torque on the magnetic moment  which
creates a precession motion (speed 0).
22

mI = + 1/2, -1/2; mS = + 1/2, -1/2 corresponding to + e There are therefore two energy levels for coupling Hz and :
En= - Hzn=-Hz n (h/2) mI
ES= - HzS= HzS (h/2) mS
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In order to move from + a -, and vice versa, which
corresponds to transitions between the two energy levels
(absorption and emission), it is necessary to apply a radiation
in the XY plane that is circularly polarized with speed 0, ie
both in RESONANCE with the precession movement:
The magnetic component of the radiation corresponds to a
magnetic component (a field H1) that rotates with speed 0 on
the XY plane
Since  and H1 rotate at the same speed, all are still with
respect to one another and H1 works as Hz generating on a
torsional force which creates a precession motion that reverses
+ and - == the RESONANCE conditions correspond to
TRANSITIONS between the two energy levels

E = Hz (h/2)
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There is another contribution that creates new energy levels
and therefore other transitions:

INTERACTIONS BETWEEN SPINS

For electronic resonance: electronic-nuclear spin interactions
of neighboring nuclei (H, N, P….)
For mS = +1/2 e –1/2 e mI = +1/2 e –1/2 (hydrogen H) 4 energy
levels are obtained
"Permitted" transitions: ms = 1; mI =0

From which we have only two transitions (lines of the
spectrum): E4 – E1 = HzS (h/2) + (1/2)a
E3 – E2 = HzS (h/2) - (1/2)a

For nuclear magnetic resonance: nuclear spin coupling
"protagonist" (indicated with prot) with "close" nuclear
spins:
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Transitions “allowed”: mI,prot = 1; mI,vic =0
From which we have only two transitions (lines of the
spectrum):
E4 – E1 = HzI,prot(h/2) + (1/2)j
E3 – E2 = HzI,prot(h/2) - (1/2)j

If there are more "PROTAGONISTS": each one absorbs at a
different frequency value evaluated by the Chemical Shift:
Heff = H0(1-)
: shield constant evaluates the radiation shielding due to
neighbouring nuclei.
If there are more spins coupled with the protagonist:
EQUIVALENTS (same type, distance, ...): same coupling
constant a or j.
1. n ° rows = n ° nuclei (spin = 1/2) equiv. +1
2. separation between the lines equal to (½ a) or (½ j)
3. relative intensity given by the Tartaglia triangle

NON-EQUIVALENT:

different

coupling

constant:

the

coupling constant decreases with the distance between the
coupled spins and the presence of electronegative atoms.
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Each group of equivalent nuclei contributes separately from
another group equivalent to each other, but not equivalent to
the previous one, starting from the one that has the greatest
coupling constant.

It is necessary to know which materials give rise to EPR and
NMR spectra:

EPR: materials containing "unpaired" electrons
1) Organic radicals
2) Transition metal ions

NMR: substances containing "unpaired" protons:
1

H, 13C, 15N, 31P, 17O

1

H-NMR Imaging = Magnetic Resonance for medical

purposes:
proton map of materials, also "soft"
less harmful than X-rays
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X-RAY DIFFRACTION

Diffraction plans
The extra path between one plan and another should give
CONSTRUCTIVE INTERFERENCE, ie it must be equal to a
whole number of wavelengths:

A d
angolo 
B

C

AB+BC= 2d sen = n 
Bragg Equation
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