Raman spectroscopy

Raman spectroscopy, being a spectroscopy, is a
technique that uses the interaction of light with
matter to analyze the chemical composition and
structure of materials. Raman spectroscopy is
based on the principle that when a beam of light
(usually a laser) is scattered by a molecule, some
of the photons undergo a change in their energy
and wavelength. This change, called the Raman
shift, is proportional to the vibrational frequency «
the molecule and can be used to identify its
molecular fingerprint. Raman spectroscopy can
provide information about the molecular bonds,
functional groups, crystal structure, phase
transitions, and stress/strain of materials. Raman
spectroscopy is a non-destructive and versatile
technique that can be applied to solids, liquids,
gases, and biological samples.
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Raman spectroscopy. Principles: Light scattering

Light scattering is a physical phenomenon
that occurs when electromagnetic waves
interact with particles or molecules in a
medium. The scattering process can change

. . .« .. Atmosphere :
the direction, frequency, polarization, Air molecules
phase, or intensity of the incident light. scatter blue light
Depending on the size and shape of the
scatterers, as well as the wavelength of the
light, different types of scattering can occur,
such as Rayleigh scattering, Mie scattering,
Tyndall scattering, and Raman scattering.
Light scattering is important for many
applications in science and engineering,
such as atmospheric optics, spectroscopy,
microscopy, optical communication, and
remote sensing.




Raman spectroscopy. Principles

When light is scattered by molecule, the oscillating
electromagnetic field of a photon induces a polarisation of the
molecular electron cloud which leaves the molecule in a
higher energy state with the energy of the photon transferred
to the molecule. This can be considered as the formation of a
very short-lived complex between the photon and molecule
which is commonly called the virtual state of the molecule.
The virtual state is not stable, and the photon is re-emitted
almost immediately, as scattered light.

In the vast majority of scattering events, the energy of the
molecule is unchanged after its interaction with the photon;
and the energy, and therefore the wavelength, of the scattered
photon is equal to that of the incident photon. This is called
elastic (energy of scattering particle is conserved) or Rayleigh
scattering and is the dominant process.
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Raman spectroscopy. Principles

In a much rarer event (approximately 1 in 10 million
photons)? Raman scattering occurs, which is an inelastic
scattering process with a transfer of energy between the
molecule and scattered photon. If the molecule gains
energy from the photon during the scattering (excited to a
higher vibrational level) then the scattered photon loses
energy and its wavelength increases which is called Stokes
Raman scattering

Inversely, if the molecule loses energy by relaxing to a lower
vibrational level the scattered photon gains the corresponding
energy and its wavelength decreases; which is called Anti-
Stokes Raman scattering. Quantum mechanically Stokes and
Anti-Stokes are equally likely processes. However, with an
ensemble of molecules, the majority of molecules will be in the
ground vibrational level (Boltzmann distribution) and Stokes
scatter is the statistically more probable process. As a result,
the Stokes Raman scatter is always more intense than the
anti-Stokes and for this reason, it is nearly always the Stokes
Raman scatter that is measured in Raman spectroscopy.
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Raman Spectrum of CCl,

CCl, is a tetrahedral molecule with three
pronounced Raman active vibrational modes in the
100 cm-1 to 500 cm-1 wavenumber region (there is
an additional peak at ~780 cm-1 which is not
shown). In the center of the spectrum is the
Rayleigh scatter peak at the laser wavelength. This
peak is millions of times more intense than the
Raman scatter and is therefore normally blocked
by a notch or edge filter in the Raman
spectrometer but was included here for clarity.
Symmetrically placed on either side of the Rayleigh
peak are the three Stokes and three Anti-Stokes
peaks corresponding to the three most intense
Raman active vibrations of CCl,. It can be seen that
the Anti-Stokes lines are much weaker than the
Stokes due to the larger population of molecules in
the ground vibrational level of each mode. CCl, has
one of the simplest Raman Spectra but the same
principle applies for all samples: Raman
spectroscopy is used to measure the unique
vibrational fingerprint of the sample and from that
information chemical, structural and physical
properties can be determined
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Raman spectra: What to do with them?

Raman spectroscopy is a powerful technique for analyzing the molecular structure and composition of materials. Raman spectra are
obtained by irradiating a sample with a monochromatic laser beam and measuring the scattered light at different wavelengths. The scattered
light contains information about the vibrational modes of the molecules in the sample, which can be used to identify and quantify them.

To interpret raman spectra, one needs to compare the observed peaks with reference data from databases or literature sources. The peak
positions, intensities, shapes, and widths can provide clues about the type, number, and arrangement of atoms and bonds in the sample.
Some common features of raman spectra are:

- The peak at zero wavenumber (also called Rayleigh scattering) corresponds to the elastic scattering of the laser light by the sample. It is
usually much stronger than the other peaks and can be filtered out by using a notch filter or a monochromator.

- The peaks at positive and negative wavenumbers (also called Stokes and anti-Stokes scattering) correspond to the inelastic scattering of the
laser light by the sample. They reflect the energy difference between the initial and final vibrational states of the molecules. The Stokes
peaks are usually stronger than the anti-Stokes peaks because they involve a lower-energy transition.

- The peak positions depend on the frequency of the vibrational modes of the molecules, which are determined by their mass, bond
strength, and symmetry. Different functional groups have characteristic peak positions that can be used to identify them. For example, C-H
stretching vibrations usually occur around 3000 cm-1, C=0 stretching vibrations around 1700 cm-1, and C-C stretching vibrations around
1600 cm-1.

- The peak intensities depend on the number of molecules that contribute to a given vibrational mode, as well as their orientation and
polarization relative to the laser beam. The intensity can also be affected by factors such as temperature, pressure, concentration, and
sample preparation. Therefore, peak intensities are not always reliable for quantitative analysis and may require calibration or
normalization.

- The peak shapes and widths depend on the homogeneity and complexity of the sample, as well as the resolution and sensitivity of the
instrument. Broad peaks indicate a large distribution of vibrational frequencies, which can be caused by disorder, defects, or interactions
among molecules. Narrow peaks indicate a well-defined vibrational frequency, which can be caused by crystallinity, purity, or isolation of
molecules.
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Uses of Raman spectroscopy

Raman spectroscopy is a powerful analytical technique that can provide information
about the molecular structure, composition, and interactions of various materials.
Raman spectroscopy uses the scattering of light by molecules to detect their
vibrational modes, which are characteristic of their chemical bonds and symmetry.
Raman spectroscopy has many applications in different fields, such as chemistry,
physics, biology, medicine, geology, and engineering. Some of the uses of Raman
spectroscopy are:

- Identification and characterization of organic and inorganic compounds, such as
drugs, polymers, minerals, and crystals.

- Analysis of molecular interactions and conformations, such as hydrogen bonding,
solvation, and folding.

- Detection and quantification of impurities, contaminants, and adulterants in
samples, such as food, pharmaceuticals, and environmental samples.

- Investigation of phase transitions, crystallization, and polymorphism in materials,
such as metals, alloys, ceramics, and polymers.

- Study of surface phenomena and nanostructures, such as catalysis, corrosion,
adsorption, and plasmonics.

- Imaging and mapping of biological tissues and cells, such as skin, bone, cartilage,
blood vessels, and neurons.
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Infrared vs Raman spectroscopy

Some of the advantages of Raman spectroscopy over infrared spectroscopy are:

- Raman spectroscopy can be used with any wavelength of light, whereas infrared spectroscopy requires a specific
range of wavelengths that correspond to the vibrational frequencies of the molecule.

- Raman spectroscopy can be performed in aqueous solutions, whereas infrared spectroscopy is hindered by the strong
absorption of water.

- Raman spectroscopy can analyze samples with minimal or no sample preparation, whereas infrared spectroscopy may
require grinding, pressing, or diluting the sample.

- Raman spectroscopy can provide information about crystal structure and orientation, whereas infrared spectroscopy
cannot.

Some of the disadvantages of Raman spectroscopy compared to infrared spectroscopy are:

- Raman spectroscopy has a lower signal-to-noise ratio than infrared spectroscopy, which means it requires more
powerful lasers and longer acquisition times.

- Raman spectroscopy may cause damage to the sample due to heating or photodegradation from the laser beam,
whereas infrared spectroscopy is less invasive.

- Raman spectroscopy may suffer from fluorescence interference from some organic compounds or impurities,
whereas infrared spectroscopy does not.

- Raman spectroscopy may require calibration and normalization procedures to account for variations in laser power
and detector sensitivity, whereas infrared spectroscopy does not.

However, they complement each other



Refractometry

Refractometry is a technique used to measure the refractive index of a substance. The refractive index is a measure of
how much a substance bends light as it passes through it. By measuring the angle at which light is bent as it passes
through a sample, the refractive index can be determined. Refractometry is commonly used in chemistry, biology, and
other fields to determine the composition and purity of substances. It is also used in the food industry to measure the

sugar content of fruits and other products.
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Differences between refractometers and spectrophotometers

A refractometer measures the bending
of light as it passes through a liquid or
transparent solid, while a
spectrophotometer measures the
amount of light absorbed or transmitted
by a sample at different wavelengths.

Refractometers are commonly used to
measure the concentration of a solution
based on its refractive index, while
spectrophotometers are used to
determine the chemical composition of
a sample by analyzing its absorption or
transmission spectrum.

1.- Place sample (or
water for zero) with

2.- Look through pipette

to measure

Refractometer and schematic summary of its mode
of use



Refractive index (RlI)

The refractive index (Rl) is a
fundamental optical property that
describes the way light propagates
through a medium. It is defined as the
ratio of the speed of light in a vacuum
to the speed of light in a given
material. The Rl of a material depends
on its chemical composition and
physical properties such as
temperature, pressure, and density.
In general, the higher the Rl of a
material, the more it bends light
when it passes through it. The
refractive index is an important
parameter in a wide range of scientific
and industrial applications, including
optics, chemistry, materials science,
and food science.
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Refractometry

The refractive index (RI) of a substance is affected by several parameters, including temperature, pressure, concentration, and
wavelength of light.

Temperature: As temperature increases, the Rl of a substance generally decreases. This is because the speed of light in a
medium increases with temperature, which reduces the bending of light and hence the RI.

Pressure: Pressure can also affect the Rl of a substance, but the effect is generally small. Higher pressures can cause slight
changes in the density of a substance, which can alter the RI.

Concentration: The Rl of a substance is directly proportional to its concentration. This property is used in refractometry to
determine the concentration of a solute in a solution.

Wavelength of light: The Rl of a substance varies with the wavelength of light used. This property is exploited in spectral
refractometry, which uses different wavelengths of light to determine the Rl of a substance at each wavelength.

The modification of the uses of refractometry depends on the parameter being varied. For example, changes in temperature
or pressure may affect the accuracy of Rl measurements, while changes in concentration can provide a means for
determining the concentration of a solute in a solution. Varying the wavelength of light used can provide more detailed
information about the chemical composition of a substance.



Brix degree

Brix% : 28-62

A Brix degree is a unit of measurement
used to determine the sugar content in a
liquid, typically in fruit juices, wine, and
other beverages. It is named after Adolf
Brix, who developed the method in the

late 19th century. One degree Brix (°Bx) is 45—F—45

equal to 1 gram of sucrose in 100 grams ATC 40— 40

of solution. For example, a solution with a =

Brix value of 10 contains 10% sugar by 2 ?35
30—s=—30

weight at 20°C. The Brix degree is used in
the food and beverage industry to
determine the quality and ripeness of
fruits and vegetables, as well as to
monitor the fermentation process in
winemaking and brewing.

I




Refractometry: Uses (Examples)

Measuring the concentration of a solution: Refractometers are commonly used in
the food and beverage industry to measure the sugar content of fruits, vegetables,
and juices. They can also be used to measure the concentration of other
substances such as salt, oil, and alcohol.

Testing the purity of a substance: Refractometers can be used to test the purity of
a substance by measuring its refractive index. This is particularly useful in the
pharmaceutical industry where it is important to ensure that drugs are pure and
free from contamination.

Checking the quality of lubricants and oils: Refractometers can be used to check
the quality of lubricants and oils by measuring their viscosity and density. This is
important in the automotive and aviation industries where the performance of
engines depends on the quality of the lubricants and oils used.

Monitoring the concentration of coolant in a car: Refractometers can be used to
monitor the concentration of coolant in a car. This is important as the coolant
helps to regulate the temperature of the engine and prevent it from overheating.

Testing the salinity of water: Refractometers can be used to test the salinity of
water in aquariums and marine environments. This is important as different
species of fish and marine life require different levels of salinity to survive.



Differential Scanner Calorimetry (DSC)

DSC (differential scanning calorimetry) is
an analytical technique that measures the
thermal behavior of a sample as a
function of temperature or time. It is
commonly used in the field of materials
science to study the thermal properties of
polymers, metals, ceramics, and other
materials. In DSC, a sample and a
reference material are placed in separate
cells in a calorimeter. The cells are heated
or cooled at a controlled rate, and the
heat flow between the cells is measured.
As the sample undergoes a thermal
transition, such as melting or
crystallization, it absorbs or releases heat,
causing a change in the heat flow signal.
This signal is plotted as a function of
temperature or time, generating a DSC
curve that provides information about the
thermal properties of the sample.
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DSC: Principle

The principle of differential scanning calorimetry
(DSC) is based on the measurement of the
difference in heat flow between a sample and a
reference material as they are subjected to a
controlled temperature program. As the
temperature of the sample is changed, it
undergoes thermal transitions such as melting,
crystallization, or glass transitions, which are
accompanied by changes in heat capacity. These
changes in heat capacity result in a difference in
the heat flow between the sample and the
reference material, which is detected by a
thermocouple and recorded as a function of
temperature. By analyzing the resulting DSC
curve, information about the thermal properties
of the sample, such as its melting point, glass
transition temperature, and heat of fusion, can
be obtained.

measuring

reference
heat

flux

sensor 9§

Lo

cell

sample

|

protective

furnace block @ Q
with heating g o
purge gas
Polyethylene terephthalate, PET, 23.1600 mg
mW_ Cold crystallization Integral 870.5 mJ
nomalized 37.6 Jg™1
Peak 149.9 °C
Glass transition
Integral -929.70 mJ
normalized -40.14 Jg*-1
Peak 2484 °C

=10

=154

Glass Transition

Onset 80.17 °C
Midpoint 79.26 °C
Heating Rate 10.00 °Cmin* -1

Midpoint ASTM,IEC 80.55°C
Midpoint Richardson 71.50 °C
Delta cp ASTM,IEC 0.333 Jg*-1K*1
Delta cp Richardson 0.344 Jg*-1K™1

X

Melting

40 60 80 100 120 140 160 180

200 220 240

260 280 °C




DSC: Uses

Characterization of thermal properties: DSC is used to determine the
thermal properties of materials such as melting point, glass transition
temperature, crystallization temperature, and heat capacity.

Quality control: DSC is used in quality control to ensure that materials
meet specific standards and to detect any impurities or defects.

Material identification: DSC can be used to identify unknown materials
by comparing their thermal properties to those of known materials.

Stability studies: DSC is used to study the stability of materials under
different conditions such as temperature, humidity, and light exposure.

Formulation development: DSC is used in the development of new
formulations for pharmaceuticals, cosmetics, and other products to

optimize their thermal properties.

Polymer analysis: DSC is commonly used in the analysis of polymers to

determine their thermal properties, such as glass transition temperature
and melting point, which are important for understanding their behavior

in different applications.
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