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BASIC PRINCIPLES OF 
SPECTROSCOPY



• Spectroscopy deals with the production, measurement, and
interpretation of spectra arising from the interaction of
electromagnetic radiation with matter.

• Spectroscopic methods based on the absorption or emission
of radiation in the ultraviolet (UV), visible (VIS),
infrared (IR), and radio (nuclear magnetic resonance,
NMR) frequency ranges.
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LIGHT
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Representation of plane-polarized electromagnetic radiation
propagating along the x-axis.

The electric and magnetic fields are in phase, perpendicular to each
other, and to the direction of propagation.



• The particles of energy that move through space with
wavelike properties are called photons.

• The energy of a photon can be defined in terms of the
frequency of the wave with which it is associated Equation

E = hν

E = energy of a photon

h = Planck’s constant

ν = frequency (of associated wave)
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• The photons making up monochromatic light, which is
electromagnetic radiation composed of waves having a
single frequency and wavelength, are all of equivalent
energy.

• The frequency of a wave is a constant determined by the
radiation source, the energy of associated photons also will
be unchanging.

• The brightness of a beam of monochromatic light, will be the
product of the photon flux and the energy per photon.
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• The photon flux refers to the number of photons flowing
across a unit area perpendicular to the beam per unit time.

• Radiant power (P) or the radiant intensity (I) of a beam of
light are used synonymously when referring to the amount
of radiant energy striking a given area per unit time.

• Radiant power equals the number of joules of radiant energy
impinging on a 1 m2 area of detector per second.
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Properties of light



ENERGY STATES OF MATTER
Quantum nature of matter

• The energy content of matter is quantized.

• The potential or internal energy content of an atom or
molecule does not vary in a continuous manner but
rather in a series of discrete steps.

• Atoms and molecules, under normal conditions, exist
predominantly in the ground state, the state of lowest
energy.
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• Ground state atoms and molecules can gain energy, in which
case they will be elevated to one of their higher energy
states, referred to as excited states.

• The set of available energy levels for any given atom or
molecule will be distinct for that species.
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The electromagnetic spectrum



SUMMARY
• Spectroscopy deals with the interaction of electromagnetic

radiation with matter.

• Common spectrochemical analysis methods include UV, Vis,
and IR absorption spectroscopy; molecular fluorescence
spectroscopy; and NMR spectroscopy.

• The analyst attempts to measure the amount of radiation
either absorbed or emitted by the analyte.

• All of these methods make use of the facts that the energy
content of matter is quantized and that photons of radiation
may be absorbed or emitted by matter if the energy
associated with the photon equals the energy difference for
allowed transitions of that given species.
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ULTRAVIOLET, VISIBLE, 
AND FLUORESCENCE 

SPECTROSCOPY



• Spectroscopy in the ultraviolet–visible (UV–VIS) range is
one of the most commonly encountered laboratory
techniques in food analysis.

• The analytical signal for which the assay is based is either the
emission or absorption of radiation in the UV–VIS range.

• Electromagnetic radiation in the UV–VIS portion of the
spectrum ranges in wavelength from approximately 200 to
700 nm.

• The UV range runs from 200 to 350 nm and the VIS range
from 350 to 700 nm.

13



14

Spectrum of visible radiation

aComplementary hue refers to the colour observed for a solution that shows maximum
absorbance at the designated wavelength assuming a continuous spectrum “white” light
source.



• The UV range is colourless to the human eye, while different
wavelengths in the visible range each have a characteristic
colour, ranging from violet at the short wavelength end of
the spectrum to red at the long wavelength end of the
spectrum.

• Spectroscopy utilizing radiation in the UV–VIS range may be
divided into two general categories, absorbance and
fluorescence spectroscopy.
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ULTRAVIOLET AND VISIBLE ABSORPTION 
SPECTROSCOPY

Basis of quantitative absorption spectroscopy

• The objective is to determine the concentration of analyte in
a given sample solution.

• The determination is based on the measurement of the
amount of light absorbed from a reference beam as it
passes through the sample solution.
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• The analyte may naturally absorb radiation in the UV–VIS
range, such that the chemical nature of the analyte is not
modified during the analysis.

• Analytes that do not absorb radiation in the UV–VIS range
are chemically modified during the analysis, converting
them to a species that absorbs radiation of the appropriate
wavelength.

• The presence of analyte in the solution will affect the amount
of radiation transmitted through the solution and, hence, the
relative transmittance or absorbance of the solution may be
used as an index of analyte concentration.
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• The solution to be analyzed is contained in an absorption cell
and placed in the path of radiation of a selected
wavelength(s).

• The amount of radiation passing through the sample is then
measured relative to a reference sample.

• The relative amount of light passing through the sample is
then used to estimate the analyte concentration.

• The radiation incident on the absorption cell, Po, will have
significantly greater radiant power than the radiation
exiting the opposite side of the cell, P.
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Attenuation of a beam of radiation as it passes through a cuvette
containing an absorbing solution.



• The relationship between the power of the incident and
exiting beams typically is expressed in terms of either the
transmittance or the absorbance of the solution.

• The transmittance (T) of a solution is defined as the ratio of
P to Po as given in equation:

T = transmittance

Po = radiant power of beam incident on absorption cell

P = radiant power of beam exiting the absorption cell

%T = percent transmittance
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• A second term used to describe the relationship between P
and Po is absorbance (A).

• Absorbance is defined with respect to T as shown in
equation:

A = log      = – log T = 2 – log%T

A = absorbance

• Under appropriate conditions, absorbance is directly
proportional to the concentration of the absorbing species
in the solution.
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• The relationship between the absorbance of a solution and the
concentration of the absorbing species is known as Beer’s
law.

A = abc
A = absorbance

c = concentration of absorbing species

b = path length through solution (cm)

a = absorptivity
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• The concentration term, c, may be expressed in any
appropriate units.

• The path length, b, is in units of cm.

• The absorptivity, a, of a given species is a proportionality
constant dependent on the molecular properties of the
species.

• The absorptivity is wavelength dependent and may vary
depending on the chemical environment (pH, ionic strength,
solvent, etc.).

• The units of the absorptivity term are (cm)−1

(concentration)−1.
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• Where the concentration of the analyte is reported in units of
molarity, the absorptivity term has units of (cm)−1(M)−1.

• Under these conditions, it is designated by the symbol ε,
which is referred to as the molar absorptivity.

• Beer’s law expressed in terms of the molar absorptivity is
given in equation.

• In this case, c refers specifically to the molar concentration of
the analyte.

A = εbc
ε = molar absorptivity
c = concentration in units of molarity
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Procedural 
considerations

• The aim of quantitative measurements is to determine the
concentration of an analyte with optimum precision and
accuracy, in a minimal amount of time and at minimal cost.

• Potential sources of error for spectroscopic assays include
inappropriate sample preparation techniques, inappropriate
controls, instrumental noise, and errors associated with
inappropriate conditions for absorbance measurements.

• Sample preparation schemes for absorbance measurements
vary considerably.

• In the simplest case, the analyte-containing solution may be
measured directly following homogenization and
clarification.
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• A sample-holding cell or cuvette vary in composition and
dimensions.

• The sample holding cell should be composed of a material
that does not absorb radiation in the spectral region being
used.

• In the UV range may be composed of quartz or fused silica.

• For the VIS range, cells made of silicate glass are
appropriate and inexpensive plastic cells also are available
for some applications.
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• The analyst will need to choose an appropriate wavelength
at which to make absorbance measurements.

• It is best to choose the wavelength at which the analyte
demonstrates maximum absorbance and where the
absorbance does not change rapidly with changes in
wavelength.
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Hypothetical absorption spectrum
between 340 and 700 nm.

The effective bandwidth of the
radiation used in obtaining the
spectrum is assumed to be
approximately 20 nm.

Note that at the point indicated
there is essentially no change in
molar absorptivity over this
wavelength range.



• This position usually corresponds to the apex of the highest
absorption peak.

• Advantages:

(1) maximum sensitivity, defined as the absorbance change per
unit change in analyte concentration,

(2) greater adherence to Beer’s law since the spectral region
making up the radiation beam is composed of wavelengths
with relatively small differences in their molar absorptivities
for the analyte being measured.
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Calibration curve
• In food analysis, there are a large number of empirical assays

for which calibration curves are essential.

• The calibration curve is used to establish the relationship
between analyte concentration and absorbance.

• Linear calibration curves are expected for those systems
that obey Beer’s law.

• Nonlinear calibration curves are used for some assays, but
linear relationships generally are preferred due to the ease
of processing the data.
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a b

Linear (a) and nonlinear (b) calibration curves typically encountered in
quantitative absorption spectroscopy.



• Truly representative calibration standards cannot be prepared
due to the complexity of the unknown sample.

• Interfering compounds include those that absorb radiation
in the same spectral region as the analyte, those that
influence the absorbance of the analyte, and those
compounds that react with modifying reagents that are
supposedly specific for the analyte.

• Calibration curves are potentially in error if the unknown and
the standards differ with respect to pH, ionic strength,
viscosity, types of impurities, and the like.
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Instrumentation

• Some instruments are designed for operation in only the
visible range, while others encompass both the UV and VIS
range.

• A basic spectrophotometer is composed of five essential
components: the light source, the monochromator, the
sample/reference holder, the radiation detector, and a
readout device.
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Arrangement of components in a simple single-beam, UV–Vis absorption
spectrophotometer.



Light source

• Light sources must continuously emit a strong band of
radiation encompassing the entire wavelength range for
which the instrument is designed.

• The most common radiation source for VIS
spectrophotometers is the tungsten filament lamp.

• These lamps emit adequate radiation covering the wavelength
region from 350 to 2500 nm.
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• Radiation sources for measurements in the UV range are
deuterium electrical-discharge lamps.

• Provide a continuous radiation spectrum from approximately
160 nm to 375 nm.

• These lamps employ quartz windows and should be used in
conjunction with quartz sample holders, since glass
significantly absorbs radiation below 350 nm.
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Monochromator

• The component that functions to isolate the specific, narrow,
continuous group of wavelengths to be used in the
spectroscopic assay is the monochromator.

• Polychromatic radiation from the source enters the
monochromator and is dispersed according to
wavelength, and monochromatic radiation of a
selected wavelength exits the monochromator.

• A typical monochromator is composed of entrance and exit
slits, concave mirror(s), and a dispersing element.
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Schematic of a monochromator
employing a reflection grating
as the dispersing element.

The concave mirrors serve to
culminate the radiation into a
beam of parallel rays.



• Polychromatic light enters the monochromator through the
entrance slit and is then culminated by a concave mirror.

• The culminated polychromatic radiation is then dispersed,
dispersion being the physical separation in space of
radiation of different wavelengths.

• The radiation of different wavelengths is then reflected from
a concave mirror that focuses the different wavelengths of
light sequentially along the focal plane.

• The radiation emanating from the monochromator will
consist of a narrow range of wavelengths presumably
centred around the wavelength specified on the
wavelength selection control of the instrument.
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Detector

• The light transmitted through the reference or sample cell is
quantified by means of a detector.

• The detector is designed to produce an electric signal when it
is struck by photons.

• An ideal detector would give a signal directly proportional to
the radiant power of the beam striking it; would have a high
signal-to-noise ratio; and would have a relatively constant
response to light of different wavelengths.

• The most commonly encountered detectors are the
phototube, the photomultiplier tube, and the photodiode
detectors.
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Readout device

• The signal from the detector is generally amplified and then
displayed in a usable form to the analyst.

• The analog signal from the detector is displayed on an analog
meter through the position of a needle on a meter face
calibrated in percent transmission or absorbance.

• Digital readouts express the signal as numbers on the face of
a meter.

41



Instrument design

• The optical systems are either single-beam or double-beam
instruments.

• In a single-beam instrument, the radiant beam follows only
one path, that going from the source through the sample to
the detector.

• The blank and the sample are read sequentially since there is
but a single light path going through a single cell-holding
compartment.

• In a double-beam instrument, the beam is split such that
one-half of the beam goes through one cell-holding
compartment and the other half of the beam passes through
the second.
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Arrangement of components in a representative double-beam UV–VIS absorption
spectrophotometer.

The incident beam is alternatively passed through the sample and reference cells by means of
a rotating beam chopper.



Characteristics of UV-VIS 
absorbing species

• The absorbance of UV–VIS radiation is associated with electronic
excitations within atoms and molecules.

• Analytical methods based on UV–VIS spectroscopy do not use UV
radiation below 200 nm.

• The excitations of interest in traditional UV–VIS spectroscopy are
the result of unsaturation and/or the presence of nonbonded
electrons in the absorbing molecules.

• Typical proteins will have an absorption maximum at approximately
278 nm (high molar absorptivity of the indole side chain of
tryptophan), as well as another peak at around 220 nm.

• This peak corresponds to the amide/peptide bonds along the
backbone of the protein.

44



45

Representative Absorption Maxima Above 200nm for Select Functional Groups

almax, Wavelength (in nm), of a maximum absorbance greater than 200 nm.
bemax, Molar absorptivity, units of (cm)−1(M)−1.



FLUORESCENCE SPECTROSCOPY
• Fluorescence spectroscopy is generally 1–3 orders of

magnitude more sensitive than corresponding absorption
spectroscopy methods.

• In fluorescence spectroscopy, the signal being measured is
the electromagnetic radiation that is emitted from the
analyte as it relaxes from an excited electronic energy level
to its corresponding ground state.

• The analyte is originally activated to the higher energy level
by the absorption of radiation in the UV or Vis range.

• The processes of activation and deactivation occur
simultaneously during a fluorescence measurement.
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• In fluorometers and spectrofluorometers, there is a need
for two wavelength selectors, one for the excitation
beam and one for the emission beam.

• The excitation and emission wavelengths are selected
by means of grating monochromators.

• The fluorescence yield for any given sample is
dependent on its environment.

• Temperature, solvent, impurities, and pH may influence
this parameter.
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Schematic diagram depicting the arrangement of the source, excitation and emission
wavelength selectors, sample cell, photoelectric detector, and readout device for a
representative fluorometer or spectrofluorometer.
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Relationship between the solution concentration of a fluorescent analyte and that
solution’s fluorescence intensity.

Note that there is a linear relationship at relatively low analyte concentrations that
eventually goes nonlinear as the analyte concentration increases.



SUMMARY

• UV and Vis absorption and fluorescence spectroscopy are
used widely in food analysis.

• These techniques may be used for qualitative or quantitative
measurements.

• Qualitative measurements are based on the premise that each
analyte has a unique set of energy spacings that will dictate
its absorption/emission spectrum.

• Quantitative assays most often are based on measuring the
absorbance or fluorescence of the analyte solution at one
wavelength.
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• Quantitative absorption assays are based on the premise that
the absorbance of the test solution will be a function of the
solution’s analyte concentration.

• There is a direct linear relationship between a solution’s
absorbance and its analyte concentration.

• The equation describing this linear relationship is known as
Beer’s law.

• The applicability of Beer’s law to any given assay always
should be verified experimentally by means of a calibration
curve.
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• The calibration curve should be established at the same time
and under the same conditions that are used to measure the
test solution.

• The analyte concentration of the test solution then should be
estimated from the established calibration curve.

• Molecular fluorescence methods are based on the
measurement of radiation emitted from excited analyte
molecules as they relax to lower energy levels.

• The instrumentation used for absorption and fluorescence
methods has similar components, including a radiation
source, wavelength selector(s), sample holding cell(s),
radiation detector(s), and a readout device.
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INFRARED 
SPECTROSCOPY



• Infrared (IR) spectroscopy refers to measurement of the
absorption of different frequencies of IR radiation by foods
or other solids, liquids, or gases.

• IR spectroscopy began in 1800 with an experiment by
Herschel.

• When he used a prism to create a spectrum from white light
and placed a thermometer at a point just beyond the red
region of the spectrum, he noted an increase in temperature.

• This was the first observation of the effects of IR radiation.

54



• IR spectroscopy had become an important tool used by
chemists to identify functional groups in organic
compounds.

• In the 1970s, commercial near-IR reflectance instruments
were introduced that provided rapid quantitative
determinations of moisture, protein, and fat in cereal grains
and other foods.

• Today, IR spectroscopy is used widely in the food industry
for both qualitative and quantitative analysis of ingredients
and finished foods.
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The IR region of the electromagnetic spectrum
• Infrared radiation is electromagnetic energy with

wavelengths (λ) longer than visible light but shorter than
microwaves.

• Generally, wavelengths from 0.8 to 100 micrometers (μm)
can be used for IR spectroscopy and are divided into the
near-IR (0.8–2.5 μm), the mid-IR (2.5–15 μm), and the far-
IR (15–100 μm) regions.

• One μm is equal to 1 × 10−6 m.

• The near- and mid-IR regions of the spectrum are most useful
for quantitative and qualitative analysis of foods.
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• IR radiation also can be measured in terms of its frequency,
which is useful because frequency is directly related to the
energy of the radiation by the following relationship:

E = hν
E = energy of the system
h = Planck’s constant
ν = frequency, in hertz

• Frequencies are commonly expressed as wave-numbers (in
reciprocal centimeters, cm−1).

• Wave-numbers are calculated as follows:
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Mid-IR absorption frequencies of 
various organic functional groups
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Frequency in wave-numbers is plotted on the x-axis, with intensity on the y-axis.
The bands just above 3000 cm−1 indicate the presence of unsaturated hydrocarbons in the molecules,

while the strong −CH bands just below 3000 cm−1 indicate that saturated hydrocarbons are present in
large amounts.

The sharp band between 1700 and 1750 cm−1 arises from the carbonyls in the ester linkages between the
fatty acids and glycerol backbone.

Other −CH bands can be observed below 1500 cm−1, including a −CH band exclusively associated with
trans double bonds at 960 cm−1.

Mid-IR spectra of native and 
partially-hydrogenated soybean oils



NEAR-INFRARED SPECTOSCOPY

• Measurements in the near-IR (NIR) spectral region (0.7–
2.5 μm, equal to 700–2500 nm) are more widely used for
quantitative analysis of foods than are mid-IR
measurements.

• A major advantage of NIR spectroscopy is its ability to
measure directly the composition of solid food products by
use of diffuse reflection techniques.
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Applications of NIR spectroscopy to food analysis

• The technique is widely used throughout the grain, cereal
products, and oilseed processing industries.

• NIR techniques using measurements from ground or whole
grain samples have been adopted for measuring protein in
barley, oats, rye, triticale, wheat, and wheat flour, as well as
moisture, protein, and oil in soybeans.

• NIR instruments now are used by the official grain inspection
agencies for measuring protein, moisture, and oil in cereals
and oilseeds.
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• Components, such as protein and dietary fibre, can be
determined successfully in a number of cereal-based foods
using NIR spectroscopy.

• Modern instruments and calibration techniques allow a wide
variety of products, such as cookies, granola bars, and
ready-to-eat breakfast foods, to be analyzed using the same
calibration.

• The technique has been used successfully to evaluate
composition and quality of red meats and processed meat
products, poultry, and fish.
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• NIR spectroscopy is useful also for analyzing a number of
dairy products and nondairy spreads, including measuring

– moisture in butter and margarine;

– moisture, fat, and protein in cheese;

– lactose, protein, and moisture in milk and whey powders,

– total sugars and soluble solids in fruits, vegetables, and juices,

– for monitoring the sugar content in corn sweeteners,

– to quantitate sucrose and lactose in chocolate.
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• NIR spectroscopy also is showing potential for measuring

– the amylose content in rice starch, an important determinant of
rice quality,

– monitoring peroxide value in vegetable oils,

– monitoring degradation of frying oils

– predicting corn processing quality.
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SUMMARY

• IR spectroscopy measures the absorption of radiation in the
near- (λ = 0.8–2.5 μm) or mid- (λ = 2.5–15 μm) IR regions
by molecules in food or other substances.

• IR radiation is absorbed as molecules change their vibrational
energy levels.

• Mid-IR spectroscopy is especially useful for qualitative
analysis, such as identifying specific functional groups
present in a substance.

• Different functional groups absorb different frequencies of
radiation, allowing the groups to be identified from the
spectrum of a sample.
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• Quantitative analysis also can be achieved by mid-IR
spectroscopy, with milk analysis being a major application.

• NIR instruments can be calibrated to measure the amounts of
various constituents in a food sample based on the amount
of IR radiation absorbed at specific wavelengths.

• NIR spectroscopy requires much less time to perform
quantitative analysis than do many conventional wet
chemical or chromatographic techniques.
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