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Introduction  

Atoms and molecules undergo electronic transitions in visible and ultraviolet region. This makes 
measurement of absorption or reflectance in this region an important tool for understanding electronic 
structures of molecules and their interactions. The technique has number of applications in the area of: 
biophysics, biochemistry, medicinal chemistry, molecular biology, structural biology, drug designing, 
protein engineering, agriculture, forensic sciences, industry etc. UV-Vis spectroscopy refers to 
measurement of absorption or reflectance in ultra violet, visible and near infra red (IR) region, as a 

function of wave-length of absorbed/reflected electromagnetic radiation (EMR).  Absorption in this 
region directly affects colours of chemicals and is governed by Beer-Lambert Law. Every biochemical, 
medical and structural biology laboratory is usually equipped with UV-Vis spectroscopy and special 
equipments based on it. The design and exact set up may vary and depend on the ultimate objectives, 
resources and man power available. 

Objectives 

The objective of the present module is to: 

a) Describe basic principle of UV-Vis –spectroscopy, 

b) Discuss Beer-Lambert law, 

c) Explain deviation from Beer-Lambert law,  

d) Give theory of UV-Vis-and near IR spectroscopy, 

e) Discuss basic features of UV-Vis spectrophotometer, 

f) Discuss problems associated with UV-Vis measurements, 

g) Describe special instruments based on UV-Vis absorption. 

6.1 Basic principle of UV-Vis- absorption and reflection spectroscopy 

All spectroscopic techniques are based on absorption or reflection of light. Latter is dependent on the 

energy levels within the system. A simplified picture is shown in figure 6.1.  
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Figure 6.1 Origin of absorption spectrum 

Nucleus, electron, atom, and molecules all have discrete energy levels. When there is absorption of a 

light with energy E equal to the energy gap between the two levels, the energy gets deposited on the 

electron and it goes to excited state E2, from the ground state E1 with the frequency of the absorbed 

radiation given by Planck’s principle E= E2-E1=h 

Although the spectral lines appear to be sharp, these have definite line widths. This is because the 

energy levels are not as sharp and have characteristics widths (figure 6.1). Typical energy levels for 

excited and ground state of a system are shown in figure 6.2. Transition between these levels is 

possible only under certain fixed conditions (selection rules). Energy of absorbed or reflected beam is 

also not sharp like a Dirac’s distribution  function, but has distribution. A typical line shape is 

depicted in the figure 6.3. Latter usually has Gaussian or Lorentzian shape and can be defined in terms 

of position (wave length), multiplicity (number of peaks), absorption (amplitude) and line width (line 

shape). Line widths are important and can be related to detailed structure and dynamics of the system. 

 
Figure 6.2 Energy levels leading to absorption or emission 
of light.  

 
Figure 6.3 Spectral line shape 

 

At any wave length, the area under the curve which can be equated  to  peak  height under special 

circumstances,  is  related  to number of absorbing centers as well as absorbing power of  individual 

centers  (extinction coefficient). A typical read out from spectrophotometer is shown in figure 6.4. 
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Figure 6.4 A typical read out of spectral measurement. Figure from 
https://en.wikipedia.org/wiki/Ultraviolet%E2%80%93visible_spectroscopy 

 

The absorption follows Beer Lambert law.  

6.2 Beer Lambert  Law 

6.2.1 The law 

The law for absorbance was originally discovered by Pierre Bouguer in 1729 and attributed to 
Jahanne Heinrich Lamberts.  In 1852 August Beer discovered attenuation relation which is later 
known as Beer-Lambert law. The modern derivation of the Beer–Lambert law combines the two laws 
and correlates the absorbance to both the concentrations of the attenuating species as well as the 
thickness of the sample material. 

Consider a beam of power I0 traveling a distance b through an absorbing solution of concentration c. 
The amplitude of the out coming beam can be expressed as:  

 
Figure 6.5Beer-Lambert Law 

 

)exp(0 LcII            (6.1) 

Where L= path length = b, -molar extinction coefficient, and c-concentration. 

6.2.2 Derivation of Beer Lambert Law 

https://en.wikipedia.org/wiki/Beer-Lambert_law
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It is more common to calculate optical density (OD). For this we write the number of molecules 

undergoing transition (dI) as proportional to intensity of the beam I, given by relation 

IdLnKdI ...           (6.2) 

Where K- is a constant equal to P.where the P is the probability that the molecule is met by 
radiation, -is the scattering cross section for the radiation, n-the number density (number of 
absorbing molecules per unit cross section) and L- the path length. Integrating equation (6.2), 
we get  

LPnI log           (6.3) 

Or  

)exp(0 cLII            (6.4)  

in the same form as equation (6.1) 

Where  P  and n- is expressed in terms of concentration c. 

Optical density OD is defined as:  

)(log
010
/IIOD            (6.5) 

Substituting transmittance T = (I/I0).100         (6.6) 

CLTOD  )log(2          (6.7) 

For monochromatic radiation, absorbance A is directly proportional to the path length b=L through the 

medium and the concentration c of the absorbing species. 

A = abc            (6.8) 

If c= 1 mole/liter, b=1 cm , A=a=          

The constant a is a proportionality constant called the absorptivity coefficient.  It is also sometimes 

called the extinction coefficient and is characteristics of the sample. 

NOTE:  The units of a must be such that A is unit less.  

When concentration is expressed in moles per liter and the cell length in centimeters, the absorptivity 

is called the molar absorptivity or molar extinction coefficient and is given a new symbol . 

The absorptivity has lots of factors built in and is wavelength dependent. It depends on the absorption 

efficiency of the sample, scattering losses as the light passes through the sample, reflection losses as 

the light strikes the cell interfaces etc. 

6.2.3 Example of Beer Lambert law 

A typical example of Beer-Lambert’s law is given below. We show in table 6.1 absorbance of a 

sample with four different concentrations. One can plot this data in Excel work sheet and find out the 

concentration of a sample with absorbance 1.52 (figure 6.6). Most instruments are in built with 

recorders and a computer monitor. 
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Figure 6.6 Plot of intensity vs wave length                                                       Table 6.1 

 
 

6.2.4 Limitations of Beer Lambert law 

Under certain conditions Beer Lambert law fails to give linear relationship between the concentration 

of analyte and attenuation. These can be i) real: fundamental deviation in the law itself, ii) chemical or 

iii) instrumental due to way in which attenuation is measured. 

There are six basic conditions which have to be fulfilled in order that Beer Lambert Law is valid. 

These are; 

1. The attenuators must act independently of each other, 

2. The attenuating medium must be homogeneous in the interaction volume, 

3. The attenuating medium must not scatter the radiation—no turbidity unless this is accounted 
for, 

4. The incident radiation must consist of parallel rays, each traversing the same length in the 
absorbing medium, 

5. The incident radiation should preferably be monochromatic or have at least a width that is 
narrower than that of the attenuating transition. Otherwise a spectrometer as a detector for 
wave power is needed instead of a photodiode which has not selective wavelength 
dependence. 

6. The incident flux must not influence the atoms or molecules; it should only act as a non-invasive 
probe of the species under study. In particular, this implies that the light should not cause 
optical saturation or optical pumping, since such effects will deplete the lower level and 
possibly give rise to stimulated emission. 

 

Thus Beer’s law is valid only at low concentrations. At high concentration the average distance 

between the absorbing molecules becomes small.  The charge distribution is affected by the close 

proximity of the neighbors, altering the ability of the molecules to absorb a given wavelength. This 

phenomena causes deviations from the linear relationship between absorbance and concentration. 

When the analyte dissociates, associates, or reacts with a solvent to produce a product having a 

different absorption spectrum from the analyte eg 

 

HIncolor 1 = H+ + In-
color 2     (6.10) 
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The reaction causes the color to be pH dependent (indicators for instance). We must buffer our 

solution to a constant pH to eliminate pH related chemical deviations. 

Beer’s law is followed only with truly monochromatic radiation. Radiation that is restricted to a single 

wavelength is seldom practical. If the radiation comes from a line source, then the output will not be 

adjustable. If the radiation comes from a continuum source and passed through a device to isolate only 

certain portions, the output is a symmetric band of wavelengths around the desired one. Using a 

polychromatic beam typically causes non-appreciable deviations from Beer’s law provided the 

radiation does not encompass a spectral region in which the absorber exhibits large changes in 

absorption as a function of wavelength. The non absorbed stray radiation will increase the power 

striking the detector. The absorbance will be affected through the relationship. Table 6.2 lists wave 

length ranges for Biological useful spectroscopy. 

 

Table 6.2 Biological useful spectroscopy range 

Wave length  
cm 

EKcal/mole Region 

10-11 
 

3x108 (gamma)-ray 

10-8 3x105 X-ray 
10-5 3x102 Vacuum UV 
3x10-5 102 Near UV 
6x10-5 5x101 Visible 
10x10-3 3x100 IR 
10x10-1 3x10-2 Micro waves 
10 3x10-4 Radio waves 

 

6.3 Theory of UV-Vis spectroscopy 

Theory of absorption or emission of radiation has direct link with the electronic energy levels and 

structure of atoms and molecules. This is quite important for understanding of atomic and molecular 

structures. However, the major use of UV-Vis spectroscopy is for quantitative determination of 

components in a chemical/biochemical reaction. One can follow these reactions as a function of time, 

temperature, composition of constituents etc.  

6.3.1 Atomic spectroscopy 

Atomic spectroscopy is the study of absorption or emission of light by atomic electrons. Since unique 

elements have unique spectral characteristics both electromagnetic spectra and mass spectra can be 

used for determination of elemental composition. Mass spectroscopy usually gives better results. 

However optical spectroscopy is more common because of cost effectiveness and performance 

adequate for many routine tasks.  

Theory of atomic spectroscopy is theory of atomic energy levels which can be understood on the basis 

of classical mechanics or quantum approach which is already discussed in the module 5. Transition 

between energy levels is governed by definite selection rules. 
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6.3.2Molecular Spectroscopy 

Molecular spectroscopy is the study of absorption of light by molecules in the gas phase at low 

pressure. Molecules exhibit absorption in narrow spectral widths which are typical characteristics of 

the molecules, as well as temperature, pressure and environment. Molecular spectroscopy belongs to 

three different classes: 

Electronic spectroscopy - involving electronic energy levels of the molecule in UV or visible region, 

Vibrational spectroscopy - or IR spectroscopy in IR region- This involves vibrational energy levels, 

Rotational spectroscopy or Radio frequency spectroscopy- Involves rotational energy levels of the 

molecule in radio frequency range. 

Dealing all the three phenomena simultaneously either theoretically or experimentally is an impossible 

task. Theory does not permit to involve all the three motions and their inter dependence 

simultaneously. Experimental conditions such as: light emitting source, sample holders, optics, 

detectors and sample preparation techniques for such a wide range of frequency differ significantly. 

We take advantage of the fact that electronic, vibrational and  rotational energy levels are well 

separated from each other so that, each of  them can be treated separately assuming that the other two 

really  do not  alter  during the period of  their measurement. We shall focus here our attention on 

molecular electronic spectroscopy which is in UV-Vis region. 

6.3.3 Molecular electronic spectroscopy 

The theory of molecular electronic spectroscopy is more complex than atomic electron spectroscopy 

because of the fact that molecules constitute non-centro-symmetric system. One cannot use the 

approach used for the study hydrogen like atoms discussed earlier in module 5. One can also not use 

the extension of the method to other atoms using Hartree-Fock-Slater approximation with self 

consistent- field (SCF) theory approach. The interpretation of molecular electronic energy levels is 

based on quantum chemical methods known as molecular orbital (MO) methods. Most of 

these methods originate from Roothan’s equation which is an extension of Hartree-Fock equation for 

non-centro-symmetric system. It uses wave function in the form of linear combination of atomic 

orbitals (LCAO). These are called ‘basic sets’ and can be either ‘Slater type orbitals’ or simply 

‘exponential functions’ (discussed elsewhere). A wave equation is written under set of 

approximations and solved by self consistent field (SCF) method.  Different MO techniques differ in: 

choice electrons considered for calculation, choice of basic set of atomic orbitals, choice of two 

electron integrals, method of computation of two electron and Coulomb integrals which form part of 

Hamiltonion  etc.  These methods usually take into consideration only valence electrons. Some 

methods use selected valence electrons.  

The simplest methods are:     (pi) electrons theory by  Hückel  and  (sigma)  electron method by 

 Del  Re. Slightly more complex is Extended Hückel Theory (EHT) of Rudolf  Hoffman  for all 

valence electrons. For  electrons we have improvised methods as: PPP  (Pariser-Paar-Pople) or VE-

PPP (Variabale Electro-negativity  Parriser-Paar-Pople) method. There are more complex all valence 

electrons methods as:  (CNDO-II) (Complete Neglect of Differential Overlap), INDO (Intermediate 

Neglect of Differential Overlap) which neglect differential overlap between the  electrons at some 

stage of calculations and  ab initio techniques which calculate wave functions using  exponential 

orbitals and do not neglect any integrals. In between these two extreme approaches there are series of 
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methods as: NDDO, MINDO, MINDO/3, AM1, PM3 and SAM1 which are discussed elsewhere 

(Kothekar 2004). Readers are recommended to refer to specific references given in quadrant III. Some 

basic features of MOs are discussed in the next paragraph. 

6.3.4 Bonding and antibondig orbitals 

Molecular electrons are arranged in various MOs characterized by their composition and specific 

energy levels. The MO's are composed of atomic orbitals (AO's) characterizing different atomic 

(valence) electrons in the constituent atoms. These are written as linear combination of atomic orbitals 

as: 

 jCijji          (6.11) 

The summation j goes over all the atomic orbitals. In case, there is only one atomic orbital eg  1
and 

 2
 per atom one can write equation 6.11 as: 

 )1()2()2()1(  
jijis

symmetric     (6.12) 

)1()2()2()1(  
jijia

anti-symmetric     (6.13 

 s
 is called bonding orbital  because it has lower energy compare with individual atomic orbitals 

1
 and  2

. a
 Is called anti-bonding orbital as it has energy higher than individual atomic 

orbitals . We show in figure 6.7 bonding and anti-bonding orbitals constituted from two 1s orbitals.  

 
Figure 6.7,Bonding and anti bonding orbitals  along with their energy levels  

 

Figure 6.8 shows how 1s orbitals from two atoms overlap each other in the shaded region when these 

are added together (equation 6.12). This is called constructive interference.  
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Figure 6.8 Formation of bonding MOs from two AOs 
 

 
Figure 6.9 Formation of antibonding * MO from 
two AOs 
 

 

The energy of the MO in this case is lower compared to the sum of energy of two atomic orbital due to 

exchange interaction between them.  These are called bonding orbitals as these hold together two 

atoms. Reverse is observed (figure 6.9) when two 1s atomic orbitals are subtracted from each other 

(equation 6.13). These are called anti-bonding orbitals and usually denoted by * as a superscript with 

them. 

Presence of anti-bonding orbitals is extremely important for electronic transitions. Electrons doubly 

occupy MOs starting from the lowest energy level. These are stable orbital. MOs with higher energy 

are empty or partially occupied. These are called excited states. Electrons when absorb energy go to 

excited states depending upon availability of vacancy in the excited state.  

The overlap between electrons depends on their shapes (figure 6.10) which are dependent on: principle 

quantum number (n), orbital/azimuthal  quantum number (l) and magnetic quantum numbers (m). 

When n=1 as in the case of hydrogen and helium atoms l can be only 0. It is called 1s orbital which is 

spherical. When n=2, l=0 or 1. When l=0, m=0 and the orbital is spherical. However when l=1, m can 

be equal to 0, 1, or -1. These are called p orbitals (Px, Py and Pz) with m=1,-1 and 0.When n=3, l can 

be equal to 0, 1 and 2. When l=2 there are five possible orbitals for m=0, ±1, ±2.  
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Figure 6.10 Shapes of atomic orbitals. Figure from 
https://socratic.org/questions/what-are-the-shapes-of-the-
atomic-orbitals 

 
Figure 6.11 Energy level diagram showing positions of 

bonding and anti-bonding *, n, *orbitals 

 

The orbitals are in the direction of the bond. These are formed by the combination of atomic orbitals 

with m=0 ( s, Pz and dz2)(Note: the axial system here is attached to the bond such that the direction of 

the bond is taken as Z axis).. The  orbitals are formed due to overlap in the direction perpendicular to 

the bond due to combination of atomic orbitals with m= ±1 (Px, Py, dxz, dyz etc). The energy levels  

for  and * are shown in figure 6.11 . We see one additional energy level n. This is because all 

the electrons in the valence shell do not participate in bonding. For example in NH3 two 2s electrons 

of nitrogen rotate in the same orbit and are called lone pairs of electrons. These are denoted by n. 

Energy wise -orbitals have lowest energy, next to it are orbitals.   have highest energy. Next to 

it are *. The lone pair n- lies in the centre. Transitions amongst these levels take place as per selection 

rule l=0  or  ±1. The possible transitions are also depicted in the figure 6.11. 

In  the  presence of chemical interactions spectral lines  can  change intensity or shifts. These effects 
are named as: Bathchromacity- Red shift, Hypsochromacity- Blue shift, Hyperchromicity-Increase in 
absorbance, Hypochromicity– reduction in absorbance. 

Wavelength of  -electron transition depends on the size and delocalization of the - electron.  
Peptide * electron transition is at 190 nm, in DNA it is at 260 nm, in Hemoglobin at 400 nm. 
In going from non polar to polar solvent n-* transition shows   - Hypsochromacity  (blue shift) 
while * shows Bathochromic effect (red shift). There is a tendency of the electron system to 
interact via dispersion interaction.  Melting of DNA shows hyperchromacity. * transition is in 
far UV range and useful for structural analysis,  transition occurs >180 nm. The   
transition occurs around 260 nm. If the compound does not absorb in 200-800 nm, it means that 
it does not have a benzoid, aldehyde or keto group. Aminoacid backbone has  < 230 nm, Side 
chains >250nm. His = 210, Cys +250, Tyr  and  Trp =280 and nucleic acids  at 260 nm. 

 6.4 Instrumentation 

UV-Vis spectrophotometer typically measures the intensity of light passing though a sample and 

compares the same with the intensity before it passed through the sample. The ratio is called 

transmittance and referred as %T. T= (I/I0) x100.  
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The UV-VIS spectrophotometer can be configured to measure reflectance (used generally in case of 

opaque sample such as tiles). It measures the light reflected from the sample and compares it with the 

intensity of incident beam I0. The ratio is called reflectance and measured as % R. 

A typical setup necessary for spectroscopic measurement is shown in the figure 6.12. Latter 

consists of three major components: a source of monochromatic light, a sample holder and an 

analyzer. Usually it is more common to use a light source which has large band-width with a 

monochomator for selection of a particular wave length. Most common light sources are 

Tungsten filament (300-2500 nm), a deuterium arc lamp which is a continuous source over 170-

350 nm, a Xenon Arc lamp for 200-1200 nm or light emitting diodes in (LED) in the visible 

region. Inert solids heated to 1500-2000K make common IR sources. 

 
Figure 16.12 Schematic representation of a spectroscope 

 

Line source: Mercury and sodium vapor lamps provide a few sharp lines in the UV and Vis regions. 

Laser Sources: Lasers (Light Amplification by Stimulate Emission of Radiation) are highly useful 
sources in analytical instruments because these have high intensities, narrow bandwidths, and 
coherent output. 

The detector is a photo multiplier tube, a lead sulfide cell (360-3500nm in infra red region), a photo 
diode, a photo diode array or a charged coupled device (CCD). A single photodiode and photo 
multiplier tubes are used with scanning monochromators which filters the light such that only a light 
of a single wave length reaches the detector. The scanning monochromator moves the diffraction 
grating through each wavelength so that its intensity may be measured as a function of wavelength. 
Fixed monochromators are used with CCDs and photodiode arrays. As both of these devices consist 
of many detectors grouped into one or two dimensional arrays, they are able to collect light of 
different wavelengths on different pixels or groups of pixels simultaneously (Ultra Violet Visible 
spectroscopy.  

Spectrophotometers can use a single beam or a double beam. In a single beam instrument as in 

Spectronic 20 all light passes through the sample cell and it has to be moved for measuring reference 

intensity. This is more common in teaching labs. In the double beam instrument light is split into two 

beams before it passes through the sample. Some double beam spectrophotometers have two detectors 

and sample and reference beams are measured simultaneously. Others use beam choppers which 

blocks one beam at a time and detector alternates between the two beams. There may be a dark 

interval. In this case the measured beam has to be corrected for by measuring the intensity in the dark 

interval.  

https://en.wikipedia.org/wiki/Ultraviolet%E2%80%93visible_spectroscopy
https://en.wikipedia.org/wiki/Ultraviolet%E2%80%93visible_spectroscopy
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The sample is usually a liquid although one can use solid or gaseous sample. Samples are usually 

placed in a transparent cell called cuvetts. These are rectangular in shape with internal diameter 1cm 

Smaller cuvetts are available for some specialized experiments. The sample holder often has a 

chamber to accommodate two cuvetts with one serving as a reference against which the beam passing 

through the sample is compared. Although one can use pyrex glass cuvetts in the visible region, 

cuvetts are usually made up of fused silica or quartz glass, because of their transparency to UV light. 

The quantitative measurements are carried out by detector producing data output.  

The sample chamber can be heated and one can do measurements at a particular temperature etc. There 

are many specialized instruments for special purpose which measure absorbance at a fixed wave length 

but different temperature as in the case of DNA melting measuring instruments. These also can be 

used for carrying special interactions within a cell to measure kinetics and rate constants of chemical 

interactions. One can measure equilibrium constant of a reaction by measuring at definite intervals. A 

typical example of mercury dithizonate is given below. 

One can shine light on the sample to turn the solution blue, then run a UV/Vis test every 10 seconds 
(variable) to see the levels of absorbed and reflected wavelengths change over time in accordance 
with the solution turning back to yellow from the excited blue energy state. From these 
measurements, the concentration of the two species can be calculated. 

The spectrophotometer can be attached to a telescope to measure spectrum emitted by astronomical 

objects. Also it is possible to do microspectrophotometry by attaching it to microscope. 

6.4.1 Wave length selectors and spectral bandwidth: 

Radiation that consists of a limited, narrow, continuous group of wavelengths is required for 
most spectroscopic analyses. A better wavelength selector will have a narrower effective 
bandwidth. Latter is measured as the width of the triangle formed by the intensity spike at one 
half of the intensity. If the width is of the same order as the absorption line, measurements 
would be erroneous. In the reference sample instrument bandwidth is kept sufficiently small. 
Reducing the spectral bandwidth reduces the energy passed to the detector and will, therefore, 
require a longer measurement time to achieve the same signal to noise ratio. 

6.4.2 Wave length changer 

In liquids, the extinction coefficient usually changes slowly with wavelength. A peak of the 
absorbance curve (a wavelength where the absorbance reaches a maximum) is where the rate of 
change in absorbance with wavelength is smallest. Measurements are usually made at a peak to 
minimize errors produced by errors in wavelength in the instrument, that is errors due to having 
a different extinction coefficient than assumed. 

6.4.3 Stray light error of the monochromator 

Purity of the incoming beam is important. The amount of stray light should be kept minimal. The 
detector used is always a broad band and responds to all wave lengths that reach it. Stray light 
will reduce the efficiency of the detector. As a rough guide, an instrument with a single 
monochromator usually has stray light level about 3 Absorbance Units (AU). This makes 
measurement of absorbance above 2AU problematic. 

6.4.4 Use of Polarizers 
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Polarizers can select radiation in a particular plane. We can measure asymmetry in absorption in 

parallel and perpendicular beam for helical molecules (DNA or protein  helix) using relation 

s

s

PP

PP
A




 0log'          (6.14) 

 
Figure 6.13 Beckman's UV-Vis spectrophotomter figure from By TimVickers - Own work, Public 
Domain, https://commons.wikimedia.org/w/index.php?curid=4375121 

 

6.4.5 Optics 

Most important in any instrument is optics. Monochromator and analyzers use either a diffraction 

grating or a prism to diffract the beam. The prism/ grating are usually mounted on a rotating table and 

their movement is controlled by a motor. The wave lengths are directly calibrated and linked to the 

movement of motor which is set at the factory. Quality of mechanical movement of parts is important. 

It is always a good idea to check the calibration of the wave lengths. The material used for optics and 

sample cuvetts is of prime importance as the transparency level of the material is different. We show 

in the figure 6.13 a conventional UV-Vis spectrophotometer by Beckman. 

Quadrant II 

Summary 

We have introduced the reader to basic features of UV-Vis spectroscopy. The parameters such 
as: absorbance, line shape and line multiplicity are discussed. Beer-Lambert’s law is given. Its 
derivation, importance and limitations for quantitative measurement are discussed. 

We have given a brief introduction to the theory of molecular spectroscopy on the basis of 
molecular orbital (MO) method. Overview of different MO methods is given. We have 
enumerated basic concepts such bonding and anti-bonding orbitals, described shapes of atomic 
orbitals (s, p and d), gave rules for forming MOs, selection rule for transitions etc. We have 
explained formation ,  and  bonds, energy level scheme for the molecules and allowed 
transitions. 
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Basic instrumental set up necessary for spectrophotometric measurement is described. We have 
also discussed problems associated in quantitative estimations using spectrophotometric 
technique. Lastly we have discussed spectrophotometers for special purpose. 
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1.  Learning Outcomes  

After studying this module, you shall be able to:  

• Learn about the important terminologies in UV-Visible spectroscopy.  
• Differentiate between the factors causing changes in the UV-Visible spectrum.  
• Understand the effect of conjugation on the position and intensity of UV-Visible 

bands.  
• Analyze the effect of solvent on electronic transitions.  
• Know about the effect of pH on the UV-Visible absorption band.  

2. Introduction 

Ultraviolet-visible spectroscopy involves the absorption of ultraviolet/visible light by 
a molecule causing the promotion of an electron from a ground electronic state to an 
excited electronic state. Although, there are six possible transitions-  

σ to σ∗, σ to π  ∗,  π to σ∗, π to π∗, n to π∗ and n to σ∗, the most commonly observed 
transitions in organic molecules are  π to π∗, n to σ∗ and n to π∗. The π to σ∗, n to π∗ 
transitions usually lie in the UV-Vis region, whereas transitions σ to σ∗, π to σ∗, π to 
π∗ and π to σ∗  lie  in  the  vacuum  or  far  UV  region. The lowest energy transition is 
typically that of an electron in the highest occupied molecular orbital (HOMO) to the 
lowest unoccupied molecular orbital (LUMO). Electronic transitions may be as 
intense or weak according to the magnitude of εmax that corresponds to allowed or 
forbidden transition as governed by the selection rules of electronic transition, which 
states that the transitions change in their spin states are not allowed. Thus, S→S, 
T→T, are allowed, but S→T, T→S, are forbidden (where S= Singlet state, T= Triplet 
state).  

3. Important terminologies in UV-Visible Spectroscopy 

3.1 Chromophore 
When a molecule absorbs electromagnetic radiation in the ultraviolet/visible range, a 
transition between different electronic energy levels occurs. Since the wavelength of 
absorption is a measure of the separation of the energy levels of the orbital 
concerned. The nucleus holding the electrons together in a bond determine the 
wavelength of radiation to be absorbed. Thus the nuclei, with which the concerned 
electrons are bound, affect the energy between the ground and excited states. 

Therefore we can say that the energy of transition and the wavelength of radiation 
absorbed are properties of atoms not the electron themselves. The group of atoms due 
to which absorption occurs is called chromophore.  
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A chromophore is defined as an isolated covalently bonded group that shows a 
characteristic absorption in UV/Visible region. For example C=C, C=C, C=O, C=N, 
N=N, R-NO2 etc.  

If a compound absorbs light in the visible region (400-800 nm), only then it appears 
coloured to our eyes. Therefore a chromophore may or may not impart colour to a 
compound depending on whether the chromophore absorbs radiation in the visible or 
UV region.  

There are no standard criteria for the identification of a chromophore because the 
wavelength and intensity of absorption depend on many factors such as the molecular 
environment of the chromophore and on the solvent in which the sample is dissolved. 
Other parameters, such as pH and temperature, also may cause changes in both the 
intensity and the wavelength of the absorbance maxima. All the compounds having 
the same functional group will absorb at almost the same wavelength if the other 
factors such as conjugation, substituents etc are absent.  

3.2 Auxochrome 
The substituents covalently attached to a chromophore which themselves do not 
absorb ultraviolet/ visible radiation, but their presence changes both the intensity as 
well as wavelength of the absorption maximum are known as auxochromes. The 
substituents like methyl, hydroxyl, alkoxy, halogen, amino group etc. are some 
examples of auxochromes. These are also called colour enhancing groups. The actual 
effect of an auxochrome on a chromophore depends on the polarity of the 
auxochrome, e.g. groups like CH3, CH3CH2 and Cl have very little effect, usually a 
small red shift of 5-10 nm. Other groups such as NH2 and NO2 show a strong effect 
and completely alter the spectrum. 

Auxochrome generally increases the value of absorption maxima by extending the 
conjugation through resonance. The extended conjugation brings the lowest excited 
state (LUMO) closer to the highest ground state (HOMO) and thus permits a lower 
energy (longer wavelength) transition. Actually, the combination of chromophore and 
auxochrome behaves as a new chromophore having different value of absorption 
maxima. For example benzene shows λmax at 256 nm, whereas aniline shows λmax at 
280 nm. Hence the NH2 group acts as an auxochrome and causes the shifting of λmax 
to a larger value. 
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Figure 1: Molecular orbitals of resonance system showing closeness in HOMO 
and LUMO 

 
3.3 Bathochromic Shift or Red shift 
The shift of an absorption maximum towards longer wavelength or lower energy is 
called as bathochromic shift. It may be produced due to presence of an auxochrome 
or change in solvent polarity. Because the red color has a longer wavelength than the 
other colors in the visible spectrum, therefore this effect is also known as red shift. 

3.4 Hypsochromic Shift or Blue Shift  
The shift of an absorption maximum towards the shorter wavelength or higher energy 
is called  hypsochromic shift. It may be caused due to presence of an auxochrome or 
change in solvent polarity. Because the blue color has a lower wavelength than the 
other colors in the visible spectrum and hence this effect is also known as blue shift. 

3.5 Hyperchromic Effect 
It is an effect that results in increased absorption intensity. The introduction of an 
auxochrome usually causes hyperchromic shift. For example benzene shows B band 
(the secondary band in UV-Vis spectra) at 256 nm and Ɛmax 200, whereas aniline 
shows B-band at 280 nm and Ɛmax at 1430. The increase in the value of Ɛmax is due to 
the hyperchromic effect of auxochrome NH2.  

3.6 Hypochromic Effect 
An effect that results in decreased absorption intensity is called hypochromic effect. 
This is caused by a group which distorts the geometry of the molecule. For example, 
biphenyl shows λmax at 250 nm and Ɛmax at 19,000, whereas 2-methyl biphenyl 
absorbs at λmax 237 nm, Ɛmax 10250. The decrease in the value of absorbance is due to 
hypochromic effect of methyl group which distorts the chromophore by forcing the 
rings out of coplanarity resulting in the loss of conjugation. 
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Figure 2: Effect of substituents on the position and intensity of an absorption 

band 

The hyperchromic and hypochromic effect can be explained by taking the example of 
DNA. DNA absorbs in the ultraviolet region of the spectrum due to the conjugated 
double bond and ring systems of the purine and pyrimidine bases.  

The absorption of single strand DNA is higher than the absorbance of double strand 
DNA. The two strands of DNA are bound together mainly by the stacking 
interactions, hydrogen bonds and hydrophobic interaction between the 
complementary bases. The hydrogen bonds between the paired bases in the double 
helix limit the resonance of the aromatic ring of the bases which results in decrease in 
the UV absorbance of double strand DNA sample (hypochromic effect). When the 
DNA double helix is separated into its two fragments, the interaction forces holding 
the double helical structure is disrupted. As a result, intensity of absorption maxima 
increases (hyperchromic effect) as the bases are now in a free state and do not form 
hydrogen bonds with complementary bases. Generally, the absorbance for single-
stranded DNA is 37% higher than that for double stranded DNA at the same 
concentration. 

4.  Factors affecting the position of UV-Visible bands 

4.1 Effects of Conjugation 
When two or more chromophores are conjugated the absorption maxima is shifted to 
a larger wavelength or shorter frequency. Conjugation increases the energy of the 
HOMO and decreases the energy of LUMO. As a result less energy is required for an 
electronic transition in a conjugated system than in a non-conjugated system (Figure 
3). 
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Figure 3: Effect of conjugation on electronic transition 
 

Figure 4 shows that as the number of 
conjugated double bonds increases, the 
value of λmax also increases. The more 
conjugated double bonds there are in a 
compound, the less energy is required for 
the electronic transition, and therefore the 
longer is the wavelength at which the 
electronic transition occurs. It is noteworthy 
that conjugation of two chromophores not 
only increases the λ but also increases the 
intensity (molar absorptivity). This effect of 
conjugation can be shown by the spectra of 
the polyenes CH3-(CH=CH)n-CH3, where  
n = 3, 4 and 5. 
 

 
 

Figure 4: Electronic transitions in conjugated dienes 

In case of simple alkene (ethylene) we have only two molecular orbitals, one is ground state π 
bonding orbital and the other is excited state π* antibonding orbital. The energy gap between 
these two is 176 kcal/mol. But in case of conjugated dienes, the π molecular orbitals of the two 
separate C=C groups combine to form two new bonding molecular orbitals designated as ψ1 and 
ψ2, and two new anti-bonding molecular orbitals designated as ψ3* and ψ4* (figure 5). It is clear 
that the transition of lowest energy π to π* transition in conjugated system is ψ2 (HOMO) to ψ4* 
(LUMO). Hence we can say that the conjugated dienes absorb at relatively longer wavelength 
than do isolated alkenes. 
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Figure 5: Energy levels of molecular orbitals in conjugated diene system 

As the number of conjugated double bonds is increased, the gap between highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) is progressively 
lowered. Therefore, the increase in size of the conjugated system gradually shifts the absorption 
maxima (λmax) to longer wavelength. 

If a compound has enough conjugated double bonds, it will absorb visible light and the compound 
will be colored. The β-carotene, a precursor of vitamin A, has eleven conjugated double bonds 
(Figure 6) and its absorption maximum gets shifted from ultraviolet to the blue region of the 
visible spectrum giving it an orange colour.  

 
 

Figure 6: Extended conjugation in β-carotene 
 
In a similar fashion, methyl group also produce bathochromic shift. Although methyl group do 
not have π electron or unshared electrons, it is considered to interact with the π system through its 
C-H bonding orbitals (hyperconjugation or sigma bond resonance).   
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Figure 7: Extension of π-system by C-H bond through hyperconjugation 

Similarly in case of other conjugated chromophores (conjugation with a hetero atom), the energy 
difference between HOMO and LUMO is lowered resulting in bathochromic shift.  

As discussed above, carbonyl compounds show both π to π* (intense and shorter wavelength) and 
n to π* (less intense and longer wavelength) transitions. The introduction of polar substituent on 
the α-carbon of an aliphatic carbonyl do not affect the n to π* transition. But in the case of cyclic 
ketones, a bathochromic effect is observed. However, this effect is more when the auxochrome is 
at axial position (10-30 nm) than that when it is present at equatorial position (4-10 nm). 
Substitution on the carbonyl carbon by an auxochrome with a lone pair of electrons such as 
amide, acids, esters, acid chloride etc cause the increase in the energy of π* orbital, leaving the n 
orbital unaffected. As a result, n to π* transition is shifted to shorter wavelength (hypsochromic 
effect). However, a little bathochromic effect is observed on the transition π to π*. Such 
bathochromic effects are caused by the resonance interaction between the C=O and lone pair on 
the other hetero atom.  

If the carbonyl group is conjugated with a C-C double bond i.e. α,β-unsaturated carbonyl 
compounds, both π to π* and n to π* transitions shift to at longer wavelength compared to the un-
conjugated carbonyl compounds. However the energy of the n to π* transition does not decrease 
as rapidly as that of the π to π* band. If the conjugated chain becomes long enough, the n to π* 
band is buried into the more intense π to π* band system. Figure 8 shows the molecular orbitals of 
α,β-unsaturated carbonyl system along with the isolated C=C bond and carbonyl group. 
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Figure 8: Electronic transitions in α,β-unsaturated carbonyl compounds 

4.2 Effect of Steric hindrance 
The UV-spectroscopy is very sensitive to the distortion of the chromophores. We know that the 
position of absorption maximum and its intensity depend on the length and effectiveness of the 
conjugative system. Electronic conjugation works best when the molecule is planar in 
configuration. If the presence of an auxochrome prevents the molecule from being planar then it 
may lead to the red or blue shifts depending upon the nature of distortion.  

For example, the diene I shown below is expected to show absorption maximum at 237 nm 
(linear 1,3-diene), but distortion of chromophore causes it to absorb at 220 nm. This blue shift is 
due to the loss of conjugation as the structure is not planar. 

Similar trends can also be observed in compounds where geometrical isomerism is possible. It is 
found that generally the trans-isomers show λmax at a longer wavelength and Ɛmax (molar 
absorptivity or molar extinction coefficient) is higher than for the cis or mixed isomer. For 
example the trans-stilbene (II) absorbs at longer wavelength with greater intensity (λmax = 295 
nm, Ɛ = 27000) than the cis-stilbene (III, λmax = 280 nm, Ɛ = 13500) due to steric effects. It is due 
to the more effective π-π orbital overlapping in the trans-stilbene, which results in achieving 
coplanarity of π-system more readily than in cis-stilbene. In cis-isomer, due to crowding (bulky 
groups on the same side of the double bond), planar geometry is distorted.  
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Another example of such cases are biphenyl and its 2-methyl and 2,2’-dimethyl analogues. 
Biphenyl system is not completely planar (two ring being at an angle of 450) and in 2-methyl 
biphenyl the two rings are pushed even further out of co-planarity resulting in the diminished π 
orbital overlap. As a result, blue shift is observed with less intensity. The biphenyl (IV) has λmax 
at 250 nm (Ɛ = 19000) and 2-methylbiphenyl (V) has λmax at 237 nm (Ɛ = 10250). 

 

4.3 Effect of solvent 
The absorption spectrum depends on the solvent in which the absorbing substance is dissolved. 
The choice of solvent can shift peaks to shorter or longer wavelengths. This depends on the 
nature of the interaction of the particular solvent with the environment of the chromophore in the 
molecule under study. 

It is usually observed that ethanol solutions give absorption maxima at longer wavelength than 
hexane solutions. Water and alcohols can form hydrogen bonds which results the shifting of the 
bands of polar substances. Since polarities of the ground and excited state of a chromophore are 
different, hence a change in the solvent polarity will stabilize the ground and excited states to 
different extent causing change in the energy gap between these electronic states. Highly pure, 
non-polar solvents such as saturated hydrocarbons do not interact with solute molecules either in 
the ground or excited state and the absorption spectrum of a compound in these solvents is similar 
to the one in a pure gaseous state. However, polar solvents such as water, alcohols etc may 
stabilize or destabilize the molecular orbitals of a molecule either in the ground state or in excited 
state. Therefore, the spectrum of a compound in these solvents may significantly vary from the 
one recorded in a hydrocarbon solvent.  

(i) π to π* Transitions  
In case of π to π* transitions, the excited states are more polar than the ground state. If a polar 
solvent is used the dipole–dipole interaction reduces the energy of the excited state more than the 
ground state. Thus a polar solvent decreases the energy of π to π* transition and hence the 
absorption in a polar solvent such as ethanol will be at a longer wavelength (red shift) than in a 
non-polar solvent such as hexane.  
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(ii) n to π* transitions  
In case of n to π* transitions, the polar solvents form hydrogen bonds with the ground state of 
polar molecules more readily than with their excited states. Consequently the energy of ground 
state is decreased which further causes the increase in energy difference between the ground and 
excited energy levels. Therefore, absorption maxima resulting from n to π*

 
transitions are shifted 

to shorter wavelengths (blue shift) with increasing solvent polarity. 

 

4.4 Effect of Sample pH 

The pH of the sample solution can also have a significant effect on absorption spectra. The 
absorption spectra of certain aromatic compounds such as phenols and anilines change on 
changing the pH of the solution. 
Phenols and substituted phenols are acidic and display sudden changes in their absorptions 
maxima upon the addition of a base. After the removal of the phenolic proton, we get phenoxide 
ion. In the phenoxide ion lone pairs on the oxygen is delocalized over the π-sytem of the aromatic 
ring and increases the conjugation of the same. Extended conjugation leads to a decrease in the 
energy difference between the HOMO and LUMO orbitals, which results in red or bathochromic 
shift (to longer wavelength), along with an increase in the intensity of the absorption. 
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Similarly, an aromatic amine gets protonated in an acidic medium which disturb the conjugation 
between the lone pair on nitrogen atom and the aromatic π-system. As a result, blue shift or 
hypsochromic shift (to shorter wavelength) is observed along with a decrease in intensity. 

 

 
 

The acid-base indicators (pH indicators) have their application due to their absorptions in the 
visible region of the UV-Vis spectrum. A small change in the chemical structure of the indicator 
molecule can cause a change in the chromophore, which absorb at different λmax value in visible 
spectrum resulting in significant colour change at different pH values.  
One such example is phenolphthalein. Phenolphthalein is a weak acid which dissociates in water 
to give the anion, which results in extension of the negative charge of oxygen atom and leads to a 
substantial bathochromic shift (to longer wavelength). Thus the anion of phenolphthalein is 
orange coloured while its non-ionized form is colorless. At acidic and neutral pH, the equilibrium 
shifts to the left and the concentration of the anions is too low to observe the pink colour. 
However, under basic conditions, the equilibrium shifts to the right and the concentration of anion 
increase and we observe the pink colour.  
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Therefore, UV-Vis spectra of such compounds should be recorded in a suitable buffer solution to 
maintain the pH at a constant value. The buffer though needs to be transparent over the 
wavelength range of the measurements. If the buffer absorbs radiation, absorbance readings may 
be higher than the actual value. 

5.  Effect of temperature and sample concentration on the shape of UV-
Visible absorption bands 
5.1 Effect of Sample Temperature 
The effect of temperature is less pronounced. However, simple thermal expansion of the solution 
may be sufficient to change band intensity. Therefore to get more accurate results the spectrum 
needs to taken at a specified or constant temperature. 

The following three criteria may be given as general effect of temperature on solution spectra. 
1. Band sharpness increases with decreasing temperature. 
2. Position of absorption maximum does not move or moves very little towards the longer 
wavelength side, with decreasing temperature. 
3. The total absorption intensity is approximately independent of the temperature.  

 
Figure 10: Effect of temperature on the absorption bands 



                                                                                                 
__________________________________________________________________________________________ 

CHEMISTRY 
 

PAPER No. 12: ORGANIC SPECTROSCOPY 
MODULE No. 2: Nature of electronic transitions and 
factors affecting it  

    

We know that the vibrational and rotational states depend on 
the temperature. As the temperature is decreased, vibrational 
and rotational energy states of the molecules are also lowered. When, the absorption of light 
occurs at lower temperature smaller distribution of excited states results, which produces fine 
absorption bands than that of at high temperature (figure 10). It is also seen that positions of the 
band maxima do not shift very much with decreasing temperature but tend to move a very little 
towards the longer wavelength.  

5.2 Effect of sample Concentration 

According to Lambert-Beer law it might be expected that the sample concentration is directly 
proportional to the intensity of the absorption. But at high concentrations, molecular interactions 
can take place causing changes to the position and shape of absorption bands. Such effects need 
to be identified and taken into consideration for quantitative work. 

The solvent used also affects the fineness of absorption band in UV-spectrum. It has been 
observed that polar solvents give rise to broad bands, non-polar solvents show more resolution, 
while completely removing the solvent gives the best resolution. This is due to solvent-solute 
interaction. If the dielectric constant of the solvent is high, there will be stronger solute-solvent 
interaction. For example, a polar solvent like water or ethanol has the ability of hydrogen bonding 
with the solute if the solute has a hydrogen bonding component, or simply through induced 
dipole-dipole interactions. The non-polar solvents can also interact though polarizability via 
London interactions but the effect is very less. Depending on the interaction, this can cause the 
ground state and the excited state of the solute to increase or decrease, thus changing the 
frequency of the absorbed photon. Due to this, there are many different transition energies that 
overlap in the spectra and cause the broadening of UV-band. 

5.  Summary 
• Chromophore is a functional group which is responsible for the absorption in the UV-Vis 

region. 
• Auxochrome does not absorb itself but increases the value of absorption maxima when 

covalently attached to chromophore. 
• Shifting of the absorption maxima towards longer wavelength is known as red shift, 

whereas towards shorter wavelength is known as blue shift. 
• Hypochromic effect is the decrease in absorption intensity and increase in absorption 

intensity is called Hyperchromic effect.  
• By extending conjugation, the wavelength of absorption is shifted to higher value.  
• The position and intensity is greatly affected by the polarity of solvent. 
• The temperature, concentration and pH of the sample solution affect the position and shape of 

UV-Vis absorption bands. 
• Recording the spectra at low temperature gives sharp absorption bands, whereas high 

temperature causes the broadening of UV-bands. 
• The change in the pH of the sample solution changes the value of absorption maxima either to 

higher or lower value. 
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1.  Learning Outcomes  

After studying this module, you shall be able to:  

• Understand what is electromagnetic radiation.  
• Analyze the electromagnetic spectrum .  
• Understand concept of UV-Visible spectroscopy.  
• Learn about the possible electronic transitions.  
• Learn about the working of UV-spectrophotometer.  

2. Introduction 

The most challenging task of a chemist is to determine the chemical structure of an unknown 
compound. There are many ways by which we can identify the unknown substance. A person can 
use physical methods such as boiling point, melting point, spectroscopy as well as chemical 
methods such as functional group testing and others to determine the structure of compounds. 
Spectroscopy is one of the best methods to identify a substance, which may include UV, IR, 
NMR, Raman and others. Here we will discuss about the various aspects of different 
spectroscopic techniques and more specifically about UV-spectroscopy and its uses.  

3.  Electromagnetic Radiation and Spectroscopy  

Electromagnetic spectrum covers a wide range of electromagnetic radiations, ranging from γ-rays 
having wavelength which are the order of a fraction of an angstrom, to radio waves having 
wavelength in meters or kilometers. The arrangement of all types of radiations in the order of 
their increasing wavelength or decreasing frequencies is known as electromagnetic (EM) 
spectrum. The electromagnetic spectrum includes radio and TV waves, microwaves, infrared, 
visible light, ultraviolet, X-rays, γ-rays, and cosmic rays, as shown in the Figure 1. 
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Figure 1: Electromagnetic spectrum 

Spectroscopy: Spectroscopy is the study of interaction of electromagnetic radiations with 
matter. Electromagnetic radiations can interact with matter in various ways. Each interaction 
gives us insights about certain properties of the matter and use of electromagnetic radiations of 
different energies can give different information about the matter under study. 

It is the motion of electrically charged particles that give rise to electromagnetic radiations. There 
are various forms of electromagnetic radiation e.g. radio waves, X-rays, gamma rays, infrared, 
visible, ultraviolet etc. All the types of radiations travel with the same velocity but differ from 
each other in terms of frequency and wavelength. They do not require any medium for their 
propagation and can travel through empty space as well as through air and other substances. Each 
type of electromagnetic radiation has a dual nature- wave like nature and particle like nature. The 
particle nature has been established by the fact that the energy of particular radiation occurs in 
discrete packets or quanta known as photons. Each photon contains a certain amount of energy. 
The different types of radiation are defined by the amount of energy found in the photons. The 
energy associated with particular electromagnetic radiation is directly proportional to its 
frequency. The photons with the highest energy correspond to the shortest wavelengths. 

4. Absorption of Electromagnetic Radiations by Organic Molecules   

When electromagnetic radiations are passed through an organic compound, some of the part gets 
absorbed, while the remaining is transmitted. The absorption of energy can bring about 
translational, rotational or vibrational motion, electronic transition or ionization of the molecules 
depending upon the frequency of the electromagnetic radiation they receive (Table 1).  
 

 
Table 1: Energy changes depending on the type of radiation  
 
The energy required for these transitions is quantized. Excited molecules are unstable and quickly 
come back to the ground state by releasing the energy they had received as electromagnetic 
radiation.  
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The wavelength and intensity of the electromagnetic radiation absorbed or emitted can be 
recorded with the help of spectrometer to get a spectrum. The energy required for the transition 
(E) from a state of lower energy (E1) to state of higher energy (E2) is exactly equivalent to the 
energy of electromagnetic radiation that causes transition. 
 

 

E1 – E2 
= E = hν = hc/λ 

Where E is energy of electromagnetic radiation being absorbed, h is the universal Planck’s 
constant, 6.624 x 10-27 J sec and ν is the frequency of incident light in cycles per second (cps or 
hertz, Hz), c is velocity of light 2.998 x 1010 cm s-1 and λ = wavelength (cm) 

Higher is the frequency, higher would be the energy and on the other side, longer is the 
wavelength, lower would be the energy. As we move from Gamma rays to ultraviolet region to 
infrared region and then radio frequencies, we are gradually moving towards regions of lower 
energies.  
 
However, almost all the parts of electromagnetic spectrum are used for understanding the matter, 
in organic chemistry we are mainly concerned with energy absorption from only ultraviolet and 
visible, infrared, microwave and radiofrequency regions. 

5. Ultraviolet–Visible Spectroscopy 

UV-Visible spectroscopy deals with the study of the electronic transitions of molecules as they 
absorb light in the UV (190-400 nm) and visible regions (400-800 nm) of the electromagnetic 
spectrum. The absorption of ultraviolet or visible radiation lead to transition among electronic 
energy levels, hence it is also often called electronic spectroscopy. 

As a rule, the energetically favored electron promotion will be from the highest occupied 
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). The resulting 
species is said to be in an excited state. The wavelengths at which absorption occurs, together 
with the degree of absorption at each wavelength is recorded by optical spectrometer. A 
spectrum is obtained as a result. It commonly provides the knowledge about π-electron systems, 
conjugated systems, aromatic compounds and conjugated non-bonding electron systems etc. 
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6. Types of Electronic Transitions   

The ground state of an organic molecule contains valence electrons in three principal types of 
molecular orbitals, namely -sigma (σ) orbitals, pi (π) orbitals and filled but nonbonding orbitals 
(n). 
Both σ and π orbitals are formed from the overlap of two atomic or hybrid orbitals. Each of these 
molecular orbitals therefore has an antibonding σ* or π* orbital associated with it. An orbital 
containing n electrons does not have an antibonding orbital because it is not formed from two 
orbitals. Sigma bonding orbitals have lower energy than π bonding orbitals, which in turn have 
lower energy than non-bonding orbitals. In the Electronic transitions, promotion of an electron 
from one of the three ground states (σ, π, or n) to one of the two excited states (σ∗, or π∗) takes 
place. As a result, there are six possible transitions- σ to σ∗, σ to π∗, π to π∗, π to σ∗, n to π∗, n to 
σ∗. The most commonly observed transitions and their relative energies are summarized in 
Figure 2. The exact energy differences between the orbitals depend on the nature of atoms 
present and the nature of the bonding system. 

 

Fig 2: Electronic Transitions in UV/VIS spectroscopy 

You can see, in each possible case, an electron is excited from a low energy, ground state orbital 
into a higher energy, excited state anti-bonding orbital (Figure 2). Each transition requires a 
defined amount of energy. The larger the gap between the energy levels, the greater the energy 
required to promote the electron to the higher energy level, resulting in electromagnetic radiation 
of higher frequency, and therefore shorter wavelength, being absorbed. The important modes of 
electronic transitions are described here. 

1) σ to σ∗  
A transition of electrons from a bonding sigma orbital to the antibonding sigma orbital is 
designated as σ to σ∗ transition. These are high energy transitions as σ bonds are generally very 
strong. Thus these transitions involve very short wavelength ultraviolet light (< 150 nm) and 
usually fall outside the range of UV-visible spectrophotometers (200-800 nm). Alkanes can only 
undergo σ to σ* transitions. Methane and ethane undergo σ → σ* transitions with an absorbance 
maximum at 122 and 135 nm, respectively. Study of such transitions is usually done in an 
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evacuated spectrophotometer (< 200 nm) since oxygen present in air absorbs strongly at 200 nm 
and below. Similarly nitrogen absorbs at ~150 nm and below. 

 

 

2) π to π∗  
The transition of an electron from a π bonding orbital to a π∗ antibonding orbital is designated as 
π to π∗ transition. These types of transitions take place in compounds containing one or more 
unsaturated groups like simple alkenes, carbonyl, aromatics, nitriles, nitro etc. These transitions 
require lesser energy than n to σ∗ transitions. In non-conjugated alkenes, this type of transition 
occurs in the range 170-190 nm e.g. ethane shows absorption maxima at 171 nm. Similarly, π to 
π∗ transition in the range of 180-190 nm occurs in non-conjugated carbonyl compounds e.g. 
acetone shows absorption maxima at 188 nm. 

 

3) n to σ∗  
 
The transition of an electron from a non-bonding orbital to the antibonding sigma orbital is 
designated as n to σ∗ transition. Saturated compounds containing atoms with lone pairs (non-
bonding electrons) like saturated alcohols, amines, halides, ethers etc are capable of showing 
n to σ∗ transitions. Energy required for these transitions is usually less than σ to σ∗ 
transitions. Such compounds absorb light having wavelength in the range 150-250 nm. For 
example the absorption maxima for water, methyl alcohol, methyl chloride and methyl iodide 
are 167 nm, 174 nm, 169 nm and 258 nm, respectively. 
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4) n to π∗  
 
The transition of an electron from a non-bonding orbital to a π∗ antibonding orbital is designated 
as n to π∗ transition. This transition involves the least amount of energy in comparison to all other 
transitions and therefore gives rise to an absorption band at longer wavelength.  
Saturated carbonyl compounds show two types of transitions, low energy n to π∗ (270-300 nm ) 
and high energy π to π* (180-190 nm). The transition n to π∗ is of lowest energy but is of low 
intensity as it is symmetry forbidden. Thus the most intense band for these compounds is always 
due to π to π* transition. 
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7. Selection Rule 

Some electronic transitions, which are otherwise theoretically possible, are generally not 
observed in the UV/VIS spectroscopy. Therefore there are some restrictions which govern the 
observable transitions. 

1. Transitions, which involve change in the spin quantum number of an electron during the 
transitions do not occur, i.e. singlet-triplet transitions are not allowed. 

2. Transitions between orbitals of different symmetry do not occur. For example, transition n to 
π∗ is forbidden because the symmetry of n and π∗ do not match. 

8. UV-Spectrophotometer 

Spectrophotometer is a kind of spectrometer, which measures the transmittance or absorbance of 
a sample as a function of wavelength, when light of certain intensity and frequency range is 
passed through the sample. Unlike a spectrometer (which is any instrument that can measure the 
properties of light over a range of wavelengths), a spectrophotometer measures only the intensity 
of light as a function of its wavelength. The key components of a spectrophotometer are:  

• Light source  
• Monochromator  
• Sample area  
• Detector and Recorder 
 
8.1 Light Source 
The most suitable sources of light are  
1. Deuterium lamp which emits the light in the UV-region (160-375 nm) 
2. Tungsten lamp or tungsten-halogen lamp which emits radiation in the Visible and near 

infrared regions (350-2500 nm)  
3. Xenon arc lamp which emits radiation in the range 190-800 nm 
4. Light emitting diodes (LED) which emits radiation in the visible range 400-800 nm. 

The instruments automatically swap lamps when scanning between the UV and UV-VIS regions. 
  
8.2 Monochromator  
The main function of the monochromator is to disperse the beam of light obtained from the 
primary source, into its component (Figure 3). The principle components of monochromator are 
• An entrance slit  
• A collimating lens  
• A dispersing device  
• A focusing lens  
• An exit slit  
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The radiation emitted from the primary source (polychromatic radiation) enters the 
monochromator through the entrance slit. The beam is collimated and then strikes the dispersing 
element (Prism or grit) at a particular angle. Two types of dispersion devices viz. prisms and 
holographic gratings (Figure 4) are commonly used in UV-visible spectrophotometers.  
 
 
 

 
 

Figure 3: Functioning of Monochromator 

 
Figure 4: Dispersion of white light through prism and grating 

 

Light falling on the prism is reflected at different angles, depending on the wavelength. The beam 
is split into its component colors. By moving the dispersing element or the exit slit, radiation of 
only a particular wavelength can be obtained, which leaves from the exit slit and can be used for 
the recording purpose (Figure 3). The beam selected by the slit is monochromatic and further 
divided into two beams with the help of another prism, which then passes through the sample and 
reference solutions. 

8.3 Sample area  
One of the two divided beams is passed through the sample solution and the other beam is passed 
through the reference solution. Although, the samples for recording spectra are most commonly 
liquids, but the absorbance of gases and even of solids can be measured. Both sample and 
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reference solutions are placed in a transparent cell, known as cuvette. The cuvettes are rectangular 
in shape, and usually have an internal width of 1 cm (Figure 5). 

                                                 
                                                Figure 5: A quartz cuvette 

 It is important that the material of cells must be transparent to the radiation throughout the region 
under study. The cells are usually made of glass, plastic as well as silica or quartz. Of these, glass 
cells cannot be used for the UV region as they absorb light in the UV region but can be used 
satisfactorily in the visible region. Quartz is transparent in all (200-700 nm) ranges and is the best 
choice and hence can be easily used in UV as well as visible region. 

8.4 Detector and Recorder 
A detector converts a light signal into an electrical signal. After the beams are passed through the 
sample under study as well as the reference cell, the intensities of the respective transmitted 
beams are then compared over the whole wavelength range of the instrument. Generally two 
photocells are used as detector in UV spectrometer to record the spectra. One of the photocell 
receives the beam from sample cell and second detector receives the beam from the reference. 
The intensity of the radiation from the reference cell is stronger than the beam of sample cell. 
This results in the generation of pulsating or alternating currents in the photocells. 

Spectrophotometers consist of either a photomultiplier tube detector or a photodiode detector. 

The commonly used detector in UV-Vis spectroscopy is photomultiplier tube (Figure 6). It is m 
consists of three components: 

• a cathode which emits electrons when struck by photons of radiation known as photo 
emissive cathode 

• several dynodes which emit several electrons for each electron striking them 
• an anode 

In it’s functioning, when a photon of radiation strikes the cathode, emission of several electrons 
take place. These emitted electrons are then accelerated towards the many dynodes. The first 
dynode is 90V more positive than the cathode. The electrons strike the first dynode, causing the 
emission of several electrons for each incident electron. These electrons are then accelerated 
towards the second dynode, to produce more electrons which are accelerated towards dynode 
three and so on. Finally all the electrons are collected at the anode. Several dynodes are arranged 
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between the anode and the cathode to produce an amplification effect. Each photon usually 
produces 106-107 electrons, resulting in the amplified current that can be measured. 

 

 

Figure 6: A photomultiplier tube 

 

Photomultipliers are very sensitive to both UV and visible radiations and have fast response 
times. It is significant to note that Intense light may damage photomultipliers, hence they are 
limited to measuring low power radiation.  

Photodiodes are increasingly being used as detectors in modern spectrophotometers. Photodiode 
detectors have a wider dynamic range and are more robust than photomultiplier tube detectors. In 
a photodiode, light falling on the semiconductor material allows electrons to flow through it, 
thereby depleting the charge in a capacitor connected across the material. The amount of charge 
that is required to recharge the capacitor at regular intervals is proportional to the intensity of the 
light. The limits of detection are approximately 170–1100 nm for silicon-based detectors. 

             
                                            Figure 7: An array of photodiodes 
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Some modern spectrophotometers contain an array of photodiode detectors instead of a single 
detector (Figure 7). A diode array consists of a series of photodiode detectors positioned side by 
side on a silicon chip. Each photodiode is connected to a transistor switch via a charged capacitor 
When photons strike the diode, free electrical charge carriers are generated that discharge the 
capacitors. The capacitors are recharged at regular intervals. The amount of charge needed to 
recharge the capacitors is proportional to the number of photons detected by each diode, which in 
turn is proportional to the light intensity. The absorption spectrum is obtained by measuring the 
variation in light intensity over the entire wavelength range 

9. Types of UV/VIS Spectrophotometer 

There are two types of spectrophotometers, namely, single beam spectrophotometer or double 
beam spectrophotometer (Figure 8). Each has its advantages and disadvantages.  

 
Figure 8: Types of Spectrophotometer 

A single beam spectrophotometer has only one beam of light, which passes through the sample, 
therefore it requires taking reading for the reference and sampling separately. 
  
On the other hand, in a double-beam instrument, the light is split into two beams before it reaches 
the sample.  The two beams move simultaneously, one passing through a reference solution and 
the other through the sample. The reference beam intensity is taken as 100% Transmission (or 0% 
Absorbance), and the measurement displayed is the ratio of the two beam intensities. 
Of the two types of spectrophotometer, double beam spectrophotometers are faster to operate and 
in their performance. They provide more reproducible results because they perform an automatic 
correction for the loss of light intensity as the beam passes through the sample and reference 
solution. 

10. Sample Preparation 

The UV-Vis spectra are usually measured in very dilute solutions. Usually 1 mg of the compound 
of molecular weight of 100-200 is dissolved in 100 ml of suitable solvent and only a portion is 
used for recording the spectra. The solvent should not absorb radiation and must be transparent 
over the desired range of wavelength. The solvents, which do not contain conjugated system, are 
most suitable for recording the UV-spectra. The solvent should also be inert to the sample. Some 
commonly used solvents are water, 95% ethanol, methanol and hexane. 
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11. Absorption Laws 

When the radiation passes through a solution, some amount of light is absorbed. Suppose I0 is the 
intensity of the incident radiation and I, the intensity of the transmitted radiation. 
The amount of radiation absorbed can be measured by 
 
Transmittance T = I/I0  
 
% Transmittance = T×100 
 
Absorbance A = Log10 I0/I= Log10 1/T 
 
If the entire light passes through a solution without any absorption, then absorbance is zero. 
In this case, the percent transmittance is 100%.  
If all the light is absorbed, then absorption is infinite and the percent transmittance is zero %. 
 
Beer-Lambert Law: It gives a linear relationship between absorbance and concentration of an 
absorbing species. This law states that the absorption is directly proportional to the 
concentration of absorbing substance and the length of the path of radiation through the sample. 
It is independent of the intensity of the incident light and each successive unit layer absorbs an 
equal fraction of light incident on it. 

A = ɛcb 

Log10 I0/I= ɛcb 
Where A is the sample’s Absorbance value at specific wavelength or frequency 
ε is the molar absorptivity or the molar extinction coefficient of the substance  
b is the path length of the sample in cm 
c is the concentration of the solute in mol L-1.  
The value of ε absorptivity coefficient is constant for a particular material at a particular 
wavelength. 

Limitations of the Beer-Lambert Law 
Under certain conditions Beer-Lambert law fails to maintain a linear relationship between 
absorbance and concentration of the solution. 

1. Deviations in absorptivity coefficients at high concentrations (>0.01M) due to electrostatic 
interactions between molecules in close proximity. 

2. Scattering of light due to particles present in the sample. 
3. Chemical deviations due to the specific chemical species of the sample under investigation. 
4. Non-monochromatic radiation 
5. Fluorescence or phosphorescence of the sample 
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12. Summary 

In this module you have learnt that:  
• Spectroscopy is the study of interaction of electromagnetic radiations with the matter and is 

used to identify a substance, which may include UV, IR, NMR and Raman etc. 
• The arrangement of all types of radiations in order of their increasing wavelength or 

decreasing frequencies is known as electromagnetic spectrum. 
• The absorption of energy can bring about translational, electronic, rotational or vibrational 

motion or ionization of the molecules depending upon the frequency of the electromagnetic 
radiation they receive. 

• Spectrophotometer is an instrument, which measures the transmittance or absorbance of a 
sample as a function of wavelength, when light of certain intensity and frequency range is 
passed through the sample. 

• Although, there are six possible transitions σ to σ∗, π to σ∗, π to π∗, π to σ∗, n to π∗ and n to σ, 
the most commonly observed transitions in organic molecules are π to π∗, n to σ∗ and n to π∗.  
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1.  Learning Outcomes  

After studying this module, you shall be able to 

 Know what is mass spectrometry 

 Learn the principle of mass spectrometry 

 Identify molecular ion peak 

 Evaluate a mass spectrum 

 Analyse the various types of mass spectrometers 

2. Introduction 

Mass Spectrometry (MS) is an analytic technique used to determine the relative masses of 

molecular ions and fragments by calculating the degree of deflection of charged particles in a 

magnetic field. It provides a great deal of information with very small amount of samples. Mass 

spectrometry is used to: 

 Determine molecular mass 

 Determine molecular formula of a compound 

 Determine structural features of the compound 

 Find out the structure of an unknown substance 

 Provide data on isotopic abundance 

 Verify the identity and purity of a known substance 

 

Mass spectrometry is an instrumental technique that does not involve electromagnetic radiation. 

Thus, it is called spectrometry, whereas the others such as UV, NMR, IR are called spectroscopy. 

The principle of mass spectrometry involves the generation of ions from either inorganic or 

organic compounds, to separate the ions by their mass-to-charge ratio (m/z) and to detect them 

qualitatively and quantitatively by their m/z value and relative abundance.  

In the first step a beam of energetic electron produce gas phase ions of the compound. Removal 

of one electron from the molecule (M) results into generation of parent ion (M
.

+ or molecular 

ion). The molecular mass of the compound is equal to the m/z value of the parent ion. 

 
 

 

This parent ion or molecular ion normally undergoes fragmentations (fragment ions or daughter 

ions). The parent ion (M
.

+) is a radical cation with an odd number of electrons, it can fragment to 
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give either a radical (R
.
) and an ion with an even number of electrons (EE+), or a molecule (N) 

and a new radical cation (OE
.

+).  

 
These two types of ions derived from the molecular ion can, further undergo fragmentation, and 

so on. All these ions formed are then separated by the mass spectrometer according to their mass-

to-charge ratio. Only positively charged species reach the collector. The charge (z) on all the 

fragments is +1, therefore m/z is equal to the molecular mass (m) of the fragment. A graph of the 

relative abundance of each fragment plotted against its m/z value is called a mass spectrum. 

 

For example, in the case of methane (CH4), the impact of high energy electrons causes the 

molecule to lose an electron and form a radical cation with m/z 16. A species, with a positive 

charge and one unpaired electron is called radical cation. 

 

 
Figure 1: Fragmentation in methane 

 

 

 
Figure 2: Mass spectrum of methane 
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3.  Instrumentation: Mass Spectrometer 

The mass spectrometer consists of: 

3.1 Ion source 

3.2 Mass analyzer 

3.3 Ion detector 

 

 
Figure 3: Diagram of mass spectrometer 

 

3.1 Ion source (Ionisation):  
In the first step a little amount of a compound is evaporated. The vaporized sample is, then 

ionized by bombardment with a beam of high energy electrons (usually 70 eV). The electron 

beam knocks out an electron from the molecule of the injected sample, creating a molecular ion 

(a radical cation). The molecular ion further breaks into fragments as it travels through the mass 

spectrometer as loss of electron weakens its bonds and collision gives it extra kinetic energy. 

 

There is a pair of oppositely charged plates in the ionization chamber. The positively charged one 

causes the positively charged radical cation to accelerate into an analyzer tube. 

 

The energy required for removing one electron from the neutral parent molecule is usually 10 eV. 

With this much energy, no fragmentation of the parent ion takes place. But the energy of the 

bombarding electron is around 70 eV, the additional energy is consumed in fragmenting the 

parent ion. This results in the formation of fragment ions of the daughter ions.  

 

3.2 Mass analyzser:  
The separation of ions takes place in the analyzer at a pressure of about 10-8 mbar. The analyzer 

tube is surrounded by a curved magnetic field, which causes the path of the radical cation to be 

deflected in proportion to its mass-to-charge ratio (m/z). The flight path of the ion depends on its 

molecular mass, its charge, and the strength of the magnetic field. Thus, at a given magnetic field 

strength, ions of only one specific mass collide with the detector and are recorded. 

 

3.3 Ion detector:  
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The ions which are separated by the analyser are detected and measured electrically or 

photographically.  After the ions have passed the exit-slit, they collide on a collector-electrode. 

The resulting current is amplified and registered as a function of the magnetic-field force or the 

accelerating voltage. 

The strength of the magnetic field is varied in increments to produce a mass spectrum, which is a 

plot of m/z (on the x axis) against relative abundance (on the y axis). If we assume that all ions 

have a charge of +1, then the peaks give the mass ratios and their heights give the proportions of 

ions of different masses. 

 

 

4.  Fragmentation in pentane 

The m/z value is the nominal molecular mass of the fragment and it is the molecular mass to the 

nearest whole number.  

  

For example, pentane has a molecular mass of 72.0939 and a nominal molecular mass of 72. Pentane 

undergoes fragmentation, between carbon-carbon bonds to form various radical cations with different 

m/z value. Weak bonds break in preference to strong bonds, and bonds that break to form more stable 

fragments break in preference to those that form less stable fragments. 

 

 

 
Mass spectra can be shown either as bar graphs or in tabular form. 

 

 
 

Figure 4: Mass spectrum of pentane (bar graph and tabular form) 
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The peak with the highest m/z 72 value in the spectrum of pentane is due to the fragment that results 

when an electron is knocked out of a molecule (figure 4). It is called molecular ion peak and it is 

equal to molecular mass of pentane. 

Peaks with m/ z values less than 72 are called fragment ion peaks. The peak at m/z 43 with the greatest 

intensity is called base peak. 

 

5.  Types of Mass Spectrometer 

Depending upon the methods of ionization, ion separation and detection, there are various types 

of mass spectrometers as shown. 

 

5.1 Ionization Methods in Organic Mass Spectrometry  

There are many types of ionisation methods available with their own, advantage and 

disadvantage. The ionisation method to be employed depends on the type of sample under 

investigation and the mass spectrometer available. 

The various ionization methods are following: 
 Electron Impact Ionisation (EI) 

 Chemical Ionisation (CI) 

 Fast Atom Bombardment (FAB) 

 Electrospray Ionisation (ESI)  

 Matrix Assisted Laser Desorption Ionisation (MALDI) 
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Most of the ionisation methods crwate both positively and negatively charged sample ions, 

depending on the proton affinity of the sample. In positive ionisation mode the protonated 

molecular ions (M+H+) are generated. In negative ionisation mode the deprotonated 

molecular ions (M-H-) are usually generated. 

5.2 Analysis and Separation of Sample Ions 

The main function of the mass analyser is to separate, or resolve, the ions formed in the ionisation 

source of the mass spectrometer according to their mass-to-charge (m/z) ratios. There are a 

number of mass analysers currently available, the better known of which 

include quadrupoles, magnetic sectors, electric sectors, time-of-flight (TOF) analysers,  and 

both Fourier transform and quadrupole ion traps. 

Tandem mass spectrometers are instruments that have more than one analyser and so can be 

used for structural and sequencing studies. Two, three and four analysers have all been 

incorporated into commercially available tandem instruments, and the analysers do not 

necessarily have to be of the same type, in which case the instrument is a hybrid one. More 

popular tandem mass spectrometers include those of the quadrupole-quadrupole, magnetic sector-

quadrupole, and more recently, the quadrupole-time-of-flight geometries. 

5.3 Detection and recording of sample ions 

The detector monitors the ion current, amplifies it and the signal is then transmitted to the data 

system where it is recorded in the form of mass spectra. The m/z values of the ions are plotted 

against their intensities to show the number of components in the sample, the molecular mass of 

each component, and the relative abundance of the various components in the sample. 

The type of detector is supplied to suit the type of analyser; the more common ones are 

the electron multiplier, the multi-channel plate and Faraday cup detectors. 



  
____________________________________________________________________________________________________ 

CHEMISTRY 
 

PAPER No. 12: Organic spectroscopy  

MODULE No. 24 : Mass Spectrometry: Theory, 
instrumentation and modifications 

 

 

Figure 5: Historical development of mass spectrometry techniques 
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5. Summary 

 Mass Spectrometry (MS) is an analytic technique used to determine the relative masses 

of molecular ions and fragments by calculating the degree of deflection of charged 

particles in a magnetic field.  

 The mass spectrometer consists of ion source, mass analyzer and ion detector. 

 The vaporized sample is, then ionized by bombardment with a beam of high energy 

electrons (usually 70 eV).  

 The electron beam knocks out an electron from the molecule of the injected sample, 

creating a molecular ion (a radical cation).  

 The separation of ions takes place in the analyzer. 

 The ions which are separated by the analyser are detected and measured electrically or 

photographically.   

 The m/z value is the nominal molecular mass of the fragment and it is the molecular mass 

to the nearest whole number.  

 Mass spectra can be shown either as bar graphs or in tabular form. 

 Peaks with m/ z values less than parent ion are called fragment ion peaks.  

 The peak with the greatest intensity is called base peak. 

 The various ionization methods are Electron Impact Ionisation (EI), Chemical Ionisation 

(CI), Fast Atom Bombardment (FAB), Electrospray Ionisation (ESI) and Matrix Assisted 

Laser Desorption Ionisation (MALDI). 

 The various tyoes of mass analysers include quadrupoles, magnetic sectors, electric 

sectors, time-of-flight (TOF) analysers and both Fourier transform and quadrupole ion 

traps. 

 The common type of detectors are the electron multiplier, the multi-channel plate and 

Faraday cup detectors. 


