
•The aim of this course to teach the students how to 

identify organic compounds from the:

Advance pharmaceutical analysis:

The pharmaceutical analyses remain unchanged, but remarkable 

evolution of instrumentation has been done. 

In comparison, ultraviolet spectrometry has become relatively less useful 

for our purpose. 

NMR, without question, has become the most sophisticated tool available 

to the organic chemist, in comparison; ultraviolet spectrometry has 

become relatively less useful for our purpose. 
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Absorption of UV-Visible light is chiefly caused by electronic excitation; 

the spectrum provides limited information about the structure of the 

molecule. 



ayaalabdaly
Typewritten Text
© Copyright 2016 to Ass. Prof. Dr. Monther Faisal Al Ameri, Dean of Al Mustansiriyah University. All Rights Reserved.



ayaalabdaly
Typewritten Text
© Copyright 2016 to Ass. Prof. Dr. Monther Faisal Al Ameri, Dean of Al Mustansiriyah University. All Rights Reserved.



SPECTROSCOPY AND THE ELECTROMAGNETIC

SPECTRUM

Electromagnetic radiations: 

Electromagnetic radiation is an electric and magnetic disturbance

that is propagated through space at the speed of light. This type of

radiation has no mass and is unaffected by either an electrical or

magnetic field because it has no charge.

Infrared, ultraviolet, and nuclear magnetic resonance spectroscopies differ

from mass spectrometry in that they are nondestructive and involve the

interaction of molecules with electromagnetic energy rather than with an

ionizing source.
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Electromagnetic radiation is often said to have dual behavior. In
some respects, it has the properties of a particle, called a photon,
yet in other respects it behaves as an energy wave.

Like all waves, electromagnetic radiation is characterized by:

• The wavelength, λ (Greek lambda), is the distance from one
wave maximum to the next.

• The frequency, υ (Greek nu), is the number of waves that pass
by a fixed point per unit time, usually given in reciprocal seconds
(s -1 ), or hertz, Hz (1 Hz = s -1 ).

• The amplitude is the height of a wave, measured from midpoint
to peak.

ayaalabdaly
Typewritten Text
© Copyright 2016 to Ass. Prof. Dr. Monther Faisal Al Ameri, Dean of Al Mustansiriyah University. All Rights Reserved.



Electromagnetic Radiation

• The relationship between wavelength & frequency can be written as:

c = ν λ

• As photon is subjected to energy, so

The various forms of electromagnetic radiation differ in their frequency
and, therefore, their energy. The energy of electromagnetic radiation can
be calculated in electron volts from the following equation:

 
 

C= speed of the light (3* 1010) cm /second
V = the frequency (hertz), and λ is the wavelength (cm).



UV SPECTROSCOPY
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UV / VISIBLE SPECTROSCOPY
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Spectroscopy

• It is the branch of science that deals with the
study of interaction of matter with light.

OR

• It is the branch of science that deals with the
study of interaction of electromagnetic
radiation with matter.

ayaalabdaly
Typewritten Text
© Copyright 2016 to Ass. Prof. Dr. Monther Faisal Al Ameri, Dean of Al Mustansiriyah University. All Rights Reserved.



Principles of 
Spectroscopy
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Principles of Spectroscopy

• The principle is based on the measurement of
spectrum of a sample containing atoms /
molecules.

• Spectrum is a graph of intensity of absorbed or
emitted radiation by sample verses frequency
(ν) or wavelength (λ).

• Spectrometer is an instrument design to
measure the spectrum of a compound.
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Principles of Spectroscopy

1. Absorption Spectroscopy:

• An analytical technique which concerns with
the measurement of absorption of
electromagnetic radiation.

• e.g. UV (185 - 400 nm) / Visible (400 - 800 nm)
Spectroscopy, IR Spectroscopy (0.76 - 15 μm)
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Principles of Spectroscopy

2. Emission Spectroscopy:

• An analytical technique in which emission
(of a particle or radiation) is dispersed
according to some property of the emission
& the amount of dispersion is measured.

• e.g. Mass Spectroscopy



Interaction of
EMR with      

Matter
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Interaction of EMR with matter
1. Electronic Energy Levels:

• At room temperature the molecules are in the
lowest energy levels E0.

• When the molecules absorb UV-visible light
from EMR, one of the outermost bond / lone
pair electron is promoted to higher energy
state such as E1, E2, …En, etc is called as
electronic transition and the difference is as:

∆E = h ν = En  - E0 where (n = 1, 2, 3, … etc)

∆E = 35 to 71 kcal/mole



Interaction of EMR with matter

2. Vibrational Energy Levels:

• These are less energy level than electronic
energy levels.

• The spacing between energy levels are
relatively small i.e. 0.01 to 10 kcal/mole.

• e.g. when IR radiation is absorbed, molecules
are excited from one vibrational level to
another or it vibrates with higher amplitude.
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Interaction of EMR with matter

3. Rotational Energy Levels:

• These energy levels are quantized & discrete.

• The spacing between energy levels are even
smaller than vibrational energy levels.

∆Erotational < ∆Evibrational < ∆Eelectronic



PRINCIPLES OF

UV - VISIBLE

SPECTROSCOPY



Principle
• The UV radiation region extends from 10 nm

to 400 nm and the visible radiation region
extends from 400 nm to 800 nm.

Near UV Region: 200 nm to 400 nm

Far UV Region: below 200 nm

• Far UV spectroscopy is studied under vacuum
condition.

• The common solvent used for preparing
sample to be analyzed is either ethyl alcohol
95%, or hexane.
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The useful information obtained from the UV _Visible spectrum of any compound
are:

1. The wave length of maximum absorption λmax .

2. The intensity of absorption.

The compound should be dissolved in some suitable solvent that doesn't itself
absorb light in the region under investigation.

The position of the absorption peaks of a compound may be shifted if different
solvents are used.

However, the λmax for non polar compounds is generally the same in alcohol and
hexane, while λmax for polar compounds is usually shifted dependent on the
polarity of the solvent used
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• The absorbance A or optical density is given by:

• A = log I0 / I

• The range of absorbance commonly recorded is 

0 to 2

• Transmittion is the ratio of the transmitted light 

to incident light: T = I /  I0

• A = log 1/T
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• Lambert’s law: the intensity of the 
transmitted light decreases as the thickness 
of the layer increases

• Beer’s law: the absorption is proportion to 
the numbers of the absorbing molecules. 
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• Beer’s law doesn’t hold over the entire 
concentration range, it’s operate in very dilute 
solution only.

• At concentrated solution we have +ve or _ve
deviation which may be due to:

1. Association of the molecules.

2. The formation of the complex

3. Change in the refracting index of the solution.

These laws can be represented by this relationship:



E1cm
1% ?
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NUCLEAR MAGNETIC 
RESONANCE

SPECTROSCOPY

•Nuclear magnetic resonance spectroscopy is a powerful

analytical technique used to characterize organic

molecules by identifying carbon-hydrogen frameworks

within molecules.
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Nuclear Magnetic Resonance Spectroscopy

• Two common types of NMR spectroscopy are used to

characterize organic structure: 1H NMR is used to

determine the type and number of H atoms in a

molecule; 13C NMR is used to determine the type of

carbon atoms in the molecule.

• The source of energy in NMR is radio waves which have

long wavelengths, and thus low energy and frequency.

• When low-energy radio waves interact with a molecule,

they can change the nuclear spins of some elements,

including 1H and 13C.

Introduction to NMR Spectroscopy
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Introduction to NMR Spectroscopy
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In the case of 1H nuclei only two orientations are 

allowed; the nuclear magnetic moments may 

be aligned with or aligned against the direction 

of the applied magnetic field.
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Nuclear Magnetic Resonance Spectroscopy

• When a charged particle such as a proton spins on its axis, it

creates a magnetic field. Thus, the nucleus can be considered to

be a tiny bar magnet.

• Normally, these tiny bar magnets are randomly oriented in space.

However, in the presence of a magnetic field B0, they are

oriented with or against this applied field. More nuclei are

oriented with the applied field because this arrangement is lower

in energy.

• The energy difference between these two states is very small

(<0.1 cal).

Introduction to NMR Spectroscopy



When the energy of the photon matches the energy difference

between the two spin states , an absorption of energy occurs. We 

call that phenomenon Resonance

Difference in energy between the two states is given by:

DE = g h Bo / 2p

where:

Bo – external magnetic field

h – Planck’s constant

g – gyromagnetic ratio

DE = hu = ghBo / 2p So, u = g Bo / 2p

Energy Differentiation
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THE ORIGIN OF NMR SIGNALS:
(THE NUCLEI OF NMR –”ACTIVE NUCLEI “  BEHAVE LIKE TINY BAR
MAGNETS)



• Nuclei aligned with the magnetic field are lower in 
energy than those aligned against the field.

• The nuclei aligned with the magnetic field can be 
flipped “spin-flip” to the higher-energy state if the 
right amount of energy is added (DE).

• When this spin-flip occurs, the magnetic nuclei are 
said to be in resonance with the applied radiation 
hence the name nuclear magnetic resonance

• The amount of energy required depends on:

• the strength of the external magnetic field

• The identity of the nuclei.
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• For NMR spectroscopy the frequencies of interest 

are in the radio frequency (RF) range, typically 60-

500 MHz depending upon the strength of Bo.

• The absorption of energy creates an excited state 

of the system. The process whereby the system 

returns to its lowest energy state, i.e. its ground 

state, is called relaxation.

• One way for the system to relax to the ground state 

is for it to emit radiation. If a suitable detector is 

available, e.g. an RF receiver, the emitted radiation 

may be recorded as a peak on a graph.



44

• Thus, two variables characterize NMR:

• an applied magnetic field B0, the strength of which is

measured in tesla (T), and

• the frequency  of radiation used for resonance,

measured in hertz (Hz), or megahertz (MHz)—(1 MHz =

106 Hz).

Introduction to NMR Spectroscopy
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There are two types of NMR spectrometers continuous wave 

(CW) and pulsed Fourier transform (FT)

In the CW instruments, the oscillator frequency is kept constant while the 

magnetic field is changed gradually. 
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• 1. At any given moment, only protons resonating at a 
particular chemical shift can be subjected to excitation at the 
appropriate value of the magnetic field, and it is therefore 
necessary to sequentially excite the protons that have differing 
processional frequencies in a given molecule.

• 2. Time limitation, since it is often necessary to distinguish 
splitting that is only a fraction of a hertz in width; a serious time 
constraint is introduced. 

• 3. Small "spinning side bands" are sometimes seen
symmetrically disposed on both sides of a strong absorption peak;
these result from in homogeneities in the magnetic field and in
the spinning tube.

• 4.

Limitation of the CW NMR spectrometers: 
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FOURIER TRANSFORM (FT) NMR 
SPECTROMETERS

• The sample is placed in a constant, very strong
magnetic field

• The sample is irradiated with a short broad pulse of radio
frequency energy that excites all nuclei at once

• The resulting signal contains information about all of the
absorbing nuclei at once

• This signal is converted to a spectrum by a Fourier
transformation

• FT NMR allows signal-averaging, which leads to
enhancement of real spectral signals versus noise

• The strong, superconducting magnets used in FTNMR
spectrometers lead to greater sensitivity and much
higher resolution than continuous wave instruments



• The absorption frequency is not the same for all  1H

or  13C nuclei in a molecule:

When an atom is placed in a magnetic field, its electrons circulate about the 

direction of the applied magnetic field. This circulation causes a small 

magnetic field at the nucleus which opposes the externally applied field

The magnetic field at the nucleus (the effective field) is therefore generally less 

than the applied field by a fraction :   

• Beffective = Bapplied _ Blocal

Diamagnetic shielding of nucleus by circulating electrons. 
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Chemical Shift-d
The electron density around each nucleus in a molecule varies 

according to the types of nuclei and bonds in the molecule. The 

opposing field and therefore the effective field at each nucleus 

will vary. This is called the chemical shift phenomenon.

As we can tell from   = g B0 (1-s) / 2p , the greater the value of Bo, the 

greater the frequency difference. 

This relationship could make it difficult to compare NMR spectra taken 

on spectrometers operating at different field strengths. 

The term chemical shift was developed to avoid this problem.  The 

chemical shift of a nucleus is the difference between the resonance 

frequency of the nucleus and a standard, relative to the standard.  
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NMR SPECTROSCOPY DIFFER FROM” IR” 
SPECTROSCOPY:

1. The energy needed for NMR is much smaller than 

that required for IR Spectroscopy.

2. Time scales of the two techniques are quite different. 

(NMR about 10-3 second, while IR about 10-13 second)



Shielding requires a higher magnetic field to bring the nucleus
into resonance - the signals are up field in the NMR spectrum

Lower electron density around a nucleus deshields the

nucleus from the external magnetic field

Deshielding causes absorption of energy at lower frequencies

– the signals are downfield in the NMR spectrum
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1δ = 1 ppm
ppm (part of the million) of the operating frequency of the 

instrument. e.g. if we use spectrometer operating at 
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Thus there is a considerable accidental overlap 

of non equivalent signal will occur.
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The advantages of using an instrument with higher



DIAMAGNETIC ANISOTROPY:

• It means that shielding and deshielding depend on

the orientation of the molecule with respect to

applied magnetic field. For example:

1. The NMR peak of the proton of acetylene is 

found further to the right than electronegativity 

would predict, (peak = 1.8 δ) more shielded than 

ethylene protons (peak = 5.25 δ).

• Note: electron with drawing effect = SP > SP2 > SP3
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2. Unexpected deshielding position of the aldehydic proton.
(9.7- 10)

3. Large deshielding of alkene protons.

4. Large deshielding of benzene ring protons, which is called
"ring current effect" (6.5_ 8).

Note: a proton held directly above or

below the aromatic ring is shielded.
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RATIONALIZATION AND PREDICTION OF APPROXIMATE
CHEMICAL SHIFT DEPENDING ON INDUCTIVE EFFECT &
DIAMAGNETIC ANISOTROPY



ayaalabdaly
Typewritten Text
© Copyright 2016 to Ass. Prof. Dr. Monther Faisal Al Ameri, Dean of Al Mustansiriyah University. All Rights Reserved.



SOLVENT SELECTION:

• Characteristic of the ideal solvent:

• 1. should contain no protons

• 2. inert

• 3. low boiling

• 4. inexpensive

• 5. Deuterated solvents are necessary for modern instruments
because they depend on a deuterium signal to lock or
stabilize the B° field of the magnet.

• Solvent used in NMR spectroscopy:

• 1. CCl4: because a/ it is contain no hydrogen.

• b/ good solvent for many organic compounds.

• c/ cheap and readily available.

• 2. CDCl3
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INFORMATION OBTAINED FROM NMR 
SPECTRA:

• 1. Number of signal: → number of sets of chemically
equivalent protons.

• The equivalence or non-equivalence of two protons can
be determined by seeing whether the same or different
structures would result, if some group X were substituted
for one of protons.

• If the protons are chemically equivalent → same
product will be formed regardless of which protons is
replaced, if the protons are chemically non equivalent
→ different product.

• e.g. 2,3- dimethyl butene →

• all 12 protons are equivalent (CH3)2C = C(CH3)2 → 4
methyl are equivalent

e.g. 2- methyl ,2-butene → are not equivalent
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Nuclear Magnetic Resonance Spectroscopy

• The number of NMR signals equals the number of different types

of protons in a compound.

• Protons in different environments give different NMR signals.

• Equivalent protons give the same NMR signal.

1H NMR—Number of Signals

• To determine equivalent protons in cycloalkanes and alkenes,

always draw all bonds to hydrogen.
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Nuclear Magnetic Resonance Spectroscopy

1H NMR—Number of Signals

Figure 14.2
The number of 1H NMR signals

of some representative

organic compounds
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Nuclear Magnetic Resonance Spectroscopy

• In comparing two H atoms on a ring or double bond, two

protons are equivalent only if they are cis (or trans) to

the same groups.

1H NMR—Number of Signals
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• To predict the number of signals, must determine how many sets of

protons are in unique environments:



• 2. Homotopic Hydrogens (equivalent)

• Hydrogens are chemically equivalent or homotopic if

replacing each in turn by the same group would lead to an

identical compound.



• 3. EnantiotopicHydrogens

If replacement of each of two hydrogens by some group leads to

enantiomers, those hydrogens are enantiotopic



• 4. Diastereotopic Hydrogens

• If replacement of each of two hydrogens by some group leads to

diastereomers, the hydrogens are diastereotopic

• H Diastereotopic hydrogens have different chemical shifts and will

give different signals

ayaalabdaly
Typewritten Text
© Copyright 2016 to Ass. Prof. Dr. Monther Faisal Al Ameri, Dean of Al Mustansiriyah University. All Rights Reserved.



• The protons on a CH2 group are usually

diastereotopic if:

• On an unsymmetrical double bond

• t On opposite sides of a substituted ring

• t There is a chiral center in the molecule
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• 2. the position of the signals (chemical shift in H-NMR

Spectroscopy)
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FACTORS EFFECTING CHEMICAL SHIFT:

1. inductive effect: 

 

2. anisotropic effect
3. vanderwaals deshielding: proton (a) is not effected by proton (b),

but if we substituted proton (b) by CH3 → repulsive because of steric

effect with the proton (a) → deshielding → down field.
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• 4. Hydrogen bonding:

They cause decrease the density around the hydrogen →

deshielded by inductive effect.

The intensity of intermolecular hydrogen bonding depending

on:

•

• The concentration: increase concentration → increase

H-bonding → increase deshielding.

 The temperature: increase temperature  → breakdown the H-

bonding → high field. 

 The purity. 

 Polarity of the solvent: the solvent should be deuterated 

(CDCl3) and also should not polar. 
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• Intramolecular H_ bonds are less affected by their

environment than are intermolecular H _ bonds.
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• The area under an NMR signal is proportional to the

number of absorbing protons.

• An NMR spectrometer automatically integrates the area

under the peaks, and prints out a stepped curve

(integral) on the spectrum.

• The height of each step is proportional to the area under

the peak, which in turn is proportional to the number of

absorbing protons.

• Modern NMR spectrometers automatically calculate and

plot the value of each integral in arbitrary units.

• The ratio of integrals to one another gives the ratio of

absorbing protons in a spectrum. Note that this gives a

ratio, and not the absolute number, of absorbing

protons.

3. 1H NMR—Intensity of Signals (integration of 1H

NMR absorption, proton counting)
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3. INTEGRATION OF H NMR
ABSORPTION: PROTON COUNTING
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Nuclear Magnetic Resonance Spectroscopy

1H NMR—Intensity of Signals
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4. MULTIPLICITY: "SPIN_ SPIN COUPLING" OR SPIN_ SPIN 

SPLITTING IN H NMR SPECTRA:

W configuration. 

As a general rule, called the n + 1 rule, protons that have n equivalent 

neighboring protons show n + 1 peaks in their NMR spectrum. 
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Spectrometer field strength 
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Rule1:

Two_ bond coupling is termed geminal; three _ bond coupling is 

termed, vicinal; 

 

Spin- spin splitting in H NMR can be summarized by: 
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Rule2:

ayaalabdaly
Typewritten Text
© Copyright 2016 to Ass. Prof. Dr. Monther Faisal Al Ameri, Dean of Al Mustansiriyah University. All Rights Reserved.



Rule3:

.

e.g. CH3CH2Br    multiplets of CH2Br and CH3 have the same J 

value. 
If V1 = chem. Shift of CH3 

   V2 = chem. Shift of CH2 

  ∆V = distance between chem. Shift of non equivalent protons in the    

           molecule. 

As ∆V/ J goes down → the distance between different peaks of 2 

non equivalent protons smaller (peaks approach each other) 

When  ∆V = J → the two peaks of two protons are the same, i,e the  

                           two protons are equivalent. 
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•Rule4: The relative intensities of the peaks of a 

multiplet depend on (n):     
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•The multiplicity and relative intensities may be easily 

obtained from Pascal's triangle:
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Example: Compound (A) has the chemical formula of C10H12O2:  

                NMR spectrum showed the following signals ( δ ) : 

 7.93 (doublet), 6.91 (doublet), 3.84 (singlet), 2.93(quartet), &   

1.20(triplet). The integration for the peaks is as follows:  20:20:30:20:30 

respectively. Find the structure of compound (A), and then draw its 

spectrum chart. 
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Exercise: 
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MORE COMPLEX SPIN-SPIN SPLITTING 
PATTERNS:
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USES OF 1H NMR SPECTROSCOPY:
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PROTONS ON OXYGEN, NITROGEN, 
AND SULFUR ATOMS

Protons on Oxygen Atoms: 
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THE RATE OF EXCHANGE CAN BE 
DECREASED BY:

1. • Lowering the temperature.

2. • Using a dilute solution.

3. • Treating the solvent with anhydrous sodium 

carbonate or anhydrous alumina (basic 

impurities), then filtering through a pad of dry glass 

wool in a Pasteur pipette immediately before 

obtaining the spectrum.

4. • Grade 3A or 4A molecular sieves, immediately 

before obtaining the spectrum.
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PROTONS ON NITROGEN ATOMS:
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Examples         most aliphatic         N-methyl-p-          pyrroles, indoles 

                        amines                    nitroaniline           2°&1° amides 

                                                                                  and carbamates 
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PROTON ON SULFUR:
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COUPLING OF PROTONS TO 13C:
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natural abundance is only 1.1%. Thus, only about 1 of every 100

carbons in organic sample is observed by NMR.

The problem of low abundance has been overcome by:

1. The use of signal averaging. (increases instrument sensitivity) 

2. Fourier-transform NMR (FT-NMR) (increases instrument speed)
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1
H and 

13
C do split each other the same (n+1) rule is used so: 

 Signals due to methyl groups become quartets - coupled to 3

hydrogens.
 methylene groups become triplets - coupled to 2 hydrogens.

 methine groups become doublets - coupled to 1 hydrogen.
 quaternary or carbonyl carbons remain singlets.

this splitting can b eliminated by adjusting the 

instrument.

• The technique of removing the coupling of 1H to an

attached carbon is called broadband (BB) proton

decoupling.

• Most 13C NMR, therefore, consist of a single peak for

each unique carbon
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Can we observe 
13

C nuclei independent of 
1
H nuclei? 

Yes, because 13C nuclei absorb at a different frequency than 1H nuclei. 

Simply use a different Rf generator tuned to a different frequency 



13 C CHEMICAL SHIFTS

• Just as in 1H NMR spectroscopy, chemical shifts in

13C NMR depend on the electron density around

the carbon nucleus

• Decreased electron density causes the signal to

move downfield (deshielding)

• Increased electron density causes the signal to

move up field (shielding)

• Because of the wide range of chemical shifts, it is

rare to have two13C peaks coincidentally overlap



Some of the principal aspects of C NMR to consider that differ from 

H NMR are as follows: 
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• Factors determined the chemical shifts in13C-NMR:

1. Carbons chemical shift is effected by the electronegativity of 

nearby atoms. 

2. Sp3-hybridized carbons generally absorbed from 0 to 90 δ, 

while sp2  carbons absorbed from 110 to 220. 

3. Carbonyl carbons (C=O) are particularly distinct in 13C NMR and 

always found at the low field end of the spectrum, from 160 to 

180. 
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Propose a structure for an alcohol, C4H10O, that has the following

13CNMR spectral data:

Broadband _ decoupled 13CNMR: 19.0, 31.7, 69.5 б

DEPT _90: 31.7 б

DEPT _ 135: positive peak at 19.0 & 31.7 б, negative peak at 69.5 б
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