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INTRODUCTION
CHM 309: Applied Spectroscopy isa?2 -credit course for B.Sc. Chemistry.

The course is broken down into 3 modules of 13 study units. At the end of
this course, a student is expected to be conversant with the principles of
Ultraviolet/Visible (UV), Infra-Red (IR), Nuclear Magnetic Resonance
(NMR) and Mass Spectroscopic Methods. The student should also be
familiar with the instruments used in these methods and the interpretation of
data generated from these techniques.

COURSE AIM

The aim of this courseisto expose you to the principles and operation of the
instruments involved in UV/Vis, Infra-red, NMR and MS spectroscopic
methods. Y ou will also learn to apply the principlesin the analysis of organic
mol ecules.

COURSE OBJECTIVES

In order to achieve the course aims, there are some overall objectives set for
the course. Besides, each module and each unit has their respective
objectives which you and your facilitator must constantly refer to, so that no
objectiveis skipped. At the end of the course, you should be able to:

explain the principles of UV/Visible, Infrared, NMR and Mass
Spectroscopic Method

be familiar with the instruments involved in UV/Visible, Infrared,
NMR and Mass Spectroscopic Methods

apply the general rules learnt to interpret data generated from the
instruments

apply these analytical methodsin solving variousanalytical problems.

WHAT YOUWILL LEARN IN THISCOURSE

You will learn about the principles of UV/Vis, Infra-red, NMR and Mass
Spectroscopic Methods. Y ouwill also learn the operations of the instruments
involved in these analytical techniques and their applications instructure
elucidation.



WORKING THROUGH THIS COURSE

This course contains some packages that you will be given at the beginning
of the semester: one of them is the course material. Y our full participationin
both the continuous assessment and the final written examination are two
areas expected of you to fulfil at the end of the course. Stated below arethe
components of this course and what you have to do.

COURSE MATERIALS
Major course materials for the course are as follows:

1 Course Guide

2 Study Units

3. In-Text Questions

4, Self-Assessment Questions
5 Conclusion

6 Summary

7 Textbooks and References

STUDY UNITS
There are 3 modules of 13 study unitsin this course. They are:

Modulel Ultraviolet/Visibleand Infrared Spectroscopy

Unit 1 Principles of Ultraviolet/Visible Spectroscopy
Unit 2 Applications of UV/Visible Spectroscopy
Unit 3 Principles of Infrared Spectroscopy

Unit 4 Applications of Infrared Spectroscopy

Module2 Mass Spectrometry

Unit 1 Principles of Mass Spectrometry

Unit 2 Sample Introduction, lonisation Techniques and Mass
Analysers Used in Mass Spectrometry

Unit 3 The Mass Spectrum and Interpretation of a Mass
Spectrum

Unit 4 Applications of Mass Spectrometry

Module3 Nuclear Magnetic Resonance Spectr oscopy



Unit 1 Principles of Nuclear Magnetic Spectroscopy

Unit 2 Proton (1H)-NMR

Unit 3 Carbon (13C)-N MR

Unit 4 Two Dimensional NMR and other Applications of NMR

Unit 5 Structure Elucidation of Organic Molecules with Worked
Examples

From all indications, you should be able to complete two credit units of about
15 weeks in asemester. Well spread out in each unit is: Introduction to the
unit, specific objectives, body of the unit, conclusion, summary, tutor-
marked assignments and references. Details of the study units have earlier
been presented. It is spelt out in modules with corresponding units and titles.
Y ou will be expected to spend 2-3 hoursin studying a unit.

TEXTBOOKSAND REFERENCES
These texts will be of immense benefit to this course:

Kedey, D. & Haines, P.J. (2002). Analytical Chemistry (1sted.). pp. 189-
270. Oxford, UK: BIOS Scientific Publishers Limited.

Thomas, G. (1996). Chemistry for Pharmacy and the Life Sciences, pp.
159-184. Essex, England: Pearson Education Ltd

William, Kemp (1991). Organic Spectroscopy. W.H. Freemans & Co.
ASSIGNMENT FILE

The assignment file will be given to you in due course. In thisfile, you will
find al the details of the work you must submit to your tutor for marking.
The marks you obtain for these assignmentswill count towardsthe final mark
for the course. Altogether, there are 15 tutor- marked assignments for this
course.

PRESENTATION SCHEDULE

The presentation schedule included in this course guide provides you with
important datesfor completion of each tutor-marked assignment. Y ou should
therefore try to meet the deadlines.

ASSESSMENT

Vi



There are two aspects to the assessment of this course. They are tutor-
marked assignments and written examination. You will be expected to
complete at least ten assignments by the end of the course. Some of these
will be in the form of a project and continuous assessment (CA). You will
be expected to write afinal examination in the course. The overall scorein
the course will be a sum of 40% of CA and 60% of written examination.

TUTOR-MARKED ASSIGNMENT

There are 13 TMASs in this course. You need to submit al the TMASs. The
best 4 will therefore be counted. When you have completed each assignment,
send them to your tutor as soon as possible and make sure that it gets to your
tutor on or before the stated deadline. If for any reason you cannot complete
your assignment on time, contact your tutor before the assignment is due to
discuss the possibility of extension. Extension will not be granted after the
deadline, unless on exceptional cases.

FINAL EXAMINATION AND GRADING

The end of course examination for this course will be for about 3 hours and
it has a value of 60% of the total course work. The examination will consist
of questions, which will reflect the type of self-testing, practice exercise and
tutor-marked assignment problems you have previously encountered. All
areas of the course will be assessed.

The time between the last unit and the final examination can be used for
revision. You might find it useful to review yourself-test, TMAs and
comments on them before the examination. The end of course examination
coversinformation from all parts of the course.

COURSE MARKING SCHEME

Assignment Marks

Assignments 1-13 13 assignments, 40% for the best 4
Total = 10% x 4 = 40%

End of Course Examination 60% of overall course marks

Total 100% of course materials

vii



COURSE OVERVIEW

This table indicates the units, the number of weeks required to complete the
course and the assignments.

Unit [Titleof Work Weeks Assessment
Activity  |(End of Unit)
Course Guide 1

Modulel Ultraviolet/Visible (UV) Spectroscopy and

Infrared (IR) Spectroscopy

1 Principles of UV/Visible 1 Assignment 1
Spectroscopy

2 Applications of UV/Visble 2 Assignment 2
Spectroscopy

3 Principles of Infrared Spectroscopy |3 Assignment 3

4 Applications of Infrared 4 Assignment 4
Spectroscopy

Module2 Mass Spectrometry

1 Principles of Mass Spectrometry 5 Assignment 5

2 Sample Introduction, lonisation |6 Assignment 6
Technique and Interpretation of the
Mass Spectrum

3 Interpretation of the Mass 7 Assignment7
Spectrum

4 Applications of Mass Spectrometry (8 Assignment 8

Module3 Nuclear Magnetic Resonance Spectr oscopy

(NMR)

viii



1 Principles of Nuclear Magnetic 9 Assignment 9

Spectroscopy
2 Proton NMR 10 Assignment 10
3 Carbon NMR 11 Assignment 11
4 Two-Dimensional NMR and Other |12 Assignment 12

Applications of NMR Spectroscopy

5 Structure Elucidation of Organic 13 Assignment 13
Molecules with Worked Examples.

HOW TO GET THE MOST FROM THIS COURSE

Indistance learning, the study units replace the university lecturer. Thisis
one of the huge advantages of distance |earning mode; you can read and work
through specially designed study materials at your own pace and at a time
and placethat suit you best. Think of it asreading from the teacher, the study
guide tells you what to read, when to read and the relevant texts to consult.
Y ou are provided exercises at appropriate points, just asalecturer might give
you an in-class exercise.

Each of the study units follows a common format. The first item is an
introduction to the subject matter of the unit and how a particular unit is
integrated with the other units and the course as awhole. Next to thisis a set
of learning objectives. These learning objectives are meant to guide your
studies. The moment a unit is finished, you must go back and check whether
you have achieved the objectives. If this is made a habit, then you will
significantly improve your chances of passing the course. The main body of
the units also guides you through the required readings from other sources.
Thiswill usually be either from a set of books or from other sources.

Self-assessment exercises are provided throughout the unit, to aid personal
studies and answers are provided at the end of the unit. Working through
these self-tests will help you to achieve the objectives of the unit and also
prepare you for tutor-marked assignments and examinations. You should
attempt each self-test as you encounter them in the units.

Thefollowing are practical strategies for working through this course:



=

10.

11.

Read the course guide thoroughly

Organise a study schedule. Refer to the course overview for more
details. Note the time you are expected to spend on each unit and how
the assignment relates to the units. Important details, e.g. details of
your tutorials and the date of thefirst day of the semester are available.
Y ou need to gather together all theseinformation in one place such as
adiary, awallchart calendar or an organiser. Whatever method you
choose, you should decide on and write in your own datesfor working
on each unit

Once you have created your own study schedule, do everything you
can to stick to it. The major reason that students fail is that

they get behind with their course works. If you get into difficulties
with your schedule, please let your tutor know before it istoo late for
help.

Turn to unit 1 and read the introduction and the objectives for

the unit

Assemble the study materials. Information about what you need for a
unit isgiven in the table of content at the beginning of each unit. You
will almost always need both the study unit you are working on and
one of the materials recommended for further readings, on your desk
at the sametime.

Work through the unit, the content of the unit itself has been arranged
to provide asequencefor you to follow. Asyou work through the unit,
you will be encouraged to read from your set books.

Keep in mind that you will learn alot by doing al your assignment
scarefully. They have been designed to help you meet the objectives
of the course and will help you pass the examination

Review the objectives of each study unit to confirm that you have
achieved them. If you are not certain about any of the objectives,
review the study material and consult your tutor

When you are confident that you have achieved a unit’s objectives,
you can start on the next unit. Proceed unit by unit through the course
and try to pace your study so that you can keep yourself on schedule
When you have submitted an assignment to your tutor for marking,
do not wait for its return before starting on the next unit. Keep to your
schedule. When the assignment is returned, pay particular attention to
your tutor’s comments, both on the tutor-marked assignment form and
also written on the assignment. Consult your tutor as soon as possible
if you have any questions or problems.

After completing the last unit, review course and prepare yourself
for the final examination. Check that you have achieved the unit



objectives (listed at the beginning of each unit) and the course
objectives (listed in this course guide).

FACILITATORSTUTORSAND TUTORIALS

There are 8 hours of tutorials provided in support of this course. Y ou will be
notified of the dates, times and location of these tutorials as well as the name
and phone number of your facilitator, as soon as you are allocated a tutorial

group.

Your facilitator will mark and comment on your assignments, keep a close
watch on your progress and any difficulties you might face and provide
assistance to you during the course. You are expected to mail your Tutor-
Marked Assignment to your facilitator before the schedule date (at |east
two working days are required). They will be marked by your tutor and
returned to you as soon as possible.

Do not hesitate to contact your facilitator by telephone or e-mail if you need
assistance. The following might be circumstances in which you would find
assistance necessary, hence you would have to contact your facilitator if you:

do not understand any part of the study or the assigned readings
have difficulty with the self-tests

have a question or problem with an assignment, with your
tutor’s comments or with the grading of an assignment.

Y ou should endeavour to attend the tutorials. Thisisthe only chanceto have
faceto face contact with your course facilitator and to ask questions which
are answered instantly. Y ou can raise any problem encountered in the course
of your study.

To gain much benefit from course tutorial, prepare a question list before
attending them. You will learn a lot by participating actively in discussions.

xi
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CHM 309 MODULE 1

MODULE 1 ULTRAVIOLET/VISIBLE AND
INFRARED SPECTROSCOPY

Unit 1 Principles of Ultraviolet/Visible Spectroscopy

Unit 2 Applications of Ultraviolet/Visible Spectroscopy

Unit 3 Principles of Infrared Spectroscopy

Unit 4 Application of Infrared Spectroscopy

UNIT 1 PRINCIPLESOF ULTRAVIOLET/VISIBLE
SPECTROSCOPY

CONTENTS

1.0 Introduction

2.0 Intended Learning Outcomes

3.0 Main Content
3.1  Absorption Spectroscopy
3.2 Instrumentation
3.3 Factors Governing Absorption of Radiation in the

Ultraviolet/Visible Region

34 Beer-Lambert Law

4.0 Conclusion

50 Summary

6.0 Tutor Mark Assignment

7.0 References/Further Reading

1.0 INTRODUCTION

The interaction between radiations and matter is a fascination one. Most
drug molecules absorb radiation in the ultraviol et region of the spectrum;
although, some are coloured and; thus, absorb radiation in the visible
region. Absorption in the ultraviolet and visible regions of the
electromagnetic spectrum corresponds to transitions between electronic
energy levels and provides useful analytical information for both organic
and inorganic samples.

20 OBJECTIVES
By the end of this unit, you should be able to

explain the principles of UV/Visible absorption spectroscopy
state the different components of a UV spectrophotometer
describe the factors that govern absorption of radiation in the
UV/Visibleregion
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apply the measurement of the relationship between concentration
and absorption in quantitative analysis using the Beer-Lambert
Law.

3.0 MAINCONTENT

3.1 Absorption Spectroscopy

The visible and ultraviolet spectra of organic compounds are associated
with transition between electronic energy levels. The transitions are
generally between a bonding or lone-pair orbital and an unfilled non-
bonding or anti-bonding orbital. The absorption of UV/Visible radiation
occurs through excitation of electrons within the molecular structure to a
higher energy state. Radiation is a form of energy and we are constantly
reminded of its presence via our sense of sight and ability to feel radiant
heat. Radiation can be considered either as a continuous wave travelling
through space, or as discrete photons of the same energy. The wave
approach is more useful for many spectrometric approaches. It may be
considered in terms of a wave motion where the wavelength, A, is the
distance between two successive peaks (Figure 1.1). The frequency, v, is
the number of peaks passing a given point per second. These terms are
related in the equation below:

T VA oo ettt (1)

where c isthe velocity of light in avacuum.

Wavelength

Afhplitud

Fig. 1.1: The Wacelength and Amplitude of a Wave (Reproduced
from James W. Robinson et al., Undergraduate Instrumental
Anaysis. CRC Press, Taylor and Francis Group, New York.

Pp. 65-80.

The standard unit of wavelength is expressed in nanometers. Other units
like Angstrom and the millimicron (mp) may been countered, but which
their uses are now being discouraged. In some cases,it is more convenient
to consider light as a stream of particles called photons. Photons are
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characterised by their energy, E. The energy of a photon is related to the
frequency of light by the equation below:
R o 1 S (2)

In-text Question 1
What is energy of a photon which radiated with frequency of 3 x 10° Hz.

Where E isthe energy in joules (J), his Planck™s constant, 6.626 x 10-34
Js, and v isthe frequency in inverse seconds (Hz). From equations (1) and
(2) we can deduce that:

E S NCIA e 3
From the equations above, we can see that the energy of electromagnetic
radiation is directly proportional to its frequency and inversely
proportional to its wavelength. Electromagnetic radiation ranges from
very low energy (long wavelength, low frequency) radiation, like radio
waves and microwaves, to very high energy (short wave-spectrum of
interest to us as analytical chemists are shown in Figure 1.2. It is clear
from this figure that the electromagnetic spectrum, to which the human
eye responds, is only avery small portion of all radiant energy.

Wavelength (m)

0.1 1072 102 10 10°8 106 10”7 0%
Radiowave  Microwave | ! Infrared | | Visible-ultraviolet _X-ray
\'URE J‘\’»:'.,’..l.’.-. mal E :'\ ihrational 5 E Eleq .'F:u it -
Frequency (Hz)
3x10°  3x10° 3x10" 3x10? 3x10® 3x10™ 3x10° 3x10%
Wavenumber (cm™)

0.1 10) 1K) 1) 107 10) 1)
Energy (J)

2x10°% 2x108 2x102 2x10°2 2x1020 2x10°"Y 2x10'8 2x107"

Figure 1.2: Electromagnetic Spectrum showing Wave-Length,
Frequency and Energy

C0|°Tr | Red Orange Yellow Green Blue Violet

_ |
800 700 600 500 400
Wavelenght (nm)

Fig. 2.1: Electromagnetic Spectrum (Reproduced from JamesW.
Robinson et al., Undergraduate I nstrumentalAnalysis. CRC
Press, Taylor & Francis Group, New York.

Thus, 297 nm, for instance, is equivalent to 400 kJ (= 96 kcal) — enough
energy, incidentally, to initiate many interesting reactions; compounds
should not, therefore be left in the ultraviolet beam any longer than is

3
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necessary. Spectroscopy is the study of the interaction of light with
matter. Matter is defined as materials composed of molecules or atoms or
ions. When light strikes a sample of matter, the light may be absorbed by
the sample, transmitted through the sample, reflected off the surface of
the sample, or sacyyered by the sample. Samples can also emit light after
absorbing incident light; such aprocessis called luminescence.

The ultraviolet (UV) and visible region of the electromagnetic radiation
covers the wavelength range from about 100 nm to about 800 nm. The
vacuum ultraviolet region, which has the shortest wavelengths and
highest energies (100-200 nm) is difficult to make measurements in and
Is relatively uninformative. Useful ultraviolet and visible absorption
spectra are produced by the absorption of electromagnetic radiation with
wavelengths in the 200-400 nm (UV) and 400-800 nm (Visible) regions
of the electromagnetic radiation.

An atom consists of anucleus surrounded by electrons. Every element has
a unique number of electrons, equal to its atomic number for a neutral
atom of that element. The electronsarelocated in atomic orbital of various
types and energies and the el ectronic energy states of atoms are quantised.
The lowest energy, most stable electron configuration of an element isits
ground state. The ground state is the normal electron configuration
predicted from the ,,rules™ for filling a many-electron atom. These rules
are based on the location of the atom in the periodic table, the Aufbau
principle, the Pauli Exclusion Principle and Hunds rule. For example,
the ground state electronic configuration for sodium, atomic number 11,
is 1s22s22p63sl based on its position in the third row, first group of the
periodic table and the requirement to account for 11 electrons. If energy
of the right magnitudeis provided to an atom, the energy may be absorbed
and an outer (valence) electron promoted from the ground state orbital it
isin, to a higher energy orbital. The atom is now in a higher energy, less
stable, excited state. The electron will return spontaneously to the ground
state, because the excited state is less stable than the ground state. In the
process, the atom will emit energy; the energy will be equivalent in
magnitude to the difference in energy levels between the ground and
excited states.

The energy states associated with molecules, like those of atoms are also
guantised. When atoms combine to form molecules, the individual atomic
orbitals combine to form a new set of molecular orbitals. Molecular
orbital with electron density in the plane of the bonded nuclei, that is,
along the axis connecting the bonded nuclei, are called sigma (o) orbital.
The molecular orbitals with electron density above and below the plane
of the bonded nuclei are called pi () orbitals. Sigma and pi orbitals may
be of two types, bonding or antibonding orbitals. As an example, the
atomic orbitals of carbon, hydrogen and oxygen combine in the molecule
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of propanone, C3H60 (Figure 1.3), so the three carbon atoms are linked
inachain by single (o) bonds, the two outer carbons are each linked by o
bonds to three hydrogen atoms, while the central carbon atom is linked
by adouble bond to the oxygen atom, that is by both ac bond and 1 bond.
Additionally, the oxygen still has unpaired or nonbonded n electrons. This
results in a set of bonding and corresponding antibonding electronic
orbitals or energy levels. Bonding energies are lower in energy than the
corresponding antibonding orbitals. Transitions may occur selectively
between these levels, for example between m and 1* levels.

Under normal conditions of temperature and pressure, the electronsin the
molecule are in the ground state configuration, filling the lowest energy
molecular orbitals available. Absorption of the appropriate radiant energy
may cause an outer electron to be promoted to a higher energy excited
state. As was the case with atoms, the radiant energy required to cause
electronic transitions in moleculesliesin the visible and UV regions. The
excited state of a molecule is less stable than the ground state as with
atoms, the molecules will spontaneously revert (relax) to the ground state
emitting UV or visible radiant energy. Unlike atoms, the energy statesin
molecules have rotational and vibrational sublevels, so when a molecule
is excited electronically, there is often a simultaneous change in the
vibrational and rotational energies. The total energy change is the sum of
the electronic rotational and vibrational energy changes. However, in the
condensed states of solid and liquid, rotation is restricted.

Organic molecules contain carbon-carbon bonds, and bonds between
carbon and other elements such as hydrogen, oxygen, nitrogen, sulphur,
phosphorus and the hal ogens. Single bonds correspond to the bonding o
orbital, which has an associated antibonding o* orbital. Multiple bonds
may also be formed and correspond to the m bonding and m* antibonding
orbitals. Bonding orbitals have lower energy, while antibonding orbitals
have higher energy. Lone pair of electrons on atoms such as oxygen is
little changed in energy. Thus, a molecule such as propanone (acetone)
has the structure below (Figure 1.3).

@)

T ok

(@) H3C CH3
Fig. 1.3: Structure of Propanone

H_

T-0O-T
I-O-I

In-Text Question 2
When electron is promoted from lower energy to higher
energy, occur

instrumentation. The n-n* transitions are very important, as they occur in
all molecules with multiple bonds and with conjugated structures, such as
aromatic compounds. The transitions occur around 200 nm, but the

5
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greater the extent of the conjugation, the closer the energy levels and the
higher the observed absorption wavelength. Transitions involving the
lone pairs on heteroatom such as oxygen or nitrogen may be n-o*, which
occur around 200 nm, or n-ri*, which occur near 300 nm. These values
are considerably atered by the specific structure and the presence of
substituent (auxochromes) in the molecules.

The single C-H and C-C bond relate to ¢ orbitals, the carbonyl double
bond to the rt orbitals and the unpaired electrons on the oxygen to the non-
bonding n-levels. The energy levels may be grouped approximately as
shown in Figure 1.4. Transitions between ¢ and o* levels and between 1t
and * are favoured and those of the n electrons to the higher levels also
occur.

)

Fig. 1.4: Typical Transitionsfor Organic Molecules

The energy levelsinvolved in transitionsin the UV/visible region are the
electronic levels of atoms and molecules. For example; although, light
atoms have widely space energy levels, some heavy atoms have their
outer orbitals close enough together to give transitions in the visible
region. Thisaccountsfor the colours of iodides. Transition metals, having
partly occupied d or f orbitals, often show absorption bands in the visible
region and these are affected by the bonding of ligandse.g. Iron(I11) reacts
with thiocyanate ion to produce an intense red colour due to the iron(l11)
thiocyanate complex, which may be used to determine iron(l11) in the
presence of iron(l1).

3.2 Instrumentation
The components include (Figure 1.5):
I The light sour ces — a deuterium lamp for the UV region from 90

nm to 350 nm and a quartz halogen or tungsten lamp for the visible
region from 350 nm to 900 nm.



CHM 309 MODULE 1

i. The monochromator — used to disperse the light into its component
wavelengths, which are further selected by the dit. The
monochromator is rotated so that a range of wavelengths is passed
through the sample as the instrument scans across the spectrum.

iii. The optics— may be designed to split the light beam so that the beam

passes through two sample compartments, and in such adouble-beam
instrument, a blank solution can then be used in one compartment to
correct the reading or spectrum of the sample. The blank is most
commonly the solvent in which the sampleis dissolved.

Monochromator
Deutermum - Siforios
and quartz
halogen — -
s — S g -

— Sample in
— quartz cell

Fig. 1.5: Schematic Diagram of a  UV/Visible
Spectrophotometer (Reproduced from David G.
Watson. (2005). Pharmaceutical Analysis,
Elsevier Churchill Livingstone, UK)

The UV spectrum is usualy computer generated in modern UV
spectrophotometers and it is characterised by wavy lines with a peak
absorbance. Absorbance is plotted on the y axis and wavel ength on the x
axis (Figure 1.6).
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Fig. 1.6: A Representative UV Spectrum (UV Spectrum of
Ketoprofen) (Reproduced from David G. Watson. (2005).
Pharmaceutical Analysis, Elsevier Churchill Livingstone, UK.)

3.3 Factors Governing Absorption of Radiation in the UV/Visible
Region

pH Effects

pH will affect the structures of compounds with acidic and basic groups,
and may cause considerable wavelength shifts. The pH of the sample
solution can have a significant impact on absorption spectra. The
mechanism for this is primarily a shift in the equilibrium between the
different chemical forms of an analyte. To illustrate this, pH indicators
used in acid/base titrations change colour at a particular pH because the
chemical form of the indicator-compound undergoes a change at this
point. If pH is known to be a factor, aremedy isto prepare the samplein
asuitable buffer solution so asto maintain the pH at a steady value

Solvent Effects

For m-* transitions, the excited state is more polar than the ground state,
so it will tend to form dipole-dipole bonds with a polar solvent, such as
water or ethanol. This will lower the transition energy and raise the
absorption peak wavelength. This is caled the red shift (or a
bathochromic shift). Tables of solvent corrections are available in
speciaist texts. For n-* transitions, the ground state is often more polar
and may form hydrogen or dipole bonds with polar solvents. This
increases the transition energy and lowers the peak wavelength shifts
causing a blue shift (or hypsochromic shift).

Substituent Effects

Substituents that alter the wavelength or absorptivity of a chromophore
significantly are called auxochromes. Tables of the effect of substituent*s
plus rules for their application in particular structures are to be found in
specialist texts. For example, an unsubstituted unsaturated ketone would
have a peak maximum at about 215 nm. Substitution of a hydroxyl group
on the carbon next to the carbonyl (a) raises the peak to 250 nm, and two
akyl groups on the next () carbons would raiseit to 274 nm.
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Absorption Maxima for Some Monosubstituted

Table 1.1 lists afew of the Rdystaioent FR¥if Bofisadf at banatii cocovgier)nds. 1t
should be noted that the phenoxideion (-O-), which is present in alkaline
solutions of phenols, absorbsat aconsiderably longer wavelength than the
parent phenol (-OH-). Generally electron donating and lone-pair
substituents cause ared shift and more intense absorption. More complex
shifts arise when there are more than one substituent present, and tables
are given in standard spectrometry texts listings these.

Table1.1:
R Maxima/nm Maxima/nm (water)
(methanol)
-H 204 254
-CH3 207 261
-Cl 210 264
-OH 211 270
-OCH3 217 269
-CO2- 224 271
-COOH 230 280
-NH2 230 280
-O- 235 287
Structure Effects

The structure of organic molecules may be classified in terms of the
functional groups, which they contain. Where these absorb UV or visible
radiation in a particular region they are called chromophores. Some
chromophores important for analytical purposes are listed in Table 1.2.
This shows that the absorption by compounds containing only o bonds
such as hexane, or with lone pairs such as ethanol will only occur below
200 nm. These compounds are therefore useful solvents. If more double
bonds are present in a structure in conjugation (i.e. two or more double
bonds in a series separated by single bond), absorption takes place at
longer wavelengths and with greater intensity. Such extended systems of
double bonds are known as “chromophores”.

Choice of Solvent

The solvent most commonly used is 95% ethanol (commercial absolute
ethanol contains residual benzene which absorbs in the ultraviolet). It is
cheap, a good solvent, and transparent down to about 210 nm. Fine
structure, if desired, may be revealed by using cyclohexane or other
hydrocarbon solvents which, being less polar, have least interaction with
the absorbing molecules.

Effect of Sample Temperature
Temperature impacts absorption measurements by various means:
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Expansion or contraction of solvent - leading to lower/higher
concentrations and absorbances, a particular issue with some
organic solvents.
Shiftsin equilibria between the chemical forms of an analyte — the
nature of the absorbing species may be changed.
Changes to reaction rates - enzymatic reactions are sensitive to
temperature.
Table 1.2: The UV  Absorption  Characteristics of  some
Chromophores based on the Benzene Ring
Chromophore Longest wavelength Amax | A (1%, 1cm)

(nm)
@ 255 28
Benzere
Q 273 85
doH
Benzoic acid
O 273 1420

©A\*°H

Cinnamic acid

290 530

(CH2)3NHCH5
Protriptyline

OH
©/ _— 270 = 287 ng| 172 s—— 271 nm

+

Pherol Bathochromic shift Hyperchromic shift
NH;*
©/ = 255 ~——= 286 m 16 ~————= 1791Tm
- H* - -
Aniline Bathochrormic shift Hyperchromic shift

Selection Rule and I ntensity

The irradiation of organic compounds may or may not give rise to
excitation of electrons from one orbital (usually a lone-pair or bonding
orbital) to another orbital (usually anon-bonding or anti-bonding orbital).
It can be shown that: € = 0.87 X
107P.alceeieiccceceeeee e, 4

Where P is called the transition probability (with values from 0 to 1) and

aisthe target area of absorbing system; the absorbing system is usually
called a chromophore. Thus, with common chromophores of the order of

10
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10A long, atransition of unit probability will have an€ value of 105. This
is close to the highest observed values, though — with unusually long
chromophores — values in excess of this have been measured. A 1%, 1cm
value gives a measure of the intensity of absorption. The most common
chromophore found in drug moleculesis a benzene ring. If the symmetry
of the benzenering islowered by substitution, bands in benzene spectrum
undergo a bathochromic shift-a shift to longer wavelength. Substitution
can involve either extension of the chromophore or attachment of an
auxochrome (agroup containing one or more lone pair of electrons) to the
ring and both. The hydroxyl group and amino group auxochromes are
affected by pH, undergoing bathochromic (moving to a longer
wavelength) and hyperchromic (absorbing more strongly) shifts when a
proton is removed under alkaline conditions, releasing an extra lone pair
of electrons. The effect is most marked for aromatic amine
groups.ldentification of unknown organic samples can be considerably
aided by considering the UV-visible absorption spectra. In practice, a
chromoph ore giving rise to absorption by afully allowed transition will
have € values greater than about 10 000, while those with low transition
probabilities will have € values below 1000. That means, in general, the
longer a particular kind of chromophore, the more intense the absor ption

Chromophore: The word chromophore is used to describe the system
containing electrons responsible for the absorption in question. Most of
the simple unconjugated chromophores described in Table 1.3 giveriseto
such high-energy, and therefore such short wavelength, absorption that
they are of little use.

Table 1.3: The absorption of simple unconjugated chromophores

Chromophore Transition Notation* | Amax (M)
0-bonded electrons
0- 0* ~150
—\-C—C/~ or —>C—H
/O

Lone-pair electron
_O0— n - g* ~185
;I'\l/ n - o* ~195

~
_§— n- o* ~195
E):C< n - m* ~300
o=c_ 0 - o* ~190
n-bonded electrons ~190
~a~— ST*
—>c=cT_ M- T

(isolated)

*= There are many other notations used
There are rules about which transition is allowed and which is forbidden
which are a function of symmetry and multiplicity of both ground and

11
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excited state orbitals concerned.
The following general rules may be used as a guide.

Observation Possible Conclusion

No UV absorption present 0 bonds or lone pair alone
| solated double bonds

Strong absorption between 200 Aromatic Ring

and 250 nm (€ = 1000)

Weak absorption near 300 (¢ = 1) Carbonyl compound

In-Text Question 3
What are the 3 factors that govern radiation in uv/visible regoin

3.4 Beer-Lambert Law

The measurement of light absorption by a solution of molecules is
governed by the Beer-Lambert Law.

lo It

) | 2| )

Fig. 1.7: Absorption of Light by a Solution

Beer Lambert Law iswritten asfollows:

Log lo/It =A=¢ebc Where

lo = the intensity of incident radiation

It = the intensity of transmitted radiation

A = the absorbance and is a measure of the amount of light absorbed by
the sample;

€ = a constant known as the molar extinction coefficient and is the
absorbance of a 1M solution of the analyte

b = the path length of the cell in cm, usually 1 cm and

¢ = the concentration of the analyte in moleslitre-1

Concentration and amount are usually expressed in grams or milligrams
rather than moles and thus for the purposes of analysis of organic
molecules, the Beer-Lambert equation is written in the following form:
A=A (1%, 1 cm) bc

A = the measured absorbance

A (1%, 1 cm) = the absorbance of 1% w/v (1g/100ml) solution in a 1cm

12
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cell

b = the path length in cm (usually 1 cm) and

¢ = the concentration of the samplein g/100 ml

Since measurements are usually madein a1l cm cell, the equation can be:

T which gives the concentration of analyte in g/100ml

SELF-ASSESSMENT EXERCISE

I The molar absorptivity of a compound in ethanol at Amax 265 nm
and 1.0 cm path length is 12,350 dm®mol* cm™. Calculate the
concentration of this compound in mol.dm™ required to give an
absorbance of 1.5. Calculate the concentration of the solution in
mol.dm.

I The distance between two peaks in any waveis called

1l What do you understand by the term “chromophore”

Activity 1.1

Draw a diagram showing the different components of a UV
spectrophotometer (Time allowed: 5 mins)
Activity 1.2

What do you understand by the following terms:
(a) auxochrome (b) bathochromic shift  (c) hyperchromic shift?
(Time allowed: 6 mins)

Activity 1.3
Explain how the structure of a molecule can affect the UV absorbance.

Activity 1.4
What is the concentration of the following solutions of drugs in g/200ml
and mg/100ml.

(@ Carbimazole, A(1%, 1lcm) value = 557 at 291 nm, measured
absorbance = 0.557 at 291 nm. (Time alowed: 3 mins)

(b)  Hydrocortisone sodium phosphate, A(1%, 1cm) value = 333 at 248
nm, measured absorbance = 0.66 at 248 nm. (Time allowed: 3 mins)
40 CONCLUSION

In this unit, you have learnt the principles and factors that govern

13
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UV/Visible spectroscopy. You will now be familiar with the different
parts of the UV spectrophotometer and how to use measurements of the
relationship between concentration and absorbance in quantitative
anaysis using Beer-Lambert Law.

5.0 SUMMARY

Thisunit presented the absorption of UV/Visible radiation occurs through
excitation of electrons within the molecular structure to a higher energy
state. A chromophoric centre is required for UV absorption. You learnt
that the UV region is between 200-400 nm, while the visible region is
between 400-800 nm and a deuterium lamp and quartz halogen lamp is
required for UV absorption, while a tungsten lamp is required for the
visible region.

Y ou also learnt that factors such as pH, solvent, substituent and structure
of the compound can affect UV absorption. Bathochromic shift is a shift
to higher wavelength, while hypsochromic shift is a shift lower
wavel ength and hyperchromic shift isashift to stronger absorbance. Beer-
Lambert Law was also discussed.
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1.0 INTRODUCTION

The main use of ultraviolet and visible spectroscopy is in quantitative
analysis. Many plasma constituents, drugs and other substances are
assayed by methods that are based on the measurement of the absorption
of asolution of the substance at a specified wavelength in the UV/Visible
regions. Other applications include determination of the pKa of a
molecule where a pH-dependent UV shift is produced and aso for
determining the physico-chemical properties of drug molecules prior to
formulation and for measuring their release from formulations
(dissolution studies).

2.0 OBJECTIVES
By the end of this unit, you should be able to:

apply UV spectroscopy in quantitative analysis of organic
molecules

use UV spectroscopy to determine the pKa of a molecule

use UV spectroscopy to determine the physico-chemical
properties of drug molecules prior to formulation and also drug
dissolution studies.

15
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In-Text Question 1
UV/Visible spectrum is aplot of absorbance against

3.0 MAINCONTENT

3.1 Application of UV/Visible Spectroscopy in Quantitative
Anyalysis

Many organic compounds and inorganic complexes may be determined
by direct absorptiometry using the Beer-Lambert Law. The calculation of
the concentration is made either by direct substitution of the appropriate
guantitiesin the equation for the Beer-Lambert law if the compound obeys
thelaw or by plotting acalibration curve of the concentrations of solutions
of known strength against their absorbance at a specified wavelength and
reading the concentration of the unknown solution from the graph after
measuring its absorbance (Figure 2.1). The latter can be carried out
automatically by the spectrometer, which can also include an internal
standardisation routine. Even if the compound does not strictly obey the
Beer-Lambert law, the concentration of a solution can still be obtained
using a calibration curve, provided a sufficient number of points are
plotted.

(@

Absorbance
Absorhance

(b)

Concentration —

Concentration —
Fig. 2.1: Typical Calibration Curves

The Beer-Lambert law is obeyed in (a) but not in (b).

It isimportant to recognise that, for most accurate work or determination
of trace amounts, three criteria must be observed.

The absorptivity of the speciesto be determined must be reasonably large.
Whileit is possible to determine metals such as copper or cobalt in water
as the aguo complex, this will give accurate results only down to about
1% since € = 10m2mol-1. However, for anthracene, C14H10, which has
three fused aromatic rings, € = 18 000m2mol-1and thus, even a solution
of about 0.5 ppm will give an absorbance of approximately 0.1inalcm
cell.

In-Text Question 2
What is the uniqueness of calibration curve in uv spectrophotometry

16
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These species must be stable in solution. It must not oxidise or precipitate
or change during the analysis (unless the analysis intends to study that
change).

Calibration must be carried out over the range of concentrations to be
determined. Agreement with the Beer-Lambert law must be established.
In complex matrices, itisnot possibleto analysefor all the species present
using a few spectra. It is necessary to separate the components using a
chromatographic technique.

It should be noted that it is possible to determine two (or more) speciesin
an analytical sample by measuring the absorbance at several wavelengths.
Cdlibration and measurements a two wavelengths enable two
components to be determined simultaneoudly, but if more wavelengths
are measured, a better “fit™ of the experimental datais achieved.

Example:

Two organic components X and Y have absorption maxima at 255 and
330 nm, respectively.

For a pure solution of X, €(255) = 4.60; €(330) = 0.46

For a pure solution of Y, €(255) = 3.88; €(330) = 30.0

For amixture of X and Y ina0.01 m cell, A(255) = 0.274 and A(330) =
0.111

Calculate the concentrations of X and Y in the mixture. Using the Beer-
Lamber law at each wavelength:

A = gxexl + gycyl

At 255nm:

0.274/0.01 = 4.60cx + 3.88cy

At 330 nm:

0.111/0.01 = 0.46¢cx + 30.0cy

Solving these simultaneous equations gives Cx = 5.71 molm-3= 5.71 x
10-3M

Cy = 0.288 molm-3= 2.88 x 10-4M

3.1.1 Applicationsof UV/Visible Spectroscopy in
Phar maceutical Quantitative Analysis

The pharmaceutical industries rely heavily on simple analysis by
UV/Visible spectrophotometry to determine the active ingredients in

formulations. These methods are usually based on the use of standard A
(1%, 1cm) value for the active ingredient being assayed and this relies on
the instrument being accurately calibrated. There should be no
interference from excipients (preservatives, colourants etc.) present in the
formulations and the sample should be free of suspended matter, which
could cause light scattering.

17
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Example:
A typical example of astraightforward assay isthe analysis of furosemide
tablets:

Tablet powder containing ca. 0.25 g of furosemide (frusemide) is shaken
with 300ml of 0.1 M NaOH to extract the acidic furosemide (frusemide).
The extract is then made up to 500 ml with 0.1 M NaOH.

A portion of the extract is filtered and 5 ml of the filtrate is made up to
250 ml with 0.1M NaOH.

The absorbance of the diluted extract is measured at 271 nm. The A (1%,
1cm) value at 271 nm is 580 in basic solution.

From the data below calculate the % of stated content in a sample of
furosemide tablets:

Stated content per tablet; 40 mg of furosemide (frusemide)
Weight of 20 tablets = 1.656 g

Weight of tablet powder taken for assay = 0.5195 g
Absorbance reading = 0.596

Calculation:

Expected content in tablet taken = 01'561:; x 40 x 20 = 251.0 mg
Concentration in diluted tablet extract= 0;16 = 0.001028g/100ml =
1.208 mg/100ml

Concentration in origina tablet extract = 1.028 x 50 = 51.40 mg/100 ml
Volume of original extract =500 ml

Therefore, Amount of furosemide (frusemide) in original extract = 51.40
x5=257.0

257.0 + 100 = 102.4%

251.0

Percentage of stated content =

3.2 Application of UV/Visible Spectroscopy in the
Deter mination of pKa Values

It is possible to use UV/Visible spectroscopy to determine the pKa of the
ionisable group responsible when a pH-dependent UV shift is produced.
In the case of phenylephrine, the pKa value of the phenolic group can be
determined conveniently from the absorbance at 292 nm, since the
absorbance of the molecular species where the phenolic group in un-
ionised is negligible at this wavelength. This is not the case for al
molecules. A genera equation for determination of pKafrom absorbance
measurement at a particular wavelength is given below. The equation
below can be used for an acid (for abase the log term is subtracted) where
increasing pH produces a bathochromic/hyperchromic shift:

18
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pKa= pH + log(Ai-A)/(A-Au)

Where,

A = the measured absorbance in a buffer of known pH at the wavelength
selected for analysis:

® Ai = the absorbance of the fully ionised species; and
® Au = the absorbance of the un-ionised species.

The wavelength used for analysis is one where there is great difference
between the ionised and un-ionised species. An approximate knowledge
of the pKa value is required to select a suitable pH value, within £ 1 of
the pKa value, for measurement of A. For accurate determination;
measurement is made at a number of closely spaced pH values. It should
be noted that if the acid or base undergoes a shift to lower absorbance and
shorter wavelength with increasing pH the log term above is subtracted,;
this situation is less common in drug molecules.

In-Text Question 3

The absorbance of a fixed concentration of phenylepherine at 292 nmis
found to be 1.224 in 0.1M NaOH and 0.02 in 0.1M HCI. Its absorbance
in buffer at pH 8.5 is found to be 0.349. Calculate the pKa value of its
acidic phenolic hydroxyl group.

3.3 Application of UV/Visible spectroscopy in
Prefor mulation and Formulation of Drugs

Physico-chemical properties of drug molecules prior to formulation and
studying of the release of drugs from formulations can be determined by
UV/Visible spectroscopy. The types of properties which can be usefully
determined by UV method are as follows:

Partition Coefficient

The partition coefficient of a drug between water and an organic solvent
may be determined by shaking the organic solvent and the water layer
together and determining the amount of drug in either the aqueous or
organic layer by UV spectroscopy. If buffers of different pH values are
used, the variation of partition coefficient with pH may be determined and
this provides another means of determining the pKavalue of a drug.

Solubility

The solubility of adrug in, for instance, water may be simply determined
by shaking the excess of the drug in water or buffer until equilibrium is
reached and then using UV spectroscopy to determine the concentration
of the drug that has gone into solution. Solubility of an ionisable group
present in the drug can be determined by dissolving varying
concentrations of the salt of the drug in water and then adding excess acid
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to a solution of the salt of an acidic drug or excess base to a solution of
the salt of a basic drug, thus converting the drugs into their un-ionised
forms. When the solubility of the un-ionised drug in water is exceeded, a
cloudy solution will result and UV spectrophotometry can be used to
determine its degree of turbidity by light scattering, which can be
measured at almost any wavelength e.g. 250 nm.

Release of a Drug from a Formulation
UV spectrophotometry is routinely used to monitor in vitro release of
active ingredients from formulations (drug dissolution studies).

I dentification of Chromophoresin Qualitative Analysis

UV and visible spectra are used to identify chromophores in qualitative
analysis. Identification is carried out by comparing the spectrum of the
unknown compound to those of known chromophores by consulting
suitable source books, such as Organic Electronic Spectral Data
(published by Wiley). If, within experimental error, the spectrum of the
unknown compound matches that of a chromophore in the source book, it
Is taken as evidence that the chromophore is found in the structure of the
unknown compound. The process is similar to that used to identify a
person from their fingerprints. The procedure follows no set rules and it
Is largely a matter of experience.

Definition of Essential Terms
Before we this Chapter, there is need to understand key terms and their
definitions. The following words and symbols are commonly used.

Red shift or bathochromic effect: A shift of an absorption maximum
towards longer wavelength. It is produced by a change of medium or by
the presence of an auxochrome.

Auxochrome: A substituent on achromophore which leads to ared shift.
For instance, the conjugation of the lone-pair on the nitrogen atom of an
enamine has shifted the absorption maximum from the isolated double
bond value of 190 nm to about 230 nm. The nitrogen substituent is the
auxochrome. Thus, an auxochrome, then, extends a chromophore to give
anew chromophore.

Blue shift or hypsochromic effect: A shift towards shorter wavel ength.
Thismay be caused by a change of medium and also by such phenomenon
as the removal of conjugation. For example, the conjugation of the lone
pair of electrons on the nitrogen atom of aniline with the n-bond system
of benzene ring is removed on protonation. Aniline absorbs at 230 nm (€
8600), but in acid solution, the main peak is amost identical with that of
benzene, being now at 203 nm (g 7500). A blue shift has occurred.
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Hypochromic effect: An effect leading to decreased absorption intensity.
Hyper chromic effect: An effect leading to increased absorption intensity

| sosbestic point: A point common to al curves produced in the spectra
of acompound taken at several pH values.

SELF-ASSESSMENT EXERCISE

I List two uses of uv spectrophotometry

I. Why should sample be free from suspended matter before
conducting UV/visible analysis?

i Define bathochromic effect and explain it with atypical example.

Activity 1.5
Discuss two different applications of UV spectroscopy
(Time alowed: 2 mins).

Activity 1.6

Calculate the pKavalue of the weakly basic aromatic aminein

procaine from the data given below. Absorbance of afixed concentration
of procainein 1 M HCI at 296 nm = 0.031; absorbance in buffer at pH 2.6
= 0.837.

(Time alowed: 4 mins).

40 CONCLUSION

In this unit you have learnt the different applications of UV spectroscopy
in quantitative analysis in particular pharmaceutical quantitative analysis.
Y ou have a'so learnt how this technique can be used to determine the pKa
of an organic molecule and the use in pre- formulation and dissolution
studies of drug molecules.

5.0 SUMMARY

Inthisunit you learnt that the concentration of asample can be determined
using the Beer-Lambert equation if the A1% value is known. Calibration
curve of asolution of known concentration can be used to determine the
concentration of an unknown solution and two or more components in a
sample can also be resolved.

You aso learnt that pharmaceutical analyses rely heavily on UV

spectroscopy as most drug molecules have chromophores, hence used in
drug assays. The pKa, solubility and partition coefficient of a molecule
can also be determined by UV spectroscopy. Physico-chemical properties
of adrug aswell asdrug release from the formulation (dissol ution studies)
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can also be studied by this technique.
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1.0 INTRODUCTION

Infrared spectroscopy deadls with the infrared region of the
electromagnetic spectrum, i.e. light having a longer wavelength and a
lower frequency than visible light. Infrared Spectroscopy generally refers
to the analysis of the interaction of a molecule with infrared light. The
energy of most molecular vibrations corresponds to that of the infrared
region of the electromagnetic spectrum. Molecular vibration may be
detected and measured either in an infrared spectrum or indirectly in a
Raman spectrum. Vibrational transitions in molecules cause absorption in
theinfrared region of the electromagnetic spectrum. All substances absorb
infrared radiation. A simple explanation of this absorption process can be
obtained by picturing the molecules forming the substance as solid balls
representing the atoms linked by springs representing bonds. This
structure will be in a state of perpetual wobbly motion, this movement
taking the form of the bonds stretching, contracting, bending, and
twisting. The energy of the absorbed radiation is dissipated within the
molecule by increasing the intensity of this molecular movement. It is
possible to relate the wavelength of the absorption to a specific bond.

2.0 OBJECTIVES
By the end of this unit, you should be able to:

describe the principles of IR spectroscopy
differentiate between near, middle and far IR regions of the
electromagnetic radiation
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use some instruments to measure |R absorption
explain the IR spectrum and interpretation.

3.0MAIN CONTENT
3.1 Principlesof Infrared Spectroscopy

The IR spectroscopy theory utilizes the concept that molecules tend to
absorb specific frequencies of light that are characteristic of the
corresponding structure of the molecules. The energies are reliant on the
shape of the molecular surfaces, the associated vibronic coupling, and the
mass corresponding to the atoms. For instance, the molecule can absorb
the energy contained in the incident light and the result is afaster rotation
or a more pronounced vibration. Electromagnetic radiation ranging
between 400cm-1and 4000 cm-1(2500 and 20000 nm) is passed through
a sample and is absorbed by the bonds of the molecules in the sample
causing them to stretch and bend. The wavelength of the radiation
absorbed is characteristic of the bond absorbing it. The infrared region is
asshownin Table 1.3:

Table 1.3: The Infrared Ranges

Ranges Far Infrared Middle Near Infrared
I nfrared
\Wavelength range [50-1000 um 2.5-50pm 0.8-2.5um

Wave rangaumber [200-10 cm-1 4000-200 cm-1 12500-4000 cm-1

Energy range 0.025-0.0012eV |0.5-0.025eV  |1.55-0.5Ev

The middle infrared range is commonly used for structural confirmation,

but near-infrared spectrophotometry, which has been used for many years
to control products such as flour and animal feed as well as being a
valuabletool inthe analysis of fermentation broths. It isfinding increasing
applications in quality control in the pharmaceutical industry. The rules
governing transitions in the infrared region of the spectrum requires that,
in order to absorb, the dipole moment of the molecule must change during
vibration. Such vibrations are said to be IR active. In order for the
electrical component in electromagnetic radiation to interact with abond,
abond must have a dipole. Thus, symmetrical bonds, such as thosein O2
or N2, do not absorb infrared radiation. Theelectrical field associated with
electromagnetic radiation will interact with the molecule to change its
electrical properties. Some molecules (e.g. HCI) have a dipole moment
due to charge separation and will interact with the field. Others may
acquire a dipole when they vibrate. For example, methane (CH4) has no
dipole, but when one of the CH bonds stretches, the molecule will develop
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a temporary dipole. Even if the molecule does not have a dipole, the
electric field, E, may distort the electron distribution and polarise the
molecule.

Magjority of organic molecules have plenty of asymmetry. Even in small
organic molecules the modes of vibration are complex. Thisisillustrated
by the vibrational modes which can occur in methylene group (Figure
2.2).

IR A (“ H/ H/
SW"”ETW Asyrrrretry Bending or .
stretching stretching scissuri%g Rocking Twisting Wagging

Fig. 2.2: Vibration Modes of a Methylene Group
Selection Rules

Infrared light is absorbed when the oscillating dipole moment (due to a
molecular vibration) interacts with the oscillating electric vector of the
infrared beam. A simple rule for deciding if this interaction (and hence
absorption of light) occursis that the dipole moment at one extreme of a
vibration must be different from the dipole moment at the other extreme
of the vibration. In the Raman effect a corresponding interaction occurs
between the light and the molecule’s polarizability, resulting in different
selection rules.

The most important consequence of these selection rules is that, in a
molecule with a center of symmetry those vibrations symmetrical about
the centre of symmetry are active in Raman and inactive in the infrared;
those vibrations which are not centrosymmetric are inactive in the Raman
and usually activein the infrared. Thisis doubly useful, for it means that
the two types of spectrum are complementary; and the most easily
obtained the infrared is, the more informative for organic chemists,
because most functional groups are not centrosymmetric.

The symmetry properties of a molecule in a solid can be different from
those of an isolated molecule. This can lead to the appearance of infrared
absorption bands in a solid state spectrum which would be forbidden in
solution or in the vapour phase

The large numbers of bonds in polyatomic molecules mean that the data
obtained by IR analysis is extremely complex and provides a unique
“fingerprint™ identity for the molecule. Quite a lot of structural
information can be obtained from an IR spectrum, but even with modern
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instrumentation it is not possible to completely “unscramble™ the complex
absorbance patterns present in IR spectra.

In-Text Question 1
Using wave number range only distinguish between Far IR and near IR

3.2 Factors Determining the Intensity and Energy Leve of
Absorption in | R-Spectr oscopy

Intensity of Absorption

1. Theintensity with which a bond absorbs radiation depends on itsdipole
moment. Thus, the order of intensity of absorption for the
following C-X bond is:
C-O>C-Cl > C-C-OH > C-C-H Similarly:
OH > NH > CH

2. The intensity depends on the relative electronegativity of the atoms
involved in the bond.

3. The intensity of the stretching of carbon-carbon double bonds is
increased when they are conjugated in a polar double bond. The
order of intensity isasfollows:

C=C-C=0 > C=C-C=C > C=C-C-

Energy Level of Absorption
The equation which determines the energy level of vibration of abond is
shown below:

Evib o vk/u

k is a constant related to the strength of the bond, e.g. double bonds are

stronger than single bonds and therefore absorb at a higher energy than

single bonds. p isrelated to the ratio of the masses of the atomsjoined by
the bond.

mlm?2

u:m1+m2

In-Text Question 2
Determine the reduce masses of (a) H-O bond (b) C-O bond

3.3 Instrumentation

The instrumentation of infrared spectroscopy is illustrated below. First, a
beam of IR light from the source is split into two and passed through the
reference and the sample respectively. Now, both of these beams are
reflected to pass through a splitter and then through a detector. Finally,
the required reading is printed out after the processor deciphers the data
passed through the detector. Two types of instrument are commonly used
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for obtaining IR spectra: dispersive instruments, which use a
monochromator to select each wave number in turn in order to monitor its
intensity after the radiation has passed through the sample, and Fourier
transform instruments, which uses an interferometer. The latter generates
a radiation source in which individual wave numbers can be monitored
within aca 1 sec. pulse of radiation without dispersion being required. In
recent years, Fourier transform instruments have become very common.
A simple diagram of continuous wave instrument is shown in Figure 2.3.
The actual arrangement of the optics is much more complicated than this
but the diagram shows the essential component parts for a dispersive IR

instrument. The filament used is made of metal oxides e.g. zirconium,
yttrium and thorium oxides and is heated to incandescence in air.

St

- ‘ Thermocoupla
4

A
hY \‘ 4

IR radkabon

Readout

Fig, 2.3: Schematic Diagram of a Continuous Wave IR
I nstrument (Reproduced from David G. Watson.
(2005). Pharmaceutical Analysis, Elsevier Chur chill
Livingstone, UK).

In-Text Question 3
Draw the schematic diagram of a continuous wave IR instrument
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The sample is contained in various ways within discs or cells made of
alkali metal halides. Once the light has passed through the sample, it is
dispersed so that an individua wave number or small number of wave
numbers can be monitored in turn by the detector across the range of the
spectrum. The principles are the same in a Fourier transform IR
instrument except that the monochromator is replaced by an
interferometer. An interferometer uses a moving mirror to displace part
of the radiation produced by a source (Figure 2.4).

o ixed mirror

a2
Beam —
Source spiitter . l
“:—
A : 8
Sampie m:\
o~ L]
= Movi
@ Detector WWING ArTor
Waveform
contains frequenc
mformatio:*l&q y

Fia. 2.4: Michelson Interferometer used in FT-IR Instruments
(Reproduced from David G. Watson (2005).

Pharmaceutical Analysis, Elsevier Chur chill
Livinastone. UK).

Thus producing an interferogram which can be transformed using an
equation called the “Fourier transform™ in order to extract the spectrum
from a series of overlapping frequencies. The advantage of this technique
is that a full spectral scan can be acquired in about 1 second, compared
with the 2-3 minutes required for a dispersive instrument to acquire a
spectrum. Also, because the instrument is attached to a computer, several
spectral scans can be taken and averaged in order to improve the signal-
noise ratio for the spectrum. A new method of taking an infrared spectrum
has come into use more recently. Light covering the whole frequency
range typically, 5000-400 cm?, is split into two beams. Either on beam is
passed through the sample, or both are passed, but one beam is made to
traverse a longer path than other. Recombination of the two beams
produces an interference pattern that is the sum of al the interference
patterns created by each wavelength in the beam. By systematically
changing the difference in the two paths, the interference patterns change
to produce a detected signal varying with optical path difference. This
pattern is known as the interferogram, and looks nothing like a spectrum.
However, Fourier transformation of the interferogram, using a computer
built into the machine, converts it into a plot of absorption against
wavenumber which resembles the usual spectrum obtained by the
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traditional method.

Sample Preparation

The spectrometer consists of a source of infrared light, emitting radiation
throughout the whole frequency range of the instrument. Thelight is split
into two beams of equal intensity, and one beam is arranged to pass
through the sample to be examined. If the frequency of avibration of the
sample molecule falls within the range of the instrument, the molecule
may absorb energy of this frequency from the light. The spectrum is
therefore, scanned by comparing the intensity of the two beams after one
has passed through the sample to be examined.

Gases

Gases are usually present in lower concentrations compared to pure solids
and liquids (e.g. 0.04 M for nitrogen in air, 17.4 M for liquid ethanal),
longer path lengths are required. The gas-phase spectrum of HCl at 0.2
am may be studied in a 10 cm glass cell with NaCl windows. Low
concentrations of exhaust gases may need a 10 m cell, which reflects the
IR beam to achieve the long path length.

Liquids

These are more concentrated and may be studied directly as a thin film
between NaCl plates. For more quantitative work, accurately prepared
solutions in solvents that do not absorb in the region of analytical interest
such as CCl4 or CS2 in NaCl cells, with aknown path length provided by
a space, may be used. Most of these are also applicable to NIR, and short
path length silica cells may also be used.

Solids

If asolid organic powdered sampleis placed in an IR beam, the particles
scatter the light, and light is transmitted. Therefore, for routine analysis,
the sampleisusually ground to afine powder and mixed with paraffin oil
(Nujol) to form a paste or mull. This reduces the scattering at the powder
surface and gives a food spectrum, with the disadvantage that the bands
due to the oil (at approximately 2900, 1450, 1380, 750 cm-1)

are superimposed on the spectrum. Alternatively, the fine powder KBr
and the mix pressed in a hydraulic press between smooth stainless steel
dies to give a clear KBr disk. Solutions of solids may also be used and
tetrachloromethane, CCl4, is often used as solvent, since it has few IR-
active bands, mostly at the low wave number end of the spectrum. These
must be ignored when the spectrum is interpreted. Thin films of solids
such as polymers may be supported directly in the IR beam. Polystyrene
Is a useful calibration sample to check the performance of an IR
spectrometer.

A more recent devel opment in sample preparation isthe use of reflectance
spectra.
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Reflectance Spectra

Reflectance spectra can be measured in three ways. A powder placed in
the incident beam and allowed to interact by diffuse reflectance. The
reflections are collected by a mirror. If the beam is reflected off a flat
sample surface, specular reflectance results and this may give a good
spectrum.

If the sample is placed in good contact with the surface of an optical
deviceof highrefractiveindex (such asaprism of KRS-5) and illuminated
through the prism by IR, the beam passes into the layersin contact and is
attenuated before being totally internally reflected by the system. Thisis
called attenuated total reflectance or ATR. If the beam interacts several
times, then we have multipleinternal reflectances (MIR) and if the surface
is horizontal, which is an advantage in setting up the sample and theniit is
horizontal attenuated total reflectance (HATR).

It should be noted that the detail of spectra obtained by reflectance
methods might be different from that obtained in solution or with KBr
disk techniques. Modern instruments possess software to convert
reflectance spectra to resemble the more usual transmission spectra.
Analysts often deal with samples of very small size or analyse a small
area of alarge sample. One technique isto reduce the size of the IR beam
using a beam-condensing accessory. A more versatile modern
development is the IR microscope.

34 Thelnfrared Spectrum

The infrared spectrum of a compound is usually presented as a plot of
transmittance against wave number, the reciproca of wavelength.
Absorptions are recorded as downward peaks. (The spectrum is normally
taken using a dilute solution of the compound in a suitable non-agueous
solvent or a solid solution in potassium bromide or a nujol mull. Spectra
may also be taken in the form of liquid films and the vapour state. These
different sampling techniques can affect the appearance of the spectrum
of a particular compound. Spectra taken in non-polar solvents such as
tetrachloromethane and alcohol free trichloromethane are preferred since
fewer intermolecular forces are found in these solutions. As a result, the
resolution of the spectrum will be better, that is, it will have sharper and
better defined peaks. Intermolecular forces such as hydrogen bonding,
tends to broaden the absorption peaks and in some cases the result is a
broad absorption band rather than a narrow peak in the spectrum
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Fig. 2.5: The Infrared Spectra of Acetophenone and Paracetamol
Recorded using Different Solvents (Reproduced

from G.
Thomas (1996), Chemistry for Pharmacy and the Life
Sciences. Pear son Education Ltd., Essex, England

Note the differences between the spectra of each compound and also the
“dead pan peaks® (A) where the interaction of the absorptions of the
solvent and compound results in no signals reaching the recorders pen.
Note also the peaks due to the nujol at 2850-2950 cm-1 (strong), 1460
and 1370 cm-1(weak).

3.5 Interpretation of Infrared Spectra

Many functional groups absorb at characteristic wavelengths in the
infrared region of the electromagnetic spectrum. The positions of these
absorptions show little variation with change in molecular environment
and so can be used in reverseto identify the presence of afunctional group
in a molecule. The initial interpretation of a spectrum is made using
correlation tables from textbooks. These tables are of ageneral nature and
are not likely to have been compiled under the same conditions that an
investigator would use to run a spectrum in the laboratory. A functional
group may give rise to a peak in the spectrum that is at a significantly
different wave number from that recorded for that structure in the
correlation table. This must be borne in mind when interpreting spectra.
Itisnot feasible to interpret all the peaksin a spectrum form tables of this
type but with practice it is possible to pick out the key ones and relate
them to functional groups within the molecule. Carbonyl groups for
example, exhibit strong absorptionsin 1600 to 1780 cm-1 region. Further
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examination of the spectrum may enable one to speculate further on the
exact nature of this carbonyl group.

Aldehydes, for example, have a C-H stretching absorption at about 2700
to 2900 cm-1; ketones and esters do not absorb in this region whilst acids
and amides have broad O-H stretching absorption bands in the 2700 to
3600 cm-1region. Many functional groups can be detected by this method
but deductions of this nature should be backed up by other evidence such
as chemical tests and other forms of spectroscopy. A more detailed
interpretation of a spectrum can be obtained by consulting specialised
tables of absorptions for the particular type of structure being studied.

SELF-ASSESSMENT EXEERCISE

I Give a schematic diagram of interferometer used in IR instrument
i Provide a brief discription of sample prepartionin IR analysis
I Explain the phenomenon “attenuated total reflectance (ATR)”

Activity 1.7
Discuss the principles of IR spectroscopy (Time allowed: 4 mins).

Activity 1.8
Highlight the differences between a continuous wave IR spectrometer and
the FT-IR instruments. (Time alowed: 5 mins).

Activity 1.9
List and explain the factors that determine the intensity and energy level
of absorption in |R-spectroscopy (Time allowed: 7 mins).

40 CONCLUSION

Y ou will now understand the principles of IR spectroscopy and the factors
that govern the absorption and energy level of absorptioninthelR region.
The differences between the continuous wave and FT-IR instruments
have been discussed and you now know what an IR spectrum looks like
and how it can be interpreted.
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5.0

SUMMARY

In this unit, you have learnt the following:

6.0

7.0

all molecules absorb IR radiation

vibrational transitionsin molecul es cause absorption in theinfrared
region of the electromagnetic radiation

the middle infrared range is commonly used for structura
confirmation, though near-infrared is now finding increasing use
solid samples are usually prepared mixed with nujol or as KBr
discs

liquid samples can be studied directly as athin film between NaCl
discs

theinfrared spectrumis presented as a plot of transmittance against
wave number

functional groups absorb at characteristic wavelengths.
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1.0 INTRODUCTION

Infrared spectroscopy is mainly used for qualitative analysis in structure
elucidation, fingerprinting, following the course of areaction and in the
identification of Polymorphs. Use in quantitative analysisis less accurate
than other analytical methods and is seldom used.

2.0 OBJECTIVES
At the end of this unit, you should be able to:

explain theimplication of continuous assessment for identification
the functional groups present in a molecule using IR spectroscopy
explain the use of IR spectroscopy in structure elucidation

discuss the fingerprint technique in identifying an unknown

compound

explain reactions with IR spectroscopy and technique to be used in
guantitative analysis

use IR spectroscopy to identify polymorphs.

3.0 MAINCONTENT

3.1 Structural Elucidation

The extent to which IR spectroscopy is used in structure elucidation is
limited. The information that can be obtained is limited to recognisable

bands in the IR spectra of molecules. The most readily assigned
absorptions are usually at >1500cm-1.
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Fig. 2.6: An Example of an Infrared, Correlation Chart
(Reproduced from G. Thomas (1996). Chemistry for
Pharmacy and the Life Sciences, Pear son Education
Ltd, Essex, England)

The letters s, m, and w indicate that the absorptions are usually strong,
medium or weak. Groups of letter indicate that the peaks may have
different strengths. Note m” refersto peaks due to conjugated C=C bonds
only.
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Fig. 2.7: IR Spectrum of Paracetamol as KBr Disc. (Available online
at
Chegg Study).

3.2 Infrared Spectroscopy as a Fingerprint Technique

In practice, it isdifficult to correlate absorptions with functional group
structures in the region below 1500 cm-1. This area, because of its
complexity, isknown asthe fingerprint region. It is particularly useful for
identifying an unknown compound by comparing its spectrum with the
spectra of known compounds recorded under the same conditions. If the
spectrum of the unknown matches that of a known compound it is
probably the same compound. This procedure is known as fingerprinting.
Deductions made by infrared fingerprinting should be supported by
additional evidence.
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Table 1.4: Interpretation of the IR Spectrum of Paracetamol

\Wave number

A ssignment

Comments

A. 3360 cm-1

N-H amide stretch

This band can be seen quite
clearly although it is on top of
the broad OH stretch.

B. 3000-3350 cm-1

Phenolic OH stretch

Very broad due to strong
hydrogen bonding and thus
obscures other bands in this

region.
C. ca 3000 cm-1 C-H stretching Not clear due to underlying
| OH absorption. |
D. 1840-1940 cm-1 |Aromatic regiovertone |Quite clear fingerprint but

does not reflect 2 band pattern
proposed for p-di-
substitution.

E. 1650 cm-1

C=0 amide stretch

C=0 dtretching in amides
occurs at alow wave number
compared to other
unconjugated C=0 groups.

F. 1608 cm-1

Aromatic stretch C=C

This band is strong since the
aromatic ring has polar
substituents which increase
the dipole moment of the
C=C bondsin the ring.

G. 1568 cm-1

N-H amide bending

Strong absorption in this case
but thisis not always so.

H. 1510

Aromatic stretch C=C

Evidence of a doublet due to
interaction with ring
substituents.

[. 810 cm-1

=C-H bending

Possibly  aromatic C-H
bending but the fingerprint
region is too complex to be
completely confident of the

assignment.
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3.3 Identification of Polymorphs

IR spectroscopy along with differential scanning calorimetry and X-ray
powder diffraction provides a method for characterising polymorphic
forms of drugs. The existence of polymorphs, different crystalline forms
of a substance has an important bearing on drug bioavailability, the
chemical processing of the material during manufacture and on patent
lifetime. Until recently, the standard method of sample preparation for
characterising polymorphs by IR was by using aNujol mull to prepare the
sample. However, the DRIFT technique has an advantage since it does
not introduce interfering peaks which are present in Nujol and which may
obscure areas of interest in the fingerprint region of the spectrum. In
addition, low polarity samples may be soluble in Nujol, thus causing their
polymorphs to breakdown.

In-Text Question 1
What is the advantage of DRIFT over nujol mull | polymorphic drug
preparation

3.4 Reaction Monitoring

Infrared spectroscopy is used to follow reactions by observing the
disappearance and appearance of relevant peaks, for example, the
synthesis of ethyl benzoate from benzonitrile (Figure 2.8). However,
samples must be isolated from the reaction for accurate analysis.

CN COOH COOC;Hs
s
© H,OMH R C;HsOH/H*
benzonitrile benzcic acid ethyl benzoate

00 : , ‘ , ‘
. 2 igog 100 3000 2000 qspy_000 L3000 20000
wavelength cm’!

wavelength cm’? wavelength cm’™!

Fig. 2.8: Monitoring of the Course of Reaction for the Synthesis of
Ethylbenzoateby Infrared Spectroscopy (Reproduced
from G. Thomas (1996). Chemistry for Pharmacy and the
Life Sciences. Pearson Education Ltd., Essex, England)
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In Figure 2.8, the first step, the sharp peak at 2228 cm-1 due to the nitrile
disappears and a broad peak due to the absorption of the O-H bond of the
carboxylic acid appears. In step two the broad carboxylic acid peak is
replaced by a narrow peak due to aromatic C-H bond absorption whilst the
peak at 1682 cm-1dueto the carbonyl group of the carboxylic acid isreplaced
by a narrow peak at 1718 cm-1, due to the carbonyl group of the carbonyl
group of the ester. It should be noted that although, the spectrain this figure
arerun in different solvent systems, it is till possible to use them to follow
the synthesis. However, due allowances must be made if different solvents
are used when following a synthesis.

3.5 Quantitative Analysis

Infrared spectroscopy is seldom use for quantitative analysis as less accurate
than other analytical methods. However, it does have one advantage over
ultra-violet and visible spectroscopy. The large number of well defined
absorption peaks meansthat it is possible to assay the individual components
of amixture provided a peak that is due only to the substance being assayed
(analyte) can be found. For example, automated quantitative infrared
spectroscopy has been used to determine the concentrations of contaminants,
such as carbon monoxide, chloroform and methanol in air. However, it can
be difficult to locate peaks due solely to the analytesin an infrared spectrum
of amixture.

In order to make quantitative measurements, it is necessary to convert the
transmittance readings to absorbance, A, the relation between the two being:
A =log (100/T%)

This allows any absorbance by solvents or other components of the sample
to be subtracted from the anal yte peak.
A (total) = A (sample) + A (background)

This alows the proper subtraction of solvents or other components. For
example, if the spectrum of machine oil without additives is measured in a
0.1 mm NaCl cell, and then the same procedure isfollowed for a sample with
small amounts of additives, subtraction of the absorbance spectra will give
the spectrum of the additives in absorbance form. Gas analysis by IR
spectrometry using long path length cells has been used to measure
concentrations of anaesthetic gases. For example, nitrous oxide, N2O, shows
astrong absorbance at 2200 cm™* at which the wave number of neither water
vapour nor carbon (iv) oxide interfere. Measurement of the concentrations
between 2 and 50 ppm is possible with a 15 m path length gas cell,

39



CHM309 APPLIED SPECTROSCOPY

Trichloromethane (chloroform) gives a strong, sharp peak at 770 cm* and
may be measured down to 0.1 ppm.

IR spectroscopy has been used to measure the mineral contents of rocks,
asbestos and to study residual solvents in Pharmaceuticals. Mixtures can be
analysed directly, athough chromatographic methods are normally
preferred.

In-Text Question 2
What is the mathematical relationship betwwn absorbance and
transimittance?

SELF-ASSESSMENT EXERCISE

I How could IR spectroscopy be used to distinguish between ethanol
and ethanoic acid.
I Explain in detail “finger printing technique”

Activity 1.10
Discuss the use of IR in structure elucidation (Time allowed: 5 mins).

Activity 1.11

Describe how IR spectroscopy can be used to monitor a reaction.
(Time alowed: 5 mins).

Activity 1.12

What do you understand by the term Fingerprinting?

(Time alowed: 5mins).

40 CONCLUSION

Y ou have learnt the different applications of IR spectroscopy, in particular

its use in identifying the functional groups in a molecule and Polymorphs.

The technique used in quantitative analysis was also discussed.

50 SUMMARY

The following were discussed in this unit:

o the IR spectrum is a good indicator of the molecular structure of a
compound

IR spectrum can be complex making interpretation very difficult
the fingerprint region is below 1500 cm-1
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¢ fingerprinting technique can be used in identifying an unknown
compound

IR can be used to monitor a reaction by observing the appearance or
disappearance of a peak in the spectrum

the intensity of infrared absorbance obeys the Beer-Lambert law and
may be used for quantitative analysis

6.0 TUTOR MARK ASSIGNMENT
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MODULE 2 MASS SPECTROMETRY

Unit 1 Principles of Mass Spectrometry

Unit2 Sample Introduction, lonisation Techniques and Mass
Analysers Used in Mass Spectrometry

Unit3 TheMass Spectrum and Interpretation of a Mass Spectrum

Unit4  Applications of Mass Spectrometry

UNIT 1 PRINCIPLES OF MASS SPECTROMETRY
CONTENTS

1.0 Introduction
2.0 Intended Learning Outcomes
3.0 Main Content
3.1 Principles of Mass Spectrometry
3.2 Instrumentation
3.3 The Molecular lon
34 The Mass Spectrum
4.0 Conclusion
50 Summary
6.0 Tutor Mark Assignment
7.0 References/Further Reading

10 INTRODUCTION
Mass spectrometry uses an instrument known as a mass spectrometer
and as the name suggests, it is mainly used to determine relative

molecular masses. It is aso used to investigate the structures
of molecules.

20 OBJECTIVES

By the end of this unit, you should be able to:

explain the principles of mass spectrometry

describe the different components of a mass spectrometer
explain amolecular ion

identify a mass spectrum.

In-Text Question 1
What parameter is measured ssential with the mass spectrometer
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30 MAIN CONTENT

3.1 Principlesof Mass Spectrometry

Mass Spectrometry (MS) is an anaytical techniqgue whereby
materials are ionised and dissociated into fragments characteristic
of the molecule(s) or elements present in the sample, which is used
to obtain information for qualitative and quantitative anaysis. Mass
spectrometry uses an instrument called the mass spectrometer. The
ions formed from the molecules or atoms of a sample are separated
in space and detected according to their mass-charge ratio, m/z. The
numbers of ions of each mass detected constitutes a mass spectrum,
which may be represented graphicaly or tabulated. Peak intensities
are expressed as a percentage of that of the most abundant ion which
is designated the base peak. The spectrum provides structural
information and often an accurate relative molecular mass from which
an unknown compound can be identified or structure can be confirmed.
Quantitative anaysis is based on measuring the numbers of a
particular ion present under closely controlled conditions.

32 TheMass Spectrometer

There are severa types of mass spectrometers available, but they
al operate under the same principle. Mass spectrometers have
FOUR fundamental parts, namely the sample inlet system, the ion
source, the mass anayser and the detector (Figure 3.1). The

spectrometer is operated under high vacuum of 104 to 1077

Nm-2 to give ions, a reasonable chance of travelling from one
end of the instrument to the other without any hindrance from air
molecules. The entire operation of the mass spectrometer, and often
the sample introduction process also is under complete data system
control on modern mass spectrometers.

Sarmiple Prassute, 107" — 1078 jm 7

Imilezt fon LTS
Syskam TOHITO B AnAly2ar

- Datecror
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DFOCESS0o
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Fig. 3.1: Block Diagram of a M ass spectrometer
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In-Text Question 2
Itemise four fundamental parts of a mass spectrometer

The sample under investigation is introduced into the ionisation
source/chamber of the instrument. Once inside the ionisation source,
the samplemolecules are ionised, because ions are easier to manipulate
than neutral molecules. Various types of ionisation techniques are
used in mass spectrometry such as electron impact (El), chemical
ionisation (Cl), fast atom bombardment (FAB) and electrospray (ESI)
ionisation techniques. These techniques will be discussed in unit 2 of
this module. lons formed in the ionisation chamber are accelerated
aong a curved tube and through a strong magnetic field into the
analyser region of the mass spectrometer where they are separated
according to their mass (m)—charge (z) ratios (m/z). The separated
ions are detected and this signal sent to a data system where the m/z
ratios are stored together with their relative abundance for
presentation in the format of a mass spectrum.

3.3 TheMolecular lon

The molecular ion is often given the symbol M™ or M2- the dot in
this second version represents the fact that somewhere in the ion
there will be a single unpaired electron. It is usualy the one half
of what was originally a pair of electrons, the other half is the
electron which was removed in the ionisation process. The molecular
ions tend to be unstable and some of them break into smaller
fragments. In the mass spectrum, the heaviest ion (the one with the
greatest m/z value) is likely to be the molecular ion. A few
compounds have mass spectra which don't contain a molecular ion
peak, because all the molecular ions break into fragments.

34 TheMass Spectrum

The most abundant ion in a mass spectrum is arbitrarily given
an abundance of 100% and is known as the base peak. The abundance
of theother ions is measured relative to the intensity of the base peak.
It is not always the heaviest ion in the spectrum. The peaks are typically
very sharp and are often simply represented by vertical lines.
The fragmentation patterns of (EI) and (Cl) mass spectra are
usually significantly different. The ion formed by the loss of one
electron from the molecule in El spectroscopy is known as the
molecular ion. It is usually the most abundant peak on the far right-
hand side of the spectrum and its mass is the same as the relative
molecular mass (RMM) of the compound. However, it should be
noted that some El spectra of compounds with RMM of less than
300 do not show a molecular ion peak. Furthermore, identification
can be complicated by the presence of isotopes in some of molecular
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lonscollected and counted by the instrument e.g. bromododecane
[CH3(CH2)11Br] has 2 molecular ions with RMM values a 248 and
250 marked as M+. These peaks are due to the presence of bromine

I sotopes. gy and 81gr in the molecules of bromododecane.

It shouldbe noted that not all sizewill depend on the relative abundance
of theisotope in the compound (Figure 3.2).

131

4

Relative abundance
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Fig. 3.2. The EI Mass Spectrum of Bromododecane (Reproduced
fromG. Thomas (1996). Chemistry for Pharmacy and thelLife
sciences. Pearson Education Ltd., Essex, England)
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In Cl spectra, the peak in the corresponding position to the molecular

ion peak of El spectra is that due to the MH™ jon whose mass is
one unit higher than the RMM of the compound. In rarer

circumstances, it may be due to the presence of the [M-H]+ ion
whose RMM is one unit less thanthe RMM of the molecular ion. One
of these molecular ions aways occurs even in compounds with RMM
of less than 300 and so CI spectra arevery useful for determining the
RMM of these compounds.

CI-M S s amass spectroscopic technique in which the analyte reacts with
ions of areagent gas. In ordinary electron ionization mass spectrometry,
ElI-MS, the anal yte is bombarded with energetic electronsto produceions.
The energetic ions break down into many fragmentation products. In
chemical ionization mass spectrometry, the analyteisin alarge excess of
areagent gas, such as methane, ammonia, or isobutane. The el ectron beam
preferentialy ionizes the reagent gas. Collisions with other reagent gas
molecules create an ionization plasma. The plasma then reacts with the
analyte to form positive and negative ions. Cl is a lower-energy process
than El. It often yields less fragmentation and a simpler spectrum. A Cl
spectrum usually has an easily identifiable molecular ion. In contrast, Cl
Isasofter ionization method than El. Fragmentation islesslikely to occur,
so the molecular ions are more prominent. For example, sugars can be
made more volatile by converting their OH groups to trimethylsilyl
(TMYS) ethers.
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ROH + (CH5)3SiCl — RO-Si(CH3); Sucrose has 8 OH groups.
SELF-ASSESSMENT EXERCISE
. Draw the block diagram a mass spectrometer

i Descrbe the phenomenon “mass spectrometry”?
i In one sentence, explain CI-MS

Activity 2.1

Describe the principles of mass spectrometry (Time alowed: 4 mins).

Activity 2.2

Describe the features of a mass spectrometer (Time allowed: 3 mins).

Activity 2.3

Mention differences you may expect between an El and Cl mass
Spectra (Time alowed: 4

mins).

Activity 2.4

What is a molecular ion? (Time alowed: 2 mins).

Activity 2.5

What is the base peak? (Time allowed: 2 mins).

40 CONCLUSION

Inthis unit, you have learnt the principles of mass spectrometry and
you should now know the different components of a mass spectrometer.
You haveaso learnt about a mass spectrum.

50 SUMMARY
Inthis unit, you have learnt that:

materials are ionised in mass spectrometry and dissociated
into fragments characteristic to the molecules present in the
sample

mass spectrometry uses an instrument known as the mass
spectrum

mass spectrometers consists of four fundamental parts namely-
the sample inlet, ion source, mass analyser and the detector

the mass spectrum is a plot of relative abundance versus mass-
chargeratio

the most abundant ion in a mass spectrum is known as the
base peak

heaviest ion in mass spectrum is likely to be the molecular ion.

46



CHM 309 MODULE 2

6.0 TUTORMARK ASSIGNMENT
7.0 REFERENCESFURTHER READING
Ernest, Z. (2014). What is chemical ionization—-mass spectrometry

(CI-M S§)? https://socratic.org/questions/what-is-chemical -
i oni zati on-mass-spectrometry-ci-ms

Kealey, D. & Haines, P. J. (2002). Analytical Chemistry. Oxford:
BIOS Scientific Publishers Limited. pp. 228-232.

Thomas, G. (1996). Chemistry for Pharmacy and the Life Sciences.
Essex, England: Pearson Education Ltd. pp. 159-163.

Watson, D. G. (2005). Pharmaceutical Analysis (2nd ed.). UK: Elsevier
Churchill Livingstone. pp. 87-93

47



CHM309 APPLIED SPECTROSCOPY

UNIT 2 SAMPLE INTRODUCTION, IONISATION
TECHNIQUES AND MASS ANALYSERS USED
INMASS SPECTROMETRY

CONTENTS

1.0  Introduction
2.0 Intended Learning Outcomes
3.0 Main Content
3.1 Sample Introduction
3.2  Methods of Sample lonisation
3.3 MassAnayzers
3.4  Detection and Recording of Samplelons
4.0 Conclusion
50 Summary
6.0 Tutor Mark Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

Inthis unit, the different parts of the mass spectrometer will be looked
at individually to understand the various features of the
different components and the advantages of one feature over another.

20 OBJECTIVES
Atthe end of this unit, you should be able to:

explain the different techniques used in introducing samples
into amass spectrometerlist and explain the various ionisation
techniques used in MS and understand their features

describe the various mass analysers used in MS and their
differences

identify the various detectors used in mass spectroscopy.

30 MAIN CONTENT
3.1 Samplelntroduction

The method of sample introduction to the ionisation source
often depends on the ionisation method being used as well as the
type of complexity of the sample. The sample can be inserted directly
into the ion source or can undergo some type of chromatography en
route to the ionisation source. The latter method of sample
introduction usualy involves the mass spectrometer being coupled
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directly to a high pressure liquid chromatography (HPLC), gas
chromatography (GC) or capillary electrophoresis (CE) separation
column, and hence the sample is separated into a series of
components which then enter the mass spectrometer sequentialy
for individual analysis.

3.2 Methods of Samplelonisation

Many ionisation methods are available and each has its own
advantages and disadvantages. The ionisation method to be used
depends on the type of sample under investigation and the mass
spectrometer available.

a Electron Impact lonisation (El)

The vapour of the sample is bombarded with a stream of high energy
electrons. The energy transferred from these electrons to the molecules
of the sample causes the molecules of the sasmple (M) to form molecular
ions initially. These are radical cations. These then decompose
into smaller fragments.

One electron removed by A"+ B
bombardment with one / Cation Radical
M electron > %0 + M +

Possible fragmentation routes
Molecule withal The mokecular mdm

electrons paired caion rodaced by the C +D
lossofoneelectron  Neutral species Radical cation

Fig. 3.3: A Schematic Representation of the Formation of
Neutral and Positively Charged lons by El in aMass Spectrometer

b. Chemical Ionisation (Cl)

Chemical ionisation (Cl) is a softer technique than El, ions being
produced by collisions between sample molecules and ions generated
by reagent gas such as methane or ammonia. Three stages are involved
for methane, for example,

() Reagentgasionised by El: CHs + € - CH4" + 2¢
(i)  Secondaryionformation: CHs + CHs* —» CHs* + CHa3
(iii)  Formation of molecular species: CHs* +M - MH* + CHa

compared to El, there is much less fragmentation, but molecular

Species, MH+, which is one mass unit higher than the relative
molecular mass (RMM) of the analyte is formed. Cl is asoft ionization
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techniques which is an especially useful technique when no molecular ion
is observed in ElI mass spectrum.

In-Text Question 1
What factors determine the method of sample introduction to ionization
source

C. Fast Atom Bombardment (FAB)

FAB provides an efficient means to analyse polar, ionic, thermally
labile and high molecular weight compounds that are not amenable to
normal EI/Cl analysis. It has found extreme utility in the analysis
of polar biomolecules and natural products. FAB experiments are
routinely conducted up to 1000 amu, with higher masses requiring
additional effort. In the FAB experiment, a sample that has been
dissolved in a suitable matrix is inserted into the mass spectrometer
and bombarded

with 8-15keV Cs' ions. Following ionisation, the selected positive
or negative ions are extracted, accelerated and then mass analysed.
The FAB mass spectrum is characterised by peaks corresponding to
matrix cluster ions, analyted ions, ions representing impurities, and
ions of other matrix modifiers (e.g. trifluoroacetic acid) that were
added in an attempt to increase the analyted ion abundance.
Successful ionisation of FAB is deeply dependent on the matrix
selected for the analysis. The successful matrix must meet severa
requirements. The primary requirement is that the sample MUST
be soluble in the matrix. In addition, the matrix must be a low volatile
solvent which will not rapidly evaporate in the high vacuum
system of the mass spectrometer. Thus, the matrix/sample will
maintain its liquid nature in thevacuum system. Several successful
matrices which have been widely used include glycerol, thioglyceral,
nitrobenzyl alcohol, 18-crown ether, 2-nitrophenyloctylether, sulfolane,
diethanolamine, and triethanolamine.

d. Electrospray lonisation

Electrospray lonisation (ESI) is one of the Atmospheric Pressure
lonisation (API) techniques and is well-suited to the analysis of
polar molecules ranging from less than 100 Da to more than 1,000,000
Da in molecular weight. Electrospray ionization (ESI) is a technique to
generateionsfor mass spectrometry using electrospray by applying ahigh
voltage to a liquid to produce an aerosol. During standard electrospray
ionisation, the sample is dissolved in a polar, volatile solvent and
pumped through a narrow, stainless steel capillary (75-150 pi.d) at
aflow rate of between 1 pl/min and 1 mi/min. A high voltage of 3 or
4kV is applied to the tip of the capillary, which is situated within the
ionisation source of the mass spectrometer, and as a consequence of
this strong electric field, the sample emerging from the tipis dispersed
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into an aerosol of highly charged droplets, aprocess that is aided by
a co-axialy introduced nebulising gas flowing around the outside
of the capillary. This gas, usually nitrogen, helps to direct the spray
emerging from the capillary tip towards the mass spectrometer. The
charged droplets diminish in size by solvent evaporation, assisted by
awarm flow of nitrogen known as the drying gas which passes across
the front of the ionisation source. Eventually charged sample ions,
free from solvent, are released from the droplets, some of which pass
through asampling cone or orifice into an intermediate vacuum region,
and from there through a small aperture into the analyser of
the mass spectrometer, which is held under high vacuum. The lens
voltages are optimised individually for each sample.

e Desorption Techniques

Desorption Techniques are used mainly for solid samples that can
be deposited on the tip of a heat able probe that is then inserted into
the sample inlet through vacuum locks. Molecules are ionised
by the application of a high potential gradient (field desorption,
FD) or by focusing a pulsed laser beam onto the surface of the
sample. In matrix- assisted laser desorption (MALDI) the sample
is mixed with a compound capable of absorbing energy from the
laser and which results in desorption of protonated sample molecules.
These techniques are very soft, give little fragmentation and are
especially useful for compounds withahigh RMM.

33 MassAnalysers

The main function of the mass analyser isto separate, or resolve the
ions formed in the ionisation source of the mass spectrometer
according to their mass-charge (m/z) ratio. There are a number of
mass analysers currently available e.g. quadrupoles, time-of-flight,
magnetic sectors, Fourier transform and quadrupole ion traps.

These mass anaysers have different features including the m/z range
covered, the mass accuracy and achievable resolution. The
compatibility of different analysers with different ionisation
methods varies. For example, al the analysers listed above can be
used in conjunction with electrospray ionisation, whereas MALDI
is not usually coupled to a quadrupole analyser.

a Magnetic Sector

Inamagnetic sector instrument, the ions generated are pushed out of
the source by arepelled potential of the same charge as the ion itself.
They are then accelerated in an electric field of ca 3-8kV and travel
through an electrostatic field region so that they are forced to fall
into a narrow range of kinetic energies prior to entering the field of
acircular magnet. They then adopt a flight path through the magnetic
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field depending on their mass-charge (m/z) ratio; the large ions are
deflected less by the magnetic field:

In-Text Question 2

Which ionization technique is most suitable to the analysis of polar
molecules ranging from less than 100 Da to more than 1,000,000 Da
in molecular weight.

H2r2
2v

m/z =

where,

H = the magnetic field strength,

r = the radius of the circular path in which the ion travels and V = the
accelerating voltage.

At aparticular value for H and V, only ions of a particular mass adopt
a flight path that enables them to pass through the collector dlit and
be detected. If the magnetic field strength isvaried, ions across awide
mass range can be detected by the analyser; a typical sweep time
for the magnetic field across a mass range of 1000 is 5-10 s but
faster speeds are required if high-resolution chromatography is
being used in conjunction with mass spectrometry. The accelerating
voltage can also be varied while the magnetic field is held constant,
in order to produce separation of ions on the basis of their kinetic
energies.

b. Quadrupole Mass Analyser

Thisconsists of aset of four parallel metal rods positioned very closely
together, but leaving a small space through the centre. lons
are accelerated into the space between the rods at one end and
a DC potential and high frequency RF signa is applied across
opposite pairs of rods. This results in ions of one particular m/z value
passing straight through the space to a detector at the other end while
al others spiral applied to the rods, ions with different m/z ratios
can be allowed to reach the detector in turn.

C. lon Trap Mass Analyser

Theion trap isamodified version of quadrupole analyser with acircular
polarisable rod and end caps enclosing a central cavity which is able
to hold ions in stable circular trgectories before alowing them to
pass to the detector in order of increasing m/z value. A particular
feature of quadrupole and ion trap analysers is their ability to scan
through awide range of masses very rapidly, making them idea
for monitoring chromatographic peaks.
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d. Tandem Mass Analysers

These incorporate several mass analysers in series. The analysers do
not necessarily have to be 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. This
enables ions selected from the first analyser to undergo collision
induced dissociation (CID) with inert gas molecules contained in a
collision cell producing new ions which can then be separated by
the next anayser. The techniqgue, known as tandem mass
spectrometry, MSMS is used in the study of decomposition
pathways, especialy for molecular ions produced by soft ionisation
techniques. Collision-induced reactions with reactive gases and
various scan modes are aso employed in these investigations.
Other mass analysers include Orbitrap, FT-ICR and Time-of-
Flight analysers

When charged particles move in electric and magnetic fields,
the following two laws apply:

F=Q(E + v x B), Lorentz Force Law

dv
F =ma= ma, Newton’s Second Law of Motion
F = the force applied to the ion, m= the mass of the particle, a =

the acceleration

Q = the Electric charge

E =theéelectricfield

v X B = the cross product of the ion’s velocity and the magneic field

Thisdifferential equation is the classic equation of motion for charged
particles. Together with the particle's initia conditions, it
completely determines the particle's motion in space and time in terms
of MQ. Thus, mass spectrometers could be thought of as
"mass-to-charge

Spectrometer”. When presenting data in a mass spectrum, it is common
to use the dimensionless nvz, which denotes the dimensionless
guantity formed by dividing the mass number of the ion by its charge

number. Combining the two previous equation yields:
m
—Ja=E+vxB

(2)

This differential equation is the classic equation of motion of a
charged particle in vacuum. Together with the particle's initia
conditions it determines the particle's motion in space and time.
It immediately reveals that two particles with the same nm/Q ratio
behave in the same way. This is why the mass-charge ratio is an
important physical quantity in those scientific fields where charged
particles interact with magnetic or electric fields. The IUPAC
recommended symbol for mass is m. The IUPAC recommended
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symbol for charge is Q; however, g is also very common. Charge is a
scalar property, meaning that it can be either positive (+ symbol)
or negative (- symbol). Sometimes, however, the sign of the charge
Is indicated indirectly.

Coulomb is the Sl unit of charge; however, other units are not
uncommon. The Sl unit of the physical quantity m/Q is kilograms per
coulomb.

[M/Q] =kg/C

The units and notation above are used when dealing with the physics
of mass spectrometry; however, the unit lessm/z notation is used for
the independent variable in a mass spectrum. This notation eases data
interpre- tation since it is numerically more related to the unified
atomic mass unit of the analyte. The m in nVz is representative of
molecular or atomic mass and z is representative of the number of
elementary charges carried by the ion. Thus, an ion of 1000 Da
carrying two charges will be observed a m/z 500. These notations
are closely related through the unified atomic mass unit and the
elementary charge.

Although, it is rarely done, the numerical conversion factor from Sl
units (kg/C) to m/z notation is:

(1000g/kg) x e x Na

Where,
Na = 6.022 x 10% mol?
e=1.602x 10°C

34 Detection and Recording of Samplelons

The detector monitors the ion current, amplifies it and the signal is
then transmitted to the data system where it isrecorded in the form of
a 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 weight of each component, and the relative abundance of
the various components inthe sample. The type of detector is supplied
to suit the type of analyser. The more common ones are the
photomultiplier, the electron multiplier and the micro-channel plate
detectors.

SELF-ASSESSEMENT EXERCISE
I Describe how sample can be introduced into mass specstrum

i Explain the main function of mass analyser
i Mention any four methods of sample ionasiation you know
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Activity 2.6
Discuss two ionisation techniques (Time allowed: 6 mins).

Activity 2.7
Write on two mass analysers and their functions (Time allowed: 6 mins).

40 CONCLUSION

Y ou should now know how best to introduce a particular sample into
a mass spectrometer and how to select the most appropriate
ionisation technique and mass analyser to use for particular
experiments.

50 SUMMARY

Inthis unit, you have learnt that method of sample introduction depends
on the ionisation method and the complexity of the sample and
that ionisation method used depend on the type of sample
under investigation and the mass spectrometer available.

You have also learnt that the mass anayser used will depend on
the mass-to-charge range to be covered, accuracy needed and the
achievable resolution and that compatibility of different analysers
with different ionisation methods varies e.g. MALDI cannot be
coupled to a quadrupole analyser. Also the detector is supplied to
suit the type of analyser to be used.
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10 INTRODUCTION

The production of a molecular ion is often followed by its dissociation
or fragmentation into ions and neutral species of lower mass, which
in  turn may dissociate further. Fragmentation patterns are
characteristic of particular molecular structures and can indicate the
presence of specific functional groups, thus providing useful
information on the structure and identity of the original molecule. The
points of cleavage in a molecule aredetermined by individual bond
strengths throughout the structure and additionally, molecular
rearrangements and recombination can occur. Fragmentation patterns
are an invaluable aid in the interpretation of mass spectra and in
the identification or confirmation of structural features.

20 OBJECTIVES
By the end of this unit, you should be able to:

explain some rules used in the interpretation of mass spectrum
identify fragments that are peculiar to a particular functional

group
give examples of mass spectra interpretation.

In-Text Question 1
The points of cleavage in a molecule aredetermined by
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30 MAIN CONTENT

3.1 Interpretation of the Mass Spectrum

Mass spectra can be difficult to interpret, because of the complexity
of the fragmentation. Generally, one identified the peak due to
the

molecular ion (M+) or MHTion and uses this as the reference point.
The mass differences between this peak and other peaks are
determined and the likely nature of the fragments lost from the
reference peak deduced from reference tables. One can work the
other way round and consult tables which indicate the most likely
composition of a fragment. The peaks on either side of the main
peak may be formed because of the presence of isotopes in a
fragment. These peaks must be taken into account when making
any deductions, and initially it is best to consider only the most
abundant peaks. Unfortunately, the great diversity of fragments
produced in a mass spectrum means that these deductions are of
limited value on their own. However, taken-in conjunction with
other experimental evidence can be of considerable use either in
identifying or determining the structure of a compound.

3.1.1 SomeRulesUsed in the Interpretation of Mass Spectra

1. The nitrogen rule states that compounds with an even numbered
RMM must contain zero or an even number of nitrogen atoms
and those with an odd numbered RMM must contain an
odd number of nitrogen atoms

2. The unsaturated sites rule provides a means of calculation of the
number of double-bond equivalent in a molecule from the
formula
No of Carbon atom + %2(No of N atoms) — ¥2(No of H atoms +
halogen atoms) + 1
For example, C7H7ON, the formula gives 7+0.5-35+1 = 5
double bond equivalents. This corresponds to benzamide,
C6H5CONH?2, the aromatic ring being counted as three double
bonds plus one forthe ring.

3. The intensity of the molecular ion peak decreases with
increasing chain in length in the spectra of a homologous
series of compounds and with increased branching of the chain.

4, Double bonds are cyclic structures tend to stabilise the molecular
ion, saturated rings losing side chains at the a-position.

5. Alkyl-substituted aromatic rings (benzyl group) undergo
rearrangement to form a tropylium cation C7H7* (see below)
giving aprominent peak at m/z = 91.

6. Small neutral molecules such as CO, C2H4, C2H2, H20 and

57



CHM309 APPLIED SPECTROSCOPY

NH3 areoften lost during fragmentation.

7. The C-C bond adjacent to aheteroatom (N, O and S) isfrequently
cleaved leaving the charge on the fragment containingthe
heteroatom (Y), whose nonbonding electrons provide
resonance stabilisation e.g

+ -CHgq N .
CH3-CH,-Y R ~———>  CHx=Y-R  <—— CH,-Y-R

8. MclLafferty rearrangements.
McL afferty rearran_qgment occurs in carbonyl compounds e.g.

HCH,-CH,-CH,-CO -OR CH, + CH,=C(O )-OR
A neutral molecule of ethene islost in the process
The mass spectrum of toluene (methyl benzene) is shown below
(Figure 3.4). The spectrum displays a strong molecular ion at m/z =
92, small m + 1and m +2 peaks, abase peak a m/z = 91 and an
assortment of minor peaks m/z = 65 and below.

91
92
&
s
s
Tolwene
68 ntl
m+l

0 40 SO & 1 & 0 10 1%

mle

Fig. 3.4: Mass Spectrum of Toluene

The molecular ion again represents loss of an electron and the peaks
above the molecular ion are due to isotopic abundance. The base peak
in toluene is due to loss of a hydrogen atom to form the relatively
stable benzyl cation. Thisisthought to undergo rearrangement to form
the very stabletropylium cation, and this strong peak at m/z = 9l isa
hallmark of compounds containing a benzyl unit. The minor peak
a m/z = 65 represents loss of a neutral acetylene from tropylium
ion and minor peak below this arise from more complex fragmentation
(Fig. 3.4.2).

O O (™0

aly = 63
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Fig. 3.4.1: Fragmentation Pattern for Different Functional Groups

In-Text Question 2
A compound suspected to be aniline has formula CeH7N. How many
double bond equivalent has this compound?

a. Alkanes

Simple alkanes tend to undergo fragmentation by the initial loss of
a methyl group to form a (m-15) species. This carbocation can
then undergo stepwise cleavage down the alkyl chain, expelling neutral
two- carbon units (ethane). Branched hydrocarbons form more
stable secondary and tertiary carbocations, and these peaks will
tend to dominate the mass spectrum.

H .
NN NN -CH3
y H m-15
\/\~/~\9H2 ——— NN\ CH2=CH2
H H Loss of m/z = 28

b. Aromatic Hydrocarbons

The fragmentation of the aromatic nucleus is somewhat complex,
generating series of peaks having m/z = 77, 65, 63 etc. While these
peaks are difficult to describe in smple terms, they do form a
pattern (the “aromatic cluster”) that becomes recognisable with
experience. If the molecule contains a benzyl unit, the maor
cleavage will be to generate the benzyl carbocation, which rearranges
to form the tropylium ion. Expulsion of acetylene (ethyne) from this
generates a characteristic m/z = 65 peak.

D;’ Gs, ___O_Cﬂ_a_-

I -

C. Aldehydesand K etones

The predominate cleavage in aldehydes and ketones is loss of one of
the sidechains to generate the substituted oxonium ion. This is an
extremely favourable cleavage and this ion often represents the base

peak in the spectrum. The methyl derivative (CH3C=CO") is

commonly referred to as theacylium ion.
0

N

R Ry

Hq_CEO+ RZ_CEO+

Another common fragmentation observed in carbonyl compounds
(and in nitriles, etc.) involves the expulsion of neutral ethane via a
process known as the McLafferty rearrangement, following the
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general mechanism shown below.

H O;r I H\O
—_— +
R /\R

d. Esters, acids and amides

As with adehydes and ketones, the major cleavage observed for
these compounds involves expulsion of the “X” group, as shown
below, to form the substituted oxonium ion. For carboxylic
acids and unsubstituted amides, characteristic peaks at m/z = 45

and 44 are also often observed.
o

R

R—C=0" X = OH, OR. NHy, NHR;

HO-C=0" H,N-C=0"*
m/z = 45 miz = 44

e. Alcohols
In addition to losing a proton and hydroxyl radical, alcohols tend
to loose on the a-alkyl groups (or hydrogens) to form the oxonium
ions shown below. For primary alcohols, this generates a peak at m/z
= 31; secondary alcohols generated peaks with m/z = 45, 59,
73 etc., according to substitution.

R ? OH R}_ 3 R H Ri_ A
27y N —0 =d )ZO
Rs Rz H>; i H "
Frimary alcohols  Secondary alcohols
m/z = 31 m/z = 45, 59, 73
f. Ethers

Following the trend of alcohols, ethers will fragment often by loss of
an akyl radical, to form a substituted oxonium ion, as shown below
for diethyl ether.

“ % "CH,
O - 3

M- 15
0. Halides
Organic halides fragment with simple expulson of the haogen,
as shown below. The molecular ions of chlorine and bromine-
containing compounds will show multiple peaks due to the fact that
each of these exists as two isotopes in relatively high abundance.
Thus for chlorine,
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the 35CI-37CI ratio is roughly 3.08:1 and for bromine, the 9,81,
ratio is 1.02:1. The molecular ion of a chlorine-containing compound
will have two peaks, separated by two mass units, in the ratio ~ 3:1,
and a

bromine-containing compound will have two peaks, again separated
by two mass units, having approximately equal intensities.

Thelists given above are by no means exhaustive and represent only
the simplest and most common fragments seen in the mass spectrum.

3.2 Examplesof Mass Spectralnterpretation

a Figure 3.5 below contains the mass spectra data of octane
and 2,2,4-trimethylpentane. Octane is a saturated straight chain so
the spectra is characterised by clusters of peaks 14 mass units (CH2
groups) apart, as successive C-C bonds along the chain are cleaved
in different molecules. Octane has a base peak at m/z =

43 due to the CH3CH2CH2" fragment ion and a small molecular
ionpeak at m/z (rule 3).

Table2.1:  Commonly Lost Fragments from a Molecular lon

Loss Radicals/Neutral  |Interpretation

(amu) fragment lost

1 JH- Often a major ion in amines, acohols
and aldehydes

2 H2

15 CH3. Most readily lost from a quaternary
carbon

17 AL®ar NH?

18 H20 Readily lost from secondary or tertiary]
alcohols

19/20 L Fluorides

28 CO Ketones or acid

29 C2H5 |

30 CH20 Aromatic methyl ester

31 CH30Oe Methy| ester/methoxime

31 CH3NH2 Secondary amine

32 CH30H Methyl ester

33 H20 + CH3e J

35/36 ~1° /L Chloride

42 CH2=C=0 Acetate

43 C3H7e Readily lost if isopropyl group present

43 CH3CQO- Methyl ketone

43 CO+ CH3 J
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44 CO2 Ester
45 CO2He Carboxylic acid
46 C2H50H Ethyl ester
59 CH3CONH2 Acetamide
60 CH3COOH Acetate
73 (CH3)3S Trimethylsilyl ester
90 (CH3)3SiOH Trimethylsilyl ether
100 BT
i 80 4 fI:H-u
E CHy—L—CH, —CH—CH,
s " A
& 20
o \ L .

T rT.rr T T T T T T T T
20 25 30 35 40 45 S0 55 €0 65 70 Vo &0 8BS ) 95 100 105 1D 15
T

Fig. 3.5: M ass Spectrum of 2,2,4-Trimethylpentane
(Reproduced from D. Kealey et al. (2002). Analytical Chemistry.
Oxford, UK: BIOS Scientific Publishers Limited)

Branching of the chain alter the relative intensities of the clusters,
as shown by the spectrum of the isomeric 2,2,4-trimethylpentane,

which has a base peak a m/z = 57 due to the (CH3)3C+ fragment
ion, and no significant m/z = 71, 85 or molecular ion peak (rule 3).

b. The spectrum of methylbenzene (Figure 3.6) typifies alkyl-
substituted aromatic compounds, with a base peak corresponding to

the tropylium ion, C7H7", at m/z = 91 and alarge molecular ion peak
at m/z =92 (rules 4and 5).

100 5 O

RO -

o

KASF)
Akt = G2

R

Lmdance

20+

1 T T T T T T T
10 15 20 25 30 35 4D 45 50 B3 BO 65 TD ¥ B BS 90 95

a

Fig. 3.6 Mass Spectrum. 6f Methylbenzene (Reproduced from
D. Kealey et al.(2002). Analytical Chemistry. Oxford, UK: BIOS
Scientific Publishers Limited)
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SELF-ASSESSMENT EXERCISE

. The mass spectrum of 2-methylpentane, CsHi4isshowninFig. 3.8.
Which peak represents the M* peak, which is the base peak?

1004

B & o
o & o
1 1 I

Relative Intensity

[
=1
1

- .....|......|.=!|.........|. b
10 20 30 an s0 80 70 80
m/z

Fig. 3.8: The Mass Spectrum of 2-Methylpentane

[=]

I. What isthe second to the last m/z in Fig 3.8 above. Hence, explain
its formation.
i Describe McL afferty rearrangement

Activity 2.8

Discuss some of the rules that may be used in the interpretation of a
mass spectrum (Time alowed: 8 mins).
Activity 2.9

Which fragmentation pattern would you expect from:

a an alkane?

b. a ketone?

C. Halides?

d. an acohol? (Time alowed: 8 mins).
Activity 2.10

| dentify the fragments corresponding to the peaks in the mass spectrumin
Figure 3.7 (Time alowed: 3 mins).

Pk bt b ARG

™ t T L2 o T T m— T o 1
10 15 20 25 30 35 40 45 50 55 S0 &5 7O 75 80
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Fig. 3.7: The Mass Spectrum of Butanone
40 CONCLUSION

You should now be able to interpret a mass spectrum based on the
rules discussed in this unit and your knowledge on the fragmentation
pattern expected from different functional groups.

50 SUMMARY
Inthis unit, you have covered the following:

®*  fragmentation patterns are characteristic of a particular molecule
and indicate the presence of specific functional groups

¢ fragmentation patterns are invaluable in the interpretation and
identification of structural features

. carbonyl compounds undergo MclLafferty rearrangements
resulting in loss of ethene.

. halides show multiple peaks due to the existence of two isotopes
inrelatively high abundance

6.0 TUTOR MARK ASSIGNMENT
7.0 REFERENCESFURTHER READING

Kealey, D. & Haines, P. J. (2002). Analytical Chemistry. Oxford:
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Essex, England: Pearson Education Ltd. pp. 166-169.

Watson, D. G. (2005). Pharmaceutical Analysis (2nd ed.). UK:
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UNIT4  APPLICATIONS OF MASS SPECTROMETRY

CONTENTS
1.0 Introduction
2.0 Intended Learning Outcomes
3.0 Main Content
3.1 Gas Chromatography-Mass Spectrometry (GC-MS)
3.1.1 lonisation Technigues Used in GC-MS
3.1.2 Application of GC-MS in Impurity Profiling
3.2 Liquid Chromatography-Mass Spectrometry (LC-MYS)
3.3 Useof LC-MS in Drug Metabolic Studies
3.4 Drug Discovery
4.0 Conclusion
50 Summary
6.0 Tutor Mark Assignment
7.0 Reference/Further Reading
10 INTRODUCTION

The main use of mass spectrometry is for Relative Molecular Mass
(RMM) and structures determination (Discussed in the Unit 3). It is
aways used in conjunction with information from other sources. Other
applications include use in conjunction with gas chromatography (GC)
and HPLC to provide structural information about the components of
mixtures as they elute fromthe column. They are also used, to alesser
extent, as detectors in gas chromatography.

20

OBJECTIVES

By the end of this unit, you should be able to:

appreciate the usefulness of mass spectrometry in other
applications

explain mass spectrometry and its application to various
analytical problems

describe how MS can be interfaced with some chromatographic
techniques.

65



CHM309 APPLIED SPECTROSCOPY

30 MAIN CONTENT

3.1 GasChromatography-Mass Spectrometry (GC-MYS)

Gas chromatography (GC) was the earliest chromatographic technique
to be interfaced with mass spectrometer. The original type of gas

chromatography had a packed GC column with a gas flow rate passing
through it at ca. 20ml/min and the mgjor problem was how to interface

the GC without losing the mass spectrometer vacuum. This was resolved
by the use of ajet separator, wherein the column effluent was passed

across a very narrow gap between two jets and the highly diffusible

carrier gas was largely removed, whereas the heavier analyte molecules

crossed the gap without being vented. The problem of removing the

carrier gas no longer exists since GC capillary columns provide a flow

rate of 0.5-2 ml/min, which can be directly introduced into the mass

spectrometer without losing vacuum.

In-Text Question 1
Why isjet separator very important in GC-MS

3.1.1 lonisation TechniquesUsed in GC-M S

There are three main types of ionisation techniques used in GC-MS.
a) Electron impact
Thismethod has alreadv been discussed in unit 2 of this module.

b) Positiveion chemical ionisation (PICI)

Cl has already been discussed under unit 2. However in this case

the positively charged ions can either associate with the analyte or
transfer aproton to the analyte.
C) The most common form of ionisation occurring in the case of
negative ion spectra is electron capture ionisation. A reagent gas is used
to collide with it so that their energies are reduced to <10 eV.
Molecules with a high affinity for electrons are able to capture these
low-energy thermal electrons. This is often loosely called NICI but since
it does not involve formation of achemical adduct, it is strictly chemical
ionisation. The two commonly observed types of electron capture are
shown below in Fig. 3.9:
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AB" Resonarnce

electron capture
AB + e

A+ B Dissociative
electron capture

Fig. 3.9: Electron Capture in NICI

3.1.2 Application of GC-MSin Impurity Profiling

GC-MS has found arole in impurity identification in the pharmaceutical
industry. Such impurities can arise ether from the manufacturing
process or from degradation of the drug.

3.2 Liquid Chromatography-Mass Spectrometry (LC-MYS)

The interfacing of a liquid chromatography to a mass spectrometer
proved much more difficult than interfacing a gas chromatography since

each mole of solvent introduced into the instrument produces 22.41 of

solvent vapour even at atmospheric pressure. The technique has made

huge advances in the last 10 years and there are many types of interface
available, the most successful of which are the electrospray and

atmospheric pressure ionisation sources. Some of the interfaces used in

LC-MS are listed here.

In-Text Question 2
Enumerate why interfacing LC with MS is more difficult than that of GC

a) Thermospray

The eluent from the column is vapourised and a portion of the vapour
(ca 1%) is transferred to the mass spectrometer and the rest of the
vapour is pumped to waste. The spectra produced are like Cl spectra,

since the presence of the solvent vapour with the sample reduces the
energy of the ionisation process and adducts can be formed with the

solvent sensitive to the 10'99 level; mass range up to 2000 amu.

b) Electrospray (ES) lonisation

Thisis the most common LC-MS interface. Flow rates up to 1 ml/min,

but best a 200 pl/min or below. A charged aerosol is generated at

atmospheric pressure and the solvent is largely stripped away with a
flow of N2 gas. The charged molecules are drawn into the MS by

electrostatically charged plates. It can be used to determine both small

molecules and molecules up to 200000 amu. Spectra can be simple,
containing molecular ion only, or fragmentation can be induced by

varying the cone voltage. ES ionisation is more suitable for polar
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molecules. The advantage of ESI is that large molecules which are not

volatile enough to evaporate by heating can be introduced into the gas
phase. The aminoglycoside antibiotic, kanamycin, is an example of an
extremely polar compound for which ESI is the ideal ionisation

technique.

C) Atmospheric Pressure lonisation

This method is very similar to ES, but can operate at norma LC flow
rates of 0.2-2ml/min. ES instruments can be simply converted to run
this technique. lonisation is more analogous to Cl, with the corona

discharge producing ions such as H30" and N2¥, which promote the
ionisation of the sample. This method is complementary to ES since this
interface will ionise less polar molecules.

d) Matrix-Assisted Laser Desorption with Time of Flight
(MALDI-TOF)

This can be used for very large protein > 200 00OOMU. The sample is
dissolved in a light-absorbing matrix; soft ionisation is promoted by a
pulsed laser; and ions are gjected from the matrix and accelerated using
an electrostatic field into a field-free region. The lighter ions travel

fastest. In order to improve resolution, a device called a “reflectron” is

used to focus the kinetic energies of apopulation of aparticular ion, prior
to its entering a field-free region. The length of time taken for ions to
reach the detector gives their molecular weight (MW). The pulsed

nature of the ionisation ensures there is no overlap between spectra
MALDI-TOF is an idea technique for characterisation of the MW of

large proteins.

e lon-Trap

Theion trap separates ion by capturing them within a circular electrode,

where they orbit until they are gected by a variation in voltage. The
technology is developing rapidly and has advantages over a quadrupole

in that ions can be trapped while tandem MS-type fragmentation is
produced. It can filter out background while the ion of interest is
retained in the trap before being further fragmented and g ected.

f) Tandem Mass Spectrometry

Since a soft ionisation technique such as ES| produces very little
diagnostic fragmentation, it is often used in conjunction with tandem
mass spectrometry. The types of mass spectra obtained by using
collision induced dissociation (CID) in atandem mass spectrometer are
similar to those which are obtained under El conditions. Typically, the
molecular ion of the molecule is selected (the precursor ion) by the first
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guadrupole. The selected ion is then fragmented using a second
guadrupole, into which argon gas is introduced, which acts as a collision
cell. The fragments produced (product ions) are separated using a third
Quadrupole. The technique can sometimes be used without
chromatographic separation, making it a very rapid technique in areas
suchas clinical screening for diagnostic marker compounds.

33 Useof LC-MSin Drug Metabolic Studies

Thebody metabolises foreign compounds (xenobiotics) such as drugs to
make them more polar and water soluble to facilitate excretion from the
body. LC-MS can be used to identify these metabolites.
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34 Drug Discovery

Drug discovery involves a number of phases, including target
identification, lead identification, small molecule optimisation and pre-
clinical and clinical development. Target identification has been speeded
up as aresult of genomics but the measurement of gene transcription
through detection of RNAs does not necessarily indicate exactly what
the structures of the proteins produced are, since the proteins may be
modified after translation by processes such as glycosylation or
phosphorylation. Advances in mass spectrometry have alowed
identification of trandated proteins. Such proteins may signal disease
processes, in which case their regulation by a potential drug might
indicate its efficacy, not equally expression of certain proteins following
drug therapy may indicate drug toxicity.

In-Text Question 3
Explain the principle used in tandem mass spectrometry

SELF-ASSESSMENT EXERCISE

I Mention two interfaces used in LC-MS.

ii. GC-MS is used for impurity identification in pharmaceutica industry.
What are the two main sources of impurities in pharmaceutical drugs.

i Give a concise account of “atmospheric pressure lonisation”

Activity 2.11
Write on two applications of MS (Time alowed: 3
mins).

Activity 2.12

Discuss how GC-MS can be used in impurity profiling.
(Time allowed: 3 mins).

40 CONCLUSION
You have now learnt applications of MS when combined with

chromatographic techniques such as GC and LC. This combination is a
very powerful tool in analysis of mixtures and it istime saving.

50 SUMMARY

You have learnt in this unit that MS can be interfaced with GC, MS can
be interfaced with LC, GC-MS and LC-MS are used for impurity
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profiling in pharmaceutical industries and that Interfacing GC with MS
requires the use of ajet separator.

You also learnt that the three main type of ionisation techniques used in
MSis El, PICI and NICI and that the most common LC-MS interface is
ESI, APCI compliments ESI asused for non-polar compounds.

6.0 TUTORMARK ASSIGNMENT
7.0 REFERENCE/FURTHER READING

Watson, D. G. (2005). Pharmaceutical Analysis (2nd ed.). UK: Elsevier
Churchill Livingstone. pp. 114-134.
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10 INTRODUCTION

Nuclear Magnetic Resonance or NMR, technigue developed
separately in 1945 by American physicists Felix Bloch and Edward
Mills Purcell for the spectroscopic analysis of substances. Thus,
NMR is the study of molecular structure through measurement of the
interaction of an oscillating radio-frequency electromagnetic field with a
collection of nuclel immersed in a strong external magnetic field. In
NMR, a substance is placed in a strong magnetic field that affects
the spin of the atomic nuclei of certain isotopes of common
elements. Slight variations in this resonant frequency give us detailed
information about the molecular structure in which the atom resides. A
radio wave passes through the substance then reorients these nuclei.
When the wave is turned off, the nuclei release a pulse of energy
that provides data on the molecular structure of the substance and that
can be transformed into an image by computer techniques.
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20 OBJECTIVES
By the end of thisunit, you should be ableto:

describe the principles of Nuclear Magnetic Resonance spectroscopy
define chemicdl shift
explain dfferent components of aNM R spectrometer and how it works.

30 MAIN CONTENT
3.1 NMR Spectroscopy

Nuclear Magnetic Resonance spectroscopy (NMR) is concerned
with the absorption of electromagnetic radiation in the radio frequency
range bythe nuclei of some isotopes. These isotopes behave as though
they are spinning charged particles and generate a magnetic field
along the axis about which they are spinning. As aresult, these nuclel
can be pictured astiny spinning bar magnets which in the absence of
a strong external magnetic field are randomly orientated in space.
When a strong external magnetic field is applied to these spinning
magnets, the magnetic fields interact and the spinning magnets
assume different orientations in the external field. Each relative
direction of alignment is associated with an energy level. Only certain
well defined energy levels are permitted; that is, the energy levels
are quantised. Hence, the nucleus can become aligned only in well
defined directions relative to the magnetic field Bo. (Note: The symbol
B isthe SI symbol for magnetic field; many texts still use the symbols
H and Ho for magnetic field).

The number of orientations or number of magnetic quantum states is
a function of the physical properties of the nuclel and is numerically
equal to2l + 1. Where, | isthe spin quantum number. It is useful to
consider threetypes of nuclei.

Typel: Nucle with | =0. These nuclel do not interact with the applied
magnetic field and are not NMR chromophores. Nuclei with | = 0
have aneven number of protons and even number of neutrons and have
no net spin. This means that nuclear spin is a property characteristic
of certain isotopes rather than certain elements. The most prominent

examples of nuclei with | = 0 are 12C and 16O, the dominant isotopes
of carbon and

oxygen. Both carbon and oxygen have isotopes that can be observed
by NMR spectroscopy.
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Type 2. Nuclei with | = Y. These nuclei have a non-zero magnetic
moment and are NMR visble and have no nuclear electric
guadrupole (Q). The two most important nuclei for NMR

spectroscopy belong to this category: Iy (ordinary hydrogen) and

13C (a non-radioactive isotope of carbon occurring to the extent of
1.06% at natural abundance). Also, two other commonly observed

nuclel 19F and 3P have | = . Together, NMR data for 14 and

13C account for well over 90% of al NMR observations in the
literature and the discussion and examples in this module all refer
to these two nuclei. However, the spectra of al nuclei with| = %2can
be understood easily on the basis of common theory.

In-Text Question 1
Which region of electromagnet radiation is applicable to NMR

Type3: Nuclei with | > %. These nuclel have both a magnetic moment
and an electric quadrupole. This group includes some common

isotopes (e.g. 2H and 14N) but they are more difficult to observe and
spectra are generally very broad. This group of nuclei will not be

discussed further. Certain nuclei notably 1 and 13C, can only take
up two orientations in thisfield, a low energy paralel orientation in
which the magnetic field of the nucleus is aligned in the same
direction as that of the external field and an antiparallel high
energy orientation where the nuclear magnetic field is opposite to
that of the external field. Under normal conditions, there are slightly
more nuclel in the lower energy paralel orientation than the higher
energy antiparallel orientation. A number of isotopes such asl4N,19F
and 31p also exhibit nuclear magnetic resonance ina strong magnetic
field.

In case of 1H, where | = Y2, the number of orientations is2 x (*2) + 1

= 2. Consequently, for 1 only, two energy levels are permitted, one
with m= Y2 and the other with m = -%4. The splitting of these energy
levels in amagnetic field is called nuclear Zeeman splitting. When a

nucleus with | = %, such as 1H, is placed in an external magnetic
field, its magnetic moment lines up in one of two directions, with
the applied field or against the applied field. This results in two
discrete energy levels, one of higher energy than the other, as
shown in Figure 3.1. The lower energy level is that where the
magnetic moment is aligned with the field. The lower energy state is
energetically more favoured than the higher energy state, so the
population of the nuclel in the lower energy state will be higher
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than the population of the higher energy state. The difference in
energy between levels is proportional to the strength of the external
magnetic field. The axis of rotation also rotates in a circular manner
about the external magnetic field axis, like a spinning top.

Thebasis of NMR experiment isto cause atransition between these
two states by absorption of radiation. A transition between these two
energy states can be brought about by absorption of radiation with a
frequency that is equal to AE = hv according to quantum model. The
difference in energy between the two quantum levels of a nucleus
with | = %2depends on the applied magnetic field Bo and the magnetic
moment p of the nucleus. According to classical model, it was
discovered that many atoms (e.g. *H, 3C, N, 3P) behave as if the
positively charged nucleus was spinning on an axis. The relationship
between these energy levels and the frequency v of absorbed radiation
is asfollows:

V:yj—;’: or v =yB, (@)

In-Text Question 1
Which region of electromagnet radiation is applicable to NMR

Where,

y = the magnetogyric ration;

BO = the applied magnetic field;

v = frequency of absorbed radiation and w = the frequency in units of
rads/s.

Equation (1) is the Larmor equation, which is fundamental to NMR.
It indicates that for a given nucleus there is a direct relationship
between the frequency w of RF radiation absorbed by that nucleus
and the applied magnetic field Bo. This relationship is the basis of
NMR. Thus, from the combination of classical model and quantum
model, the expression for the changed in energy is given in equation 2
below:

AE = hy =58

= 2)
In-Text Question 2
What is the energy difference between the two spin states of *H in amagnetic
field of 5.87 T?[HINT: y for tH = 267.512 x 10° radT1s]

In-Text Question 3

What isthe energy difference between the two spin states of *3C in amagnetic
fieldof 5.87 T?? [HINT:y for 3C = 67.264 x 10° radT1sY.
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3.2 Principlesof Nuclear Magnetic Resonance Spectroscopy

Absorption of electromagnetic radiation in the radio frequency region

by 1H, 13¢ and other suitable nuclei when placed in a strong magnetic
field can cause the nucle in the lower energy paralel state to spin-
flip to the higher energy anti-parallel state. When this occurs, the
nucleus is said to bein resonance and the absorbed radiation is
commonly referred to as a signal. Nuclei do not stay in the higher
energy state but dissipate their energy through so-called relaxation
processes, the exact nature of which isnot understood. If relaxation
did not occur, all the nuclel in a sample would eventually be promoted
to the higher energy state there would be non left to absorb the
radio frequency energy. In other words, no absorption signal
would be observed. However, this does not happen unless the
sample is irradiated with radiation of such high intensity that al the
nuclel are forced to remain in the higher energy state. In this
situation the sample is said to be saturated. NMR spectrometers have
to be adjusted so that the intensity of the radio frequency radiation
being used does not cause this to happen.

Resonance can be brought about in two ways. either the external
field can be kept constant and the radio frequency varied, or the
radio frequency is kept constant and the external magnetic field
varied. The former is known as a frequency sweep, whilst the latter
is known as a field sweep. In practice most instruments use a field
sweep as it is easier to achieve a homogenous magnetic field. The
amount of energy needed to cause nuclei to resonate depends on the
external magnetic field, the isotope and its molecular environment.
For example, with an external magnetic field strength of 14,000
gauss, a radio frequency of the order of 60 megahertz (MHz) is

required to cause protons (1H nuclel) to resonate whilst a

radiofrequency of the order of 25.14 MHz is necessary to bringl3C
nuclei into the resonance. Other field strengths can be used, some
instruments use field strengths up to 140,000 gauss. These
machines are very sensitive but require very high radiofrequencies
to causeresonance. For example, a machine with field strength of
234,900 gauss uses a radiofrequency of the order of 100 MHz to bring *H
nuclel to resonance.

Since al the nuclei of an isotope are identical, one would expect all

the ey nuclei to absorb at the same frequency. Similarly, al the 13C
nuclei would be expected to absorb at the same frequency but a

different one from the lH nuclei. However, this is not the case
because the actual frequency of the absorption will depend on the
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electrons in the structure which are also influenced by the external
magnetic field (Ho). This field is believed to cause the electrons to
circulate the nucleus in a plane perpendicular to Ho. This produces
a small magnetic field in the opposite direction to Ho which
reduces the effect of the external magnetic field experienced by
the nucleus. The nucleus is said to be shielded. As a result, the
magnetic field HE actualy, experienced by a particular nucleus in
the compound will be the resultant of the external magnetic field and
the small opposing local fields due to the electron clouds of its
neighbouring nuclei. As each nucleus in a molecule isin a dlightly
different electron environment it will experience a dlightly

different degree of shielding relative to the other nuclei in the
molecule. Therefore, each nucleus will require a dightly different
radiofrequency to cause it to resonate. The resonance difference
between the resonance of a nucleus and the resonance of the reference
compound is termed the chemical shift (see 3.2 below).

Theresonance frequencies ofH and 13C atoms are measured relative
to a reference point, usualy tetramethylsilane (TMYS).

Tetramethylsilane is used as an internal standard for both 1y and 8¢
spectroscopy because it has a single sharp proton absorption signal
that occurs above the signals of most organic molecules. For
convenience, the spectra are recorded as plots of signal intensity
against chemical shift where the chemical shift of TMS is arbitrarily

set at zero. Each 1H nucleus is shielded or screened by the electrons
that surround it. Consequently, each nucleus feels the influence of
the main magnetic field to a different extent, depending on the
efficiency with which it is shielded.

Each 1H nucleus with a different chemical environment has a dightly

different shielding and hence a different chemical shift in the Iy
NMR spectrum. Conversely, the number of different signals in the

1H-NMR gpectrum reflects the number of chemicaly distinct

environments for 1H in the molecule. Unless two 1H environments
are precisaly identical (by symmetry) their chemical shifts must be
different. When two nuclei have identical molecular environments
and hence the same chemical shift, they are termed chemicaly
equivalent or isochronous nuclei. Non-equivalent nuclei that
fortuitousy have chemical shifts that are so close that their signals
are indistinguishable are termed accidentally equivalent nuclei. The
chemical shift of anucleus reflects the molecular structure and it
can therefore be used to obtain structural information. Let us consider
the proton NMR of 2-methylpropanol below. The 6 akane methyl
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protons are in the same chemical environment and far away from
the electronegative oxygen hence little affected and thus resonate
at achemical shift of 0.9 ppm. The six protons can be assigned as Ha.
The methine (Hb) group is shifted downfield and has a chemical shift
of 2.5 ppm. The CH2 (Hc) protons are shifter further downfield as
de-shielded by the electronegative oxygen and so resonates at 4.2
ppm, whilethe OH proton resonates at ~3 ppm.

CHy

He
H4C OH
e

L]
2-methylpropanol

3.3 Chemical Shift

Chemical shift is defined as the ratio of the difference between the
frequency of the signal and that of TMS (Hz) and the spectrometer
operating frequency (MHz). It has no units and is normally recorded

as parts per million (ppm). Chemica shiftsin 13c NMR spectroscopy
are much larger than those found intTH NMR spectroscopy.

5 Different between the frequency of the signal and that of TMS (Hz)

Spectrometer operating frequency (MHz)

The chemical shifts of a spectrum recorded on a 60 MHz
spectrometer will have the same values when the same spectrum is
recorded on a 100 MHz machine even though the absorption occurs
at adifferent radio frequency for each instrument. Absorption signals
that occur to the left of the TMS signal on the spectrum are referred
to as being downfield of TMS or deshielded whilst those that occur
to the right are referred to as being upfield or shielded. Chemical shift
values are not only affected by the nature of the structure but are also
influenced by hydrogen bonding, temperature and the solvent.

Any effect which alters the density or spatial distribution of electrons
around a IH nucleus will alter the degree of shielding and hence,
its chemical shift. 1y chemical shifts are sensitive to both the

hybridisation of the atom to which the Iy nucleus is attached (sp2,

sp3 etc) and to electronic effects (presence of neighbouring

el ectronegative/electropositive groups). The chemical shift of a nucleus
may also be affected by the presence in its vicinity of a magenticaly
anisotropic group (e.g. an aromatic ring or carbonyl group).

Nuclei tend to be de-shielded by groups which withdraw electron
density. De-shielded nuclel resonate at higher d values (away from
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TMS). Conversely shielded nuclei resonate at lower 6 values (towards
TMS). Electron withdrawing substituents (-OH, -OCOR, -OR, -NO2,
halogen) attached to an aliphatic carbon chain cause a downfield shift
of 2-4 ppm when present at Cy and have less than half of this effect
when present at Cg.

34 NMR Spectrometers

Spectrometers were originally designed to scan and record an NMR
spectrum by progressively changing (sweeping) the applied
magnetic field at a fixed radio frequency (RF), or sweeping the
frequency a a fixed field. Sample resonances were recorded as
a series of sharp absorption peaks along the frequency/field axis,
which is calibrated in parts per million (ppm). These continuous
wave (CW) instruments have been largely superseded by pulsed
Fourier Transform (FT) spectrometers. Samples are subjected to a
series of rapid, high-energy RF pulses of wide frequency range,
between which a decaying emission signal from nuclei excited by the
pulse and then relaxing to the ground state is monitored by the
receiver circuit. The detector signal, or free induction decay

(FID), contains al of the spectral information from the sample, but
in the form of a time-dependent interferogram. This can be digitised
and converted into a conventional spectrum, mathematically, in less
than a second by a computer using a Fast Fourier Transform (FFT)
algorithm. Multiple interferograms can be rapidly accumulated and
averaged to increase sensitivity by as much as three orders of
magnitude.

A block diagram of a typical NMR spectrometer is shown below
and comprises of five main components:

. A superconducting solenoid or electromagnet providing
a powerful magnetic field of up to about 17 Teda

. A highly stable RF generator and transmitter coil operating at
up toabout 750 MHz

. A receiver coil with amplifying and recording circuitry to detect
andrecord sample resonances
A sample probe positioned between the poles of the magnet
A dedicated microcomputer for instrument control, data
processing (FFT of interferograms) and data storage.
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Fig. 3.1: Diagrammatical Representation of an NMR Spectrometer
(Reproduced from D. Kealey et al. (2002). Analytical
Chemistry, BIOS Limited, Oxford, UK)

The homogeneity and stability of the magnetic field should be at least

1in 10%to ensure narrow absorption bands and good resolution.
Sample tubes are made to spin in the sample probe at about 50Hz
by an air turbine so as to increase the apparent field homogeneity
further. The direction of the magnetic field and the orientations of the
transmitter and recelver coils must be mutually perpendicular
to detect sample resonances and eliminate spurious signals in
the detector circuit as shownin Figure 3.1. Stability of operation is
improved considerably by locking the field and frequency together to
correct for drift. This is achieved by constantly monitoring the
resonance frequency of a reference nucleus, usually deuterium in
deuterated solvent. For carbon-13 (*C) studies in particular, this is
essential, as accumulating large numbers of scans can take several
hours.

SELF-ASSESSMENT EXERCISE
. In not more than one sentence, define Nuclear M agnetic Resonance?
i Describe the term “Resonance” based on NMR context.

i At5.87 T, what isthe precession freg. v of a'H nucleus?

Activity 3.1
Explain the principles of NMR spectroscopy (Time allowed: 4 mins).

Activity 3.2
What do you understand by field sweep and frequency sweep?
(Time alowed: 4 mins).

Activity 3.3
Describe the different components of aNMR spectrometer.

80



CHM309 APPLIED SPECTROSCOPY

(Time alowed: 4 mins).

40 CONCLUSION

You would have learnt principles of NMR spectroscopy,
components of an NMR spectrometer & how NMR spectrometer
works.

50 SUMMARY

NMR involves absorption of electromagnetic (EM) radiation
in the radio frequency (RF) range by the nuclei of some
I sotopes.

Absorption of the EM radiation when placed in a strong magnetic
field can cause the nuclel in the lower energy parallel state to spin-
flip to the higher energy anti-parallel state. This is known as
resonance.

The absorption radiation is known as a signal

Resonance can be brought about if the external field is
kept constant and the radio frequency varied and vice versa.
Chemical shift is the ratio between the frequency of signal &
that of TMS & spectrometer operating frequency (MHZz).
A superconducting electromagnet provides a powerful
magnetic fieldin NMR spectrometers.

The sample probe is positioned between the poles of the magnet.
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10 INTRODUCTION

Proton Magnetic Resonance (1H-NMR or PMR) spectra are obtained
using a solution of the sample containing a little TMS in a solvent
that does not absorb in the radio frequency region being
studied. Tetrachloromethane (CCl4) and deuterated solvents, such as
deuterated trichloromethane (CDCI3), deuterated methanol
(CD30D) and deuterated propanone (CD3COCD3) are commonly
used. These deuterated solvents all contain a smal amount of the
corresponding  protonated compound because of incomplete
deuteration during their manufacture.

Deuterotrichloromethane (CDCI3), for example, will contain a

little trichloromethane (CHCI3). Since 1H-NMR spectra  are
additives, the signals of these impurities will occur in the spectrum
and it isimportant that they are recognised and taken into account
when interpreting a spectrum. The nature of the solvent will also
affect the value of the chemical shift of a signal. Changing from
tetrachloromethane to deutrotrichloromethane has little effect on
the chemical shift, but changing to more polar solvents can cause
a significant change in its value. These changes are sometimes used
to help identify signals.
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2.0 OBJECTIVES
By the end of this unit, you should be able to:
= describe how alH-NMR spectrum is generated

" List the various solvents used in 1H-NMR spectroscopy
. explain the splitting pattern in lh.NMR spectroscopy

. apply coupling constants to give useful information in structure
elucidation.

. deteremine the number of protons that correspond to a particular
signal.

30 MAIN CONTENT

31 1H-NMR Spectra

Most proton chemical shifts occur in the 0 to 12 ppm region.
Identification is made in the first instance using broad correlation
charts as shown in Figure 3.2. This is followed by an estimate the
chemical shift of a proton in a model compound and compares it
with the value obtained in practice. If the comparison gives a good
match it istaken as evidence that the signal on the spectrum is due
to a smilar type of structure.

Proton magnetic resonance spectroscopy

CH-Various substituents ___.
CHHY o} (= s
CCH S m—
Y —
CH, O CH,

At — . ANH, e—— RNH, m—
, CH=CH- s ' = C' | —
RSO Hmm  CHO) . ArSHumm HSHam

. L emm—— '
R('u)lw e

12 10 LI ppm 6 4 2 0

Fig. 3.2: A p.m.r. generated correlation chart

Fig.3.2. APMRS General Correlation Chart (Reproduced from G.
Thomas (1996).Chemistry for Pharmacy and the Life
Sciences. Essex, England: Pearson Education Ltd)

More detailed interpretation using tables for the type of structure
believed to be responsible for the signal. These tables often include
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an empirical formula that enables the investigator to aso have
understanding of the molecular formula of compound through which the
Double Bond Equivalent (DBE) could be calculated.

3.1.1 Double Bond Equivalent (DBE) Calculation

For a neutral species, DBE can be calculated by comparing the molecula
formula with that of fully saturated, acyclic parent molecules with the
same no of carbons and heteroatoms, CnHx2n+2+yNyOw, Where H* = total
number of hydrogens & halogens. Formula for DBE is given below:

DBE=-(2n+2+y—H")
Alternatively, DBE = (C + 1) — %(H* —N)

In-text Questions
How many double bond equivalent (DBE) is present in compound with
the formular C13H7N20.Cl ?

Solution via Alter native Method:

No of carbon=C = 13. H* = No of H and halogen=7+1=8
No of Nitrogen =N = 2. DBE="?

DBE=(C+1) — %(H* —N) =(13+1) —%(8—2)

DBE = 14—%(6) =11

Protons that are in the same chemica compound and in the
same magnetic environment will have identical chemical shifts.
They are known as equivalent protons e.g. the three protons of the
methyl group of bromoethane will be equivalent and have the same
chemical shift (Figure 3.3).

'CH y—CH,-Br Signal due to the

. protons of the CH,
'I‘hrcccquivairnl protons I igral due to (be
' ' ' protons of the CH,

—mpm 5 4 1 2 i 0
Fig. 3.3: Equivalent Protons in Bromoethane (Reproduced from
G.Thomas (1996). Chemistry for Pharmacy and the Life

Sciences. Essex, England: Pearson Education Ltd)
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Similarly, the two protons of the methylene group will aso
be equivalent because there is unrestricted free rotation about the
C-C bond. However, it isnot safe to assume that protons attached to
the same atoms are always equivalent.

32 Spin-Spin Coupling

The signals seen on a 1H-NMR spectrum vary from a single peak to
a group of peaks. The division of a signal into the group of peaks
occurs because the magnetic fields of adjacent protons influence the
magnetic field strength at which a proton comes into resonance.

Consider, for example, the 1H-NMR gpectrum of a sample of
dichloroethanal. For convenience, the protons of this compound will
be referred to as HA and HB respectively (Figure 3.4).

Cl 0
H B [ _’:'{r——‘é\/ H A
gr 7
J—| - H, Hpg ]| - l
- — — 1 — - T T l
ppm 10 8 6 4 2 0

Fig. 3.4 The IH-NMR Spectrum  of  Dichloroethanal
(Reproduced from G. Thomas (1996).Chemistry for Pharmacy
and the Life Sciences. Essex, England: Pearson Education Ltd)

Theonly other nuclei in dichloroethanal that have local magnetic fields
that will affect the HA protons is the proton HB. As a result the
spectrum shows a pair of peaks (a doublet) for the absorption signal
of the proton HA. Similarly, the signal of HB will aso be a doublet
since it is affected inthe same way by HA. This behaviour is known
as spin-spin coupling or splitting. The value of the chemical shift
separating the peaks in each doublet is known as the coupling
constant J. It is a constant characteristic of protons that are

spin-spin coupled. In the lh-NMR spectrum of dichloroethanal,
for example, HA will have the same coupling constant as HB.
This enables one to pick out the signals of hydrogen atoms that are
spin-coupled and so adjacent to each other in a structure, which is
of considerable help in the interpretation of a spectrum.

It should be noted that:

a chemically equivalent protons do not couple with each other
even ifthey are bonded to different carbon atoms
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b. protons that are further than two single “bond lengths” apart
do notusually couple

C. protons that are spin-coupled with each other have the same
J values.

More complex splitting patterns are observed when more than
two protons are involved in the coupling. In theory, the number of
peaks occurring in a signal will be n + 1, where n is the number of
equivalent protons whilst their relative intensities are predicted by
Pascal’s triangle.

Consider, for example, the lH-NMR spectrum of bromoethane
(CH3CH2Br). Unrestricted free rotation about the C-C bond means
that thethree protons of the methyl group are equivalent and the two
protons of the methylene group are equivalent. Therefore, in theory,
the methyl protons with their two equivalent neighbouring protons
will have a signal that is atriplet (2+1) with the intensities of the
peaks in the ratio 1:2:1. On the other hand, the methylene group
has three equivalent neighbours and so its signal will be predicted to
be aquartet (3+1) with the peaks having relative intensities of 1:3:3:1.
This agrees reasonably well with the spectrum of bromoethane which
also shows that the signal for methyl’s protons is upfield from that
of methylene (Fig. 3.3).

This type of prediction is reasonably accurate for simple molecules
but less accurate for more complex molecules because the three-
dimensional nature of these molecules sometimes makes it
difficult to identify al the nuclei that can affect asignal.

n=0 1
n=1 1 1
n=2 1 2 1
n=3 1 3 3 1
n=4 1 4 6 4 1

Fig. 3.5: Pascal’s Triangle

3.3 Signal Intensity

The area under a signa in a IH-NMR spectrum is proportional to
the number of equivalent protons responsible for that signal.
Consequently, electronic configuration of the area under each signal

in a H-NMR spectrum enables one to determine the ratio of the
numbers of equivalent protons responsible for each signal. This can

be of considerable help in interpreting l1H-NMR. The intensity of the
signal is proportional to the number of hydrogens that make the signal.
Sometimes, NMR machines display signal intensity as an automatic
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display above the regular spectrum. (The exact number of hydrogens
giving rise to each signal is sometimes also explicitly written above each
peak, making our job alot easier.)

34 Deuterium Exchange

Deuterium does not absorb radio frequency radiation in the same region
as protons. However, it will undergo rapid exchange reactions
with some acidic protons such as those in the hydroxyl and amino
groups. One can simplify 'H NMR spectra by eliminating exchangeable
proton signals (-OH, -NH, -NH2, -COOH). Thisis most commonly done
by adding adrop or two of D>O to the NMR sample. Themixing of D20
with a sample (known as D20 shake) causes either a reduction in the
intensity or the complete removal of the signals in a spectrum due
to exchangeable protons. This loss will be accompanied by the
appearance of aweak signal at 4.8 ppm produced by the formation
of HOD provided the HOD is soluble in the solvent used. The
changes in a spectrum caused by a D20 shake enable one to identify
the signals of groups that contain exchangeable protons. A more
simplified spectrum could be obtained by a drop of CFsCOOH. The
exchange rate is usually fast enough on the NMR time scale such that the
resultant spectrum has a single broad resonance representing all of the
exchangeable protons at a chemical shift between the chemical shift of
the pure TFA and that of the exchangeable protons.

In-Text Question 2
What is the multiplicity pattern of CH. proton in CH3zCH>CCI>CHa.

35 Interpretation of Proton NMR Spectra

Thefollowing isageneral guideline tolH-NMR spectral interpretation:

a Note the presence or absence of saturated structures, most
of which give resonances between 0 and 5 ppm.

b. Note the presence or absence of unsaturated structures in
the region between about 5and 9 ppm (alkene protons between 5 and
7 ppm and aromatic protons between 7 and 9 ppm, akyne
protons are an exception appearing at about 1.5 ppm).

Note any low field resonances (9 to 16 ppm), which are
associated with aldehydic and acidic protons, especially those
involved in strong hydrogen bonding.

C. Measure the integrals, if recorded and calculate the numbers
of protonsin each resonance signal.

d. Check for spin-spin splitting patterns given by adjacent alkyl
groups according to the n + 1 rule and Pasca™s triangle. (The
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position of the lower field multiplet of the two isvery sensitive to the
proximity of electronegative elements and groups such as O, CO,
COO, OH, ClI, Br, NH2 etc.).

e Examine the splitting pattern given by aromatic protons,
which couple around the ring and are often complex due to second
order effects.

f. 14- and 12-disubstituted rings give complex but
symmetrical looking patterns of peaks, whereas mono-, 1,3- and tri-
substituted rings give more complex asymmetrical patterns.

0. Note any broad single resonances, which are evidences of
labile protons form acohols, phenols, acids and amines that
can undergo slow exchange with other labile protons. Comparison of
the spectrum with another after shaking the sample with a few
drops of D20 will confirm the presence of an exchangeable
proton by the disappearance of its resonance signal and
appearance of another at 4.7 ppm due to HOD.

3.6 Examplesof 1H-NMR Spectral Interpretation

(Hz)
500 400 300 200 100 ]
NH,
X
8§77 5§59 HJA‘N Ha
H H
IA 1.8 I: Cytosing
108 Hz at 60 MHz
B Hz
8 Hz le——— HOD peak from exchange with DO
L LJ L] L3 ~ L LJ L] L) T
80O 7.0 60 5.0 40 30 20 10 0
& (ppm)

Fig. 3.6: ey Spectrum of Cytosine (Reproduced from G. Thomas
(1996). Chemistry for Pharmacy and the Life
Sciences.  Essex, England: Pearson Education Ltd)
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The two aromatic protons, A and X, in cytosine are coupled to give
an AX pattern of two doublets. The A proton is deshielded more than
the X proton due to its closer proximity to nitrogen atoms and the
oxygen atom. The intensities of the doublets are dlightly distorted
by second order effects. The OH and NH2 protons have been
exchanged with D20, andtheir resonance replaced with a HOD peak
at 4.7 ppm.

Another example isin Figure 3.7.

tHleL

I
2 CI—-Il:—CrL_,—C-‘I

(=]
1,1, 2-Trichlonoothane

CH CHj
A
L] 410 .370

T v
B0 T0 6.0 1

¥ T ¥
210 1.0 0]
& (pern)

Fig. 3.7 1H-NMR Spectrum of 1,1,2-trichlor oethane
(Reproduced from G. Thomas (1996). Chemistry for Pharmacy
and the Life Sciences. Essex, England: Pearson Education Ltd)

The CH (methane) resonance in 1,1,2-trichloroethane is at a much
lower field than the CH2 (methylene) resonance because of the
very strong deshielding by two chlorines. The protons give an AX2
coupling pattern of atriplet and a doublet and an integral ratio of 1.2.

SELF-ASSESSMENT EXERCISE

I How many double bond equivalent(s) iSare presentini toii below:
(i) C10H7NO2 (i1) C20H21Cl3

I. What two reagents can be used to simplify a'H NMR spectrum?

Activity 34
Define the term coupling constant (Time allowed: 2 mins)

Activity 3.5

Explain what you understand by spin-spin coupling
(Time allowed: 2 mins).
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Activity 3.6
Assign the peaks in the spectrum in figure 3.8. (Time allowed: 3 mins)

(zh
400 300 200 100

4 ]
- i

v \
[
{.\ }t:n_.,—r_:u_.—uf o,
h L]

5 U .

_— = = =
a0 7.0 6.0 50 4.0
& { g}

m—

IE]

Fig. 3.8: lHNMR Spectrum of Phenylethylethanoate

4.0

CONCLUSION

You should have known how to prepare samples for Iy

NMR spectroscopy in this unit. You have aso learnt what a IHNMmR

1

spectrum lookslike and how to interpret a H-NMR  spectrum.

5.0

90

SUMMARY

IH-NMR spectra are obtained using a solution of the sample
in deuterated solvents such as CDCI3, CD30D containing a
litle TMS.

Most proton chemical shifts occur inthe O to 12 ppm region.

IH-NMR correlation charts can be used to interpret 1
NMR spectra

Protons in same chemica environment have identical
chemical shifts.

Splitting of signals into groups of peaks occur because
the magnetic field of adjacent protons influence each other.
This is known as spin-spin coupling or splitting.

H-

The area under asigna in a IH-NMR spectrum is proportional
to thenumber of equivalent protons responsible for that signal.
OH and NH2 protons can be exchanged with D20O. This helps
in easy identification of these functional groups.
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10 INTRODUCTION

The origins and interpretation of 13¢  nuclear magnetic resonance
spectra are similar to proton magnetic resonance spectra. However,
they are usually smpler and therefore, easier to interpret. Thisis due
to two main factors: (i) the low natural abundance of the isotope and
(ii) the mode of operation of the spectrometer. Both factors simplify
the spectrum by preventing the splitting of signals by spin-spin
coupling between nuclei.

The natural abundance of 13C isotopes is 1.1%, that is, roughly

one carbon atom in every hundred is a 13C isotope. This means
that it is highly unlikely that adjacent carbon atoms in a molecule

will be 3¢ isotopes. Since 13¢ huclei do not absorb radio frequency
radiation when placed in a strong magnetic field, most of the
carbon atoms in a molecule will be incapable of spin-spin coupling

with any 13¢ nuclei present. However, there will be sufficient

13C isotopes in all the molecules found in a sample to obtain an
average absorption spectrum of all the molecules in that sample. This
average spectrum is in effect that of a theoretically impossible

molecule whose carbon atoms are all non-coupled to 13¢ isotopes.

20 OBJECTIVES

Atthe end of this unit, you should be able to:
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explain how a13C-NMR spectrum is generated
describe chemical shifts of some 13C atoms
interpret 132 spectra.

In-Text Question 1

Why are 13c NMR spectra less complex compared to lH-NMR
spectra?

30 MAIN CONTENT
31 13C-NMR Spectra

13C resonance occurs at a frequency of ~ 25.1 MHz when proton
resonance is occurring at ~ 100 MHz. Thus, it is at lower energy

than proton resonance and the spread of resonances for 13¢ is over
ca 180 ppm; thus there is less likelihood of overlapping lines in

13C NMR. Figure 3.9 shows the chemical shifts of some 13C signals.
Thisisonly an approximate guide.

Alkylsubsﬁmtédammalin(?— Hal m————

C—l'-l'nl e _
{ _CHZ_-_'_—'?"-'E—
iAmmaﬁcC T — C-O N S
. 2'{’) 1;50 100 50 Q

Fig.39° Tynical Chemical Shifts of 13C Atoms (Reproduced

) ) froam M Thamac (MO0ORY Chaoamictryy fn.r Dharmams and
Life Sciences. Essex, England: Pearson Education Ltd)

A 13¢ atom will couple to any protons attached to it e.g. a carbon
with one proton attached will appear as a double. However, to get
the most information from the weak carbon spectrum, it is better if
this coupling isremoved. Carbon-13 spectra cover a much wider
range of chemical shifts than proton spectra, but the positions of
resonances are generally determined by the same factors. However,
for ease of interpretation, they are often recorded as decoupled
spectra to eliminate the effects of coupling to adjacent protons
which would otherwise split the carbon-13 resonances according to
the n + 1 rule and Pascal’s triangle. Decoupled spectra consists of
a single peak for each chemically different carbon in the molecule
and spectra interpretation is confined to the correlation of their
chemical shifts with structure, augmented by reference to chemical
shift data and the spectra of known compounds. Proton coupling
can be observed under appropriate experimental conditions.
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3.1.1. Common Acronymson NMR

APT: Attached Proton Test The modification in APT aims to improve
the intensity of the slowly relaxing non-protonated centres by using a
smaller initial excitation pulse to reduce saturation.

HETCOR: Heteronuclear Shift Correlation (HETERO-COSY)
traditional 2D experiment used to identify couplings between
heteronuclear spins.

DEPT: Distortionless Enhancement by Polarisation Transfer A 1D
experiment used for enhancing the sensitivity of C observation and for
editing of *C-NMR spectra

HMBC: Heteronuclear Multiple-Bond Correlation. A 2D experiment
(closely related to HMQC, its 1-bond analogue), used to identify long-
range couplings between protons and carbons.

HMQC: Heteronuclear Multiple-Quantum Correlation A 2D experim
ent used to correlate directly bonded carbon-proton nuclel.

HSQC: Heteronuclear Single Quantum Correlation. A 2D proton-
detected heteronuclear shift correlation experiment which provides the
same information as the closely related HMQC, that is, one-bond H-X
correlations.

3.2 Interpretation of 13C-NMR Spectra
Thefollowing is agenera approach:

a Note the presence or absence of saturated structures; usually
give resonances between 0 and 90 ppm.

b. Note the presence or absence of unsaturated structures in
the region between about 100 and 160 ppm. (Alkyne carbons
are exceptions appearing between 70 and 100 ppm).

C. Note any low field resonances (160 to 220 ppm), which
are associated with carbonyl and ether carbons. Carboxylic
acids, anhydrides, esters, amides, acylhalides and ethers are all
found in the range 160 to 180 ppm, whilst aldehydes and
ketones lie between 180 and about 220 ppm.
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f13

3.3 Examplesof "“"C-NMR Spectralnterpretation

o
s
H "?mr:‘ H

N

190 180 170 160 150 140 130 120 190 100 90 B0 70O 60 50 40 30 20 10 0
& (ppm)
Fig. 3.10: 1:‘?‘C Spectrum of Alanine (Reproduced from G. Thomas
(1996). Chemistry for Phar macy and the Life Sciences.
Essex, England: Pear son Education Ltd.)

The three carbons show a very wide range of chemical shifts. The
lowest field resonance corresponds to the carbonyl carbon, which
Is highly deshielded by the double-bonded oxygen. The nitrogen
deshields the CH carbon much less, and the CH3 carbon is least
deshielded of three.

T T T — 7 T ¥ oo
50 140 130 120 11D WO B0 BO 70 G0 S0 40 30 20 10 O
& (pprm)

Fig.3.11: 13C Spectrum of 2,2,4-Trimethyl-1,3-Pentanediol
(Reproduced from G. Thomas (1996).Chemistry for
Pharmacy and the Life Sciences. Essex, England:
Pearson Education Ltd)

The carbon-13 resonances of this fully saturated compound are all
found between O and 90 ppm. The two carbons directly bonded to
oxygen atoms are deshielded significantly more than the CH carbon,
which in turnis more deshielded than the CH3 carbons.
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SELF-ASSESSMENT EXERCISE
(A)  IN-TEXT QUESTIONS(ITQS)

. With respect to chemical shift value differentiate between saturated
and unsaturated organic structuresin 3C NMR spectra.

L 3C-NMR are simpler and therefore easier to interpret, why?

i What is the difference between a ‘H-coupled 1SC-NMR
spectra and *H-decoupled 3C-NMR spectra?
Activity 3.7

Mention some guidelines in interpreting
(Timealowed: 4 ming)

13C-N MR spectra.

Activity 3.8

The 1:‘:"C-NMR spectra of 3-hydroxymethylbenzene is given in
Figure 3.12.

a) Was the data generated from a lH-coupled or decoupled
experiment?

b) Identify the carbon atom that corresponds to each signal.

(Timeadlowed: 7 ming)

a1
111

e —— -

o, BRI, TR O 1,_“.'* r a0 20 10

pp—— 0 30

- r
ql‘w: 130 100 90 80 70

—— _'J_ A 140
190 160 170 160 e
: & (pom)

Fig.3.12: 13C-NMR Spectra of  3-Hydroxymethylbenzene

40 CONCLUSION

You should now know what a 13C NMR spectrum looks like, and
be ableto interpret 13C-NMR spectra.
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5.0

6.0

7.0

SUMMARY

13¢ NMR spectra are simpler and easier to interpret due to
the low abundance of the isotope and the mode of operation
of the spectrometer.

13¢ atom will couple to protons attached to it; however
Iy decoupled experiments are usualy performed for clarity.

lH-coupled experiments can be carried out under appropriate
conditions.

Saturated structures give resonances between 0 and 90 ppm.
Unsaturated structures give resonances between 100 and
160 except alkynes which resonate between 70 and 100 ppm.

TUTOR MARK ASSIGNMENT
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10 INTRODUCTION

Nuclear magnetic resonance spectroscopy is a powerful technique
for the characterisation of the exact structure of compounds. This
unit describes the use of two dimensona NMR in structure
elucidation and other specialised application of NMR.

20 OBJECTIVES
Atthe end of this unit, you should be able to:

list the importance of 2D-NMR

interprete 2D-NMR data

describe the use of NMR in quantitative analysis
explain other specialised applications of NMR.

30 MAIN CONTENT

31 Two-Dimensional NMR Spectroscopy

1414 correlation or cosy experiments alow protons to be coupled
to each other. Figure 3.13 shows the correlated spectroscopy spectrum
of aspirin. The diagona gives the correlation of the signals themselves
i.e. A with A, B with B etc. On either side of the diagonal,
identical information is presented; thus, only one diagona is required
for spectral interpretation. From the spectra, it can be seen that A is
coupled to C, B is coupled to C and D; and C is weakly coupled to
D via long-range meta-coupling. COSY has smplified the
interpretation of complex NMR spectra. There are a number of
techniqgues stemming from the basic two-dimensional technique,
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which for example, allows correlation between carbon atoms and the
protons attached to them and correlationsof carbon atoms with protons
one or two bonds removed from them, heteronuclear multiple bond
correlation (HMBC).

In-Text Question 1
What is the implication of diagonal linein COSY

D C = A
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Fig.3.13: lH-lH-COSY Spectrum of Aspirin (Reproduced from
G.Thomas (1996). Chemistry for Pharmacy and the Life
Sciences. Essex, England: Pearson Education Ltd)

3.2 Other Applications of Nuclear Magnetic Resonance
Spectr oscopy

We have discussed the use of NMR as a powerful technique for
the characterisation of the exact structure of organic compounds using

Iy NMR, 13c NMR  and cosy experiments. Other applications
include:

a) determination of impurities including enantiomeric impurities
without separation down to ca 10% level.
b) NMR can be used as arapid and specific quantitative technique.

For example, a drug can be rapidly quantified by measuring

suitable protons (often isolated methyl protons) against the

intense singlet for the methyl groups in t-butanol. The amount of drug
present can be calculated using the following formula for the methyl
groups in t-butanol used as an internal standard (int. std.)

Amount of drug =
Area signal for drug proton

- - x mass of int.std.x
Areasignal for int.std.proton
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M 7of drug Noof proton from int.std.

X
MW" of int.std. No of protons from drug

An advantage of this method of quantisation is that a pure
external standard for the drug is not required since the response is
purely proportional to the number of protons present and this can be
measured against apure internal standard. Thus, the purity of a
substance can now be determined without a pure standard for it being
available

C) NMR has been developed recently, in conjunction
with chemometrics, as a tool for the diagnosis of disease. For these
purposes it is often interfaced with HPLC. It has adso found wide
application in magnetic resonance imaging, atechnique that may be
used for imaging soft tissues using NMR signal produced by the
protons within the tissues. LC-NMR has also found application
in drug metabolic studies.

In-Text Question 2
What is the full meaning of the acronym HMBC in 2D-NMR

SELF-ASSESSMENT EXERCISE
(A) IN-TEXT QUESTIONS(ITQS)

I Mention two specialised applications of NMR.
i |dentify two hyphenated techniques that can be used with NMR.

i Briefly describe 1H-1H cosy

Activity 3.9
Write short notes on two-dimensional NMR (COSY).
(Time allowed: 7 mins)
Activity 3.10
Explain how NMR can be used in quantitative analysis.
(Time allowed: 5 mins)
40 CONCLUSION

In this unit you have learnt about two dimensiona NMR
experiments and how the data can be used to generate useful
information in structural elucidation. You have also learnt that NMR
can be used in quantitative analysisand in diagnosing a disease.

50 SUMMARY

Inthis unit, the following have been discussed:
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the diagona in correlated spectroscopy gives the correlation
of thesignas

only one side of the diagona is required for spectral
interpretation

NMR can be used in quantitative analysis of drug molecules
by measuring suitable protons (often isolated methyl groups)
against theintense singlet for the methyl groups in t-butanol

an external standard is not required to determine purity of a
drug

NMR can be coupled to HPLC and this has been used

in diagnosing a disease.
6.0 TUTORMARK ASSIGNMENT
70 REFERENCE/FURTHER READING

Thomas, G. (1996). Chemistry for Pharmacy and the Life Sciences.
Essex, England: Pearson Education Ltd. pp. 180-185.

101



CHM 309 MODULE 3

UNITS STRUCTURE ELUCIDATION OF ORGANIC
MOLECULESWITH WORKED EXAMPLES

CONTENTS

1.0  Introduction

2.0 Intended Learning Outcomes

3.0 Main Content
3.1 Information from each Spectrum
3.2  Spectroscopic Identification
3.3 Applications (example 1. 4-Ethoxyacetanilide &

example 2:Propanoic Acid)

4.0 Conclusion

50 Summary

6.0 Tutor Mark Assignment

7.0 References/Further Reading

1.0 INTRODUCTION

The information that may be obtained from ultraviolet-visible,
infrared, proton and carbon-13 nuclear magnetic resonance and mass
spectra is complementary, and it is much easier to identify the
structure of a compound if al the spectra are considered. Each
spectrometric technique provides characteristic data to assist in
the eventua identification of the sample.  These have been
considered in the individual topics, but need to be combined to
extract the maximum information.

20 OBJECTIVES
Atthe end of this unit, you should be able to:

appreciate the use of all the data generated from the various
spectroscopic method to determine the structure of a compound.

30 MAIN CONTENT

If an unknown material is presented for analysis, it should first
be determined whether the sample is a single substance, or a mixture.
The purity of substances such as pharmaceuticals is very
important. Separation by an appropriate technique should reveal
the number of components in the sample.
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3.1 Information from each Spectrum

In order to study and identify any unknown anaytical sample
using spectroscopic techniques, the analytical chemist must first
obtain good quality spectra and then use these to select the
information from each technique that is of most value. It is also
important to recognise that other analytical observations should be
taken into account. For example, if the sample is a volatile liquid and
the gspectral information suggests that it is an involatile solid, clearly,
there is conflicting evidence.

The use of computerised library databases can assist in the matching
of gpectra to recorded examples. If difficulties are found in
distinguishing between two possibilities for the sample identity,
then it may be necessary to consult reference texts or additional
computer databases so that an exact match is found. Some databases
give information that helps when working with samples that are new
compounds or whose spectra are not present in the database. For
example, the presence of a strong peak in an IR spectrum near 1700

cm™Lshould suggest a high probability that the sample might be a
carbonyl compound.

3.2 Spectroscopic ldentification

The conditions under which each spectrum has been obtained must
be taken into consideration. For example, if the UV, IR and NMR
spectra were run in solution, what was the solvent? The instrumental
parameters aso need to be considered. In MS, the type of ionisation
used will affect the spectrum obtained.

If the source of the analytical sample is known, this can be a great
help in elucidating the identity of the material. It is a worthwhile
exercise to follow the same general scheme and note down the
information that is deduced from the study of each spectrum. One
suggested scheme is given below, but the value of ,feedback® in
checking the deductions must not be overlooked.

) Empirical Formula

Occasiondly, if the sample has been anaysed to find the percentage
of carbon, hydrogen, nitrogen, sulphur and other elements and to
deduce the percentage of oxygen by difference, this can be a useful
first step. If this information is not available, it may be found from
the MS if an accurate relative molecular mass has been measured.
Example: A solid sample contained C 75.5%, H 7.5% and N 8.1%
by weight. What isthe empirical formula of the sample?
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Dividing by the relative atomic masses gives the ratio of numbers
of atoms, noting that there must be (100-75.5-7.5-8.10) = 8.9% oxygen.
C=755/12=622 H=75/1=75 N=8.1/14 = 0578 O=8.9/16
= 0.556

This corresponds (roughly) to C11H13NO, with an RMM of 175,
which may give a molecular ion in the mass spectrum.

i) Double Bond Equivalents

This has earlier being explained in unit 2 of module 3 with two formulae.
However, this unit present another opportunity to learn about DBE via
another method. The presence of instauration in a structure should be
considered. Since a saturated hydrocarbon has the formula
CnH2n+2, and since a single- bonded oxygen can be thought of as
equivalent to -CH2-, and a single- bonded nitrogen as —CH<, the
number of double bonds or rings, called the double bond equivalents
(DBE) for the compound is given by:

DBE = (2n4 + 2+ n3-nl1)/2 Where,

n4 is the number of tetravalent atoms (e.g. carbon), n3 isthe number
of trivalent atoms (e.g. nitrogen),

listhe number of monovalent atoms (e.g. hydrogen or halogen).
Therefore, for benzene, C6H6, the DBE is (14-6)/2, that is, three
double bonds and one ring.

For example in (i) above, C11H13NO, the DBE is (24 + 1-13)/2
= 6, which would correspond to one benzene ring (4) plus one -
C=C- plus one >C=0. Note that other spectra must be used to
distinguish between aring and a double bond or between a-C=C- and
a>C=0.

lii)  The IR spectrum gives evidence about the presence of functional
groups discussed in module 1. The example in (ii) above would be
solved if the infrared spectrum showed no carbonyl to be present.
The presence of aliphatic groups, or unsaturated or aromatic
structures may be inferred from the position of the —-C-H stretching

bands around 3000 cm'l, and confirmed by the presence of
other bands. A useful application of Raman spectrometry is
the detection of groups that have very weak absorbances in the
infrared region, such as substituted alkynes.
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Iv)  The UV spectrum does give some structural information,
even when there is little or no absorbance, which would suggest the
absence of any aromatic, conjugated or ketonic structures. If there are
double bonds or unsaturated rings present, the UV spectrum should
provide further information.

V)  Much useful information may be derived from the mass spectrum
as discussed fully in module 2. A brief summary of what you
should look for should include:

. The m/z of the molecular ion. This corresponds to the molecular
formula, which may be a multiple of the empirical formula
derived in (i). An odd vaue for the m/z of the molecular ion
requires that an odd number of nitrogen atoms are present, as
in the example in (i) above. Prominent isotope peaks indicate
the presence of Cl, Br or S.

. The exact value of m/z of the molecular ion. For example,
the nomina RMM of the example in (i) is 175, and the
formulae might have been deduced if the exact mass was
determined as 175.0998, since, excluding some impossible
formulae, some othersare:

C8H5N302175.0382
C7H13N0O4175.0845
C11H13NO175.0998

C10 175.1111
*  The fragments present and the fragments |ost.

vi) Both the 1H-NMR and the 13C-NMR give essential information

about the types of protons and carbons present, their environment
andtheir connections to neighbouring atoms. Thisisdiscussed in detail
inunits 2 and 3 of this module.

vii) Before the final report isgiven, itisaways agood ideato retrace
the steps above the check whether the data is self-consistent. For
example, if there is no evidence for aromatic structures in the IR
spectrum, is this consistent with the NMR spectrum? If an
isomer must be identified, do the positions of the peaks in the IR and
NMR spectra correspond, and does the fragmentation in the mass
spectrum provide confirmation?

3.3 Applications (Example 1: 4-Ethoxyacetanilide &
Examnle2: Pronanoic Acid)

In-Text Question 1
The spectra shown in Figure 3.14 (a)-(d) were obtained for a
compound of composition C 67%, H 7.3%, N 7.8%, melting at 135°C
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Wsing the data and spetra below proposed the structure for Empirical
formulas C10H13N2; RMM = 179 DBE=5
fizIR (KBr disk) 3300cm-1  H-N stretch 3000+ H-C aromatic stretch

3000 H-C dliphatic 670 C=0
stretch (amide or aromatic links?) 1650, 1510, etc aromatic ring
vibrations This suggests a substituted aromatic amide.

UV (methanol solution): major peaks at 243 and 280 nm aso
suggest an aromatic compound.

1b: MS (EI)
'z 179
I\\//I+°mu§ be odd number of nitrogen 137 M-
42: loss of CH2CO; CH3CO- compound? 43 CH3co™*
27 and 29 C2H3"and C2H5" 108/109
(OH-C6H4-NH2)tand less 1H

1c: 14 NMR (80MHz, CCl4 solution) /ppm
Relative integra Multiplicity Assignment 1.3 3
8i. CH3-CH2- 21 3 1
CH3-CO- 40 2 4 O-CH2-
CH3 6.8/7.3 4 ~2 doublets 1,4-ArH- 7.6
1 1, broad Ar-NH-CO

1d:13C-NMR (20.15 MHz, CDCI3 solution) &/ppm
Multiplicity Assignment 14.8 4
CH3-CH2- 24.2 4 CH3-
CO- 63.7 3 O-CH2-
CH3 114.7 2 ArCH-

122.0 2 ArCH 131.0
1 ArC-CO- 155.8 1
ArC-N- 168.5 1 Ar-

CO-

Vii.
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Fig.3.14: Example 1 (Reproduced from G. Thomas

(1996).
Chemistry for Pharmacy and the Life Sciences. Essex, England:
Pearson Education Ltd)
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In-Text Question 2
The spectra shown in Figure 3.15 (a)-(d) are for a liquid at 141°C
and solubleinwater. The elemental composition was C 48.6%, H 8.1%.
I iiEmpirical formulac C3H602; RMM = 74
i DBE=1

2a IR (liquid film) the most notable features of the spectrum are

the broad band around 3000 cm™tand the strong carbonyl band at
e 1 H-O-, hydrogen bonded stretch of acid

1715

3000cm-1
2900 H-C-dliphatic stretch
1715 C=0 stretch of an acid
1450 CH2 and CH3 bend
1380 CH3 bend
1270 C-O- stretch

Thisstrongly suggests a carboxylic acid.

iv. UV: No significant UV absorption above 220 nm, therefore
aiphatic.

vV 2b:MS (El)
miz 74 Mt

57 M- 17 possibly M-OH
45 -COOH
27,29  C2H5 present
Thefragment ions suggest an aliphatic carboxylic acid.

vi  2c13C-NMR (200 MHz, CDCI3 solution)

/ppm 9.5 Multiplicity Assignment
4 CH3-C
28.2 3 -CO-CH2-C
180.0 1 -CO-

The compound is propanoic acid, CH3-CH2-COOH. This is in
vii agreement with all the spectroscopic data, and with the boiling
point.
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Fig.3.15. Example 2 (Reproduced from G. Thomas
(1996). Chemistry for Pharmacy and the Life Sciences. Essex,
England: Pearson Education Ltd)
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Figure 3.16: (Reproduced from G. Thomas (1996). Chemistry
for Pharmacy and the Life Sciences. Essex, England: Pearson
Education Ltd)
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SELF-ASSESSMENT EXERCISE

i The spectra shown in Figure 3.16 (a)-(d) are for a compound
boiling at 205°C and insoluble in water. The composition is
C 52.2%, H 3.7%, Cl 44.1%. Determine the empirica formula
a

ii. Determine the molecular formulaof this compound in question (1)

I Calculate double bond equivalent (DBE) of compound in (1)
above.

NOTE: The students should try the 2 other methods discussed earlier to
confirm the DBE vaue of 5 obtained in the solution 3 inITA above.

Activity 3.11

The compound has aweak UV absorbance at 270 nm.

Using all the spectral data given in Figure 3.13, determine the
molecular structure of the compound.

(Time allowed: 13 mins)

40 CONCLUSION

You have learnt about the applications of MS when combined
with chromatographic techniques such as GC and LC. This
combination is a very powerful tool in analysis of mixtures and it is
time saving.

You have equally learnt that multiple spectroscopic techniques
are required for accurate determination of the molecular structure of
organic molecules.

50 SUMMARY

You have learnt in this unit that MS can be interfaced with GC, LC,
GC- MS and LC-MS ae wused for impurity profiling in
pharmaceutical industries. You have equally learnt that:

good quality spectra are required in identification of a sample
other analytical observations such as boiling point, melting
point should be taken into account in sample identification

. each technique provides characteristic data that assist in
the eventual identification of the sample
. the combined approach often provides a better picture and it

is more reliable than when using individual technique in
Isolation.



CHM 309 MODULE 3

6.0 TUTORMARK ASSIGNMENT
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