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Introduction

The study of chemical reactions, isomerizations @mgsical behavior that may occur under
the influence of visible and/or ultraviolet liglst calledPhotochemistry. The

Photochemistry course is concerned with the intenaof visible and ultraviolet light with
molecules, an important aspect of modern chemelrigh is relevant to biology (e.g.
photosynthesis, vision), lasers, organic synthesas;tion kinetics and atmospheric science
(e.g. the ozone hole). Some familiarity with conteeguch as Hund'’s rules, the Franck-
Condon principle, basic reaction kinetics and teady-state approximation is expected. On
the other hand, pericyclic reactions representrgortant class of concerted (single step)
processes involving-systems. It is ahemical reactionn which concertedeorganization of
bonding takes place throughout a cyclic array efticmously bonded atoms. The term
embraces a variety of processes, includipgjoadditions, cheletropic reactions, electrocycli
reactionsandsigmatropic rearrangementprovided they are concerted).

Course Description

In this course (CHM 414) titled “photochemistry apeéricyclic reaction”, you will be
presented information in a structured way to madaning easier. This course exposes
students to the fundamental principles that aredational to understanding photochemical
transformations. Each unit is planned in an eadpltow pattern for beginners in this aspect
of chemistry. We have adopted a step-by-step appr@a order to introduce you to a
fascinating world of excited-state reactions andceoted reactions involving a cyclic flow of
electrons through a single transition state. Bd units follow the same pattern and so after
the first unit the rest will become easy to follow.

What you will learn in this course

In this course you will learn about the underlyimgchanism for all of photobiology. You
will find that the energy that is absorbed fromhtigan result in photochemical changes in
the absorbing molecule, or in an adjacent moleeilg., photosensitization). You will learn
about different preference each type of molecule toaget rid of absorbed photon energy
either to be given off as heat or as lower eneigt,l i.e., fluorescence or phosphorescence
and which of these different mechanisms it usexder to return the molecule to its ground
state.

In addition, it will become obvious that a peridgaleaction is characterized by a change in
bonding relationships that takes place as a camtisuconcerted reorganization of electrons.
You will also learn that the term "concerted" sfiesithat there is one single transition state
and therefore no intermediates are involved inpgifezess. To maintain continuous electron
flow, pericyclic reactions occur through cyclicrisition states. You will find out that the
cyclic transition state must correspond to an @eament of the participating orbitals which
has to maintain a bonding interaction between ¢laetiton components throughout the course
of the reaction.

Course Aims



This course aims at providing you the necessaridraand on the basics of photochemistry
SO as to enable you understand the underlying mesrhdor all photochemical processes. It
also intends to enhance a detailed understanditigeafoncept of the processes of

pericyclic reactions and the stereochemical outsoofiehese highly stereospecific reactions.

Course Objectives

On completion of this course you should be able to:

» Distinguish between thermal reactions and photoatemeactions.
» Discuss the role of photochemistry in our everylildgpg.

» Identify photochemical process in what goes onoaryenvironment.
» Give a concise definition of pericyclic reactions

» Explain the mechanisms of pericyclic reactions

» Explain various approaches to analyzing pericydactions

» Discuss the Frontier molecular orbital theory

« Draw an orbital correlation diagram

» Classify an orbital as symmetric or antisymmetric

» State and explain the generalized and Woodwardriboih orbital symmetry rules

Working through this course

In order to be able to successfully complete tlisrse, you are required to carefully study
each unit along with recommended textbooks and otiagerials that may be provided by the
National Open University. You may also need to eipther e-reading such as internet for
further useful information on the course. Each wointains self assessment exercise and at
certain points in the course you would be requi@dubmit assignment for grading and
recording purposes. You are also to participatéhen final examination at the end of the
course. It is recommended that you devote an almitidi@e to reading and comprehension. It
is highly necessary that you avail yourself the mpmity of attending the tutorial sessions
where you will be able to compare your understapaif the course contents with your
colleagues.

Course Materials

You are provided with the following sets of coumsaterials:

1. A course guide which spells out the details bbbtpchemistry and pericyclic reactions
including the aims and objectives.

2. The study units (presented in two modules) wéhailed learning information. Each study
unit has a set of performance objectives along wiitier relevant learner guide.
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Study Units
A synopsis of the units contained in the courdeei® presented:

Module One

Unit 1- The electromagnetic spectrum: This Unitegitherangeof all possible frequencies
of electromagnetic radiatiorand the "electromagnetic spectrum" of an object tlees
characteristic distribution of electromagnetic edidin emitted or absorbed by that object.

Unit 2 — Introduction to photochemistry: Presentsotpchemistry as the study of the
chemical reactions and physical changes that rértt interactions between matter and
visible or ultraviolet light. This Unit familiarizethe reader with basic ideas relating to light
and matter and the interaction between them.

Unit 3 — Light absorption and fate of the excitedts: Reveals what happens to molecules
when they absorb light, the variety of processes @ifferent mechanistic pathways they
undergo.

Unit 4 — Selection rules and photophysical paramseteooks at the way absorbed or
generated photons are analyzed to predictitieéhood thata physicalsystemwill change
from onestateto anotheror will beunableto makesucha transition.

Unit 5 —Lasers: In this Unit the properties of Liaaad the wide variety of applications in all
walks of life to which Laser has been engaged weeussed.

Unit 6 — Photochemical reactions: Contrasts phaotbal reactions with thermal reactions
as reactions involving electronic reorganizatioitiated by electromagnetic radiation and
shows the valuable use to which they have beemmrganic and inorganic chemistry.

MODULE TWO

Unit 1 - Mechanism of pericyclic reactions and assed terminologies: Gives a concise
definition of pericyclic reactions, explains the chanisms of pericyclic reactions and its
associated terminologies together with the varistereochemical notations as well as
characteristics of pericyclic reactions.

Unit 2 - Types of pericyclic reactions: Explain® tmajor categories of pericyclic reactions
and compares different types.

Unit 3 - Analysis of pericyclic reactions: This Wrapplies orbital correlation diagram
method and the frontier molecular orbital (FMO) eggeh to analyze pericyclic reactions.

The individual units of this book are organizedading to the following format: unit title,
introduction to the unit, unit learning objectivesd text, summary, tutor-marked assignments
(TMA) and suggested references for further readidg.chose this format in order to aid the
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reader in comprehending the material and to stitautém to probe the unit topics further.
The TMAs are meant to test your basic understandimgy comprehension of the course
materials, which is a prerequisite for achieving $iated aims and objectives of the course.

Assessment

The course assessment consists of three aspeotdyrthm self assessment exercise, the tutor
marked assignment and the written examination/érmdurse examination. It is essential that
you attempt all exercises and assignments and swppropriately to the course facilitator
for grading. Let your answers be concise and agrat® as possible. You are expected to
consult other materials in addition to your counsaterials in order to be able to present
accurate answers to the questions. Kindly notettietutor marked assignment covers only
30% of the total marks for the course.

Tutor Marked Assignment (TMA)

The TMA is a continuous assessment component af gourse. It accounts for 30% of the
total score. You will be given a number of TMAs daswer. Nearly all of them must be
answered before you are allowed to sit for the@rttie course examination. The TMAs will
be given to you by your facilitator and returnetéafou have done the assignment. Note that
these assignments are already contained in thgnassit file to be given to you. You may
do yourself good by reading and researching wedtreeyou attempt to answer the questions.

Facilitators/Tutors and Tutorials

There are few hours of tutorials provided in suppdrthis course. You will be informed
appropriately of the name, telephone number andaié-address of your facilitator. In
addition, the time, dates and location of the fatotessons will be communicated
beforehand. You are required to mail or submit ydutor Marked Assignment to your
facilitator, at least two working days, before #&hedule date. Note that all the submitted
assignments will be duly marked by the facilitatath further comments that can improve on
your performances. The facilitator will from tim® time take track record of your
comprehension, progress and difficulty in the ceursBe kind enough to attend tutorial
lessons at the fixed appointment. It is probably ¢imly avenue to meet face to face and
discuss with you facilitator. There, you will belalto ask questions or seek clarification on
seemingly grey areas in the course material. Yoy asawell have prepared questions and
comments for your facilitator before the due déte.active participation during the tutorial
lessons will be an added advantage to boost yoofidemce level. In case any of the
situations listed below arises, do not hesitatentonate your facilitator using his or her
telephone number or via e-mail address;

» You do not understand any part of the study oag®gned readings
» You are not skill enough to attempt the self assess exercise
» The questions in the TMAs are not clearly unders$too



Textbooks

There are numerous books and other materials teat Structure and Bonding; some of
these are listed at the end of units. In additibe, internet provides a lot of information
relating to the course title; the learner is enaged to use the internet, though with some
level of caution. The learner may wish to consuly af the following resources in aid of
effective learning:

= J. Mattay, A. G. GriesbeclPhotochemical Key Steps in Organic Synthegaigdey-

VCH, 1994.

N. J. Turro,Modern Molecular Photochemistr§991, University Science Books,

Mill-Valley, California.

= F. A Carey, R. J. Sundberdydvanced Organic ChemistnPlenum Publishing
Corporation, 2000.

= A. Gillbert, J. Baggott,Essentials of Molecular Photochemisttp91, Blackwell
Scientific Publications, London.

= M. Klessinger, J. MichlExcited States and Photochemistry of Organic Mdéscu
Wiley-VCH, 1994, New York.

= Woodward, R.B. Hoffmann, R.The Conservation of Orbital Symmetryerlag
Chemie Academic Press, 2004.




TABLE OF CONTENTS

MODULE ONE

UNIT 1 - THE ELECTROMAGNETIC SPECTRUM

1.0 INTRODUCTION
2.0 OBJECTIVES
3.0 MAIN CONTENT
3.1 Range of the spectrum
3.2Interaction of electromagnetic radiation withttaa
3.3 Types of radiation
3.3.1 Radio frequency
3.3.2 Microwaves
3.3.3 Infrared radiation
3.3.4 Visible radiation (light)
3.3.5 Ultraviolet light
3.3.6 X-rays
3.3.7 Gamma rays
3.4 Nature of light and Quantum theory
3.4.1 Wave nature of light
3.4.2 Particle nature of light
3.4.3 Planck’s quantum theory
4.0 SUMMARY
5.0 TUTOR-MARKED ASSIGNMENT
6.0 REFERENCES
UNIT 2 —INTRODUCTION TO PHOTOCHEMISTRY
1.0 INTRODUCTION

2.0 OBJECTIVES

Pag

10
10
11
11
11



3.0 MAIN CONTENT
3.1 Light and matter

3.1.1 Absorption of light by atoms and molecules
3.2 Differences between thermal and photochemicalgsses
3.3 Photochemistry
3.3.1 Basic laws of photochemistry
3.3.2 Photochemistry induced by visible and ultwssti light
3.4 Reaction pathways

3.4.1 Dissociation

3.4.2 Energy transfer

3.4.3 Luminescence
3.5 Applications of photochemistry
3.6 Experimental set-up

3.6.1 Excitation
3.7 Organic photochemistry

3.8 Inorganic and organometallic photochemistry

4.0 SUMMARY
5.0 TUTOR-MARKED ASSIGNMENT

6.0 REFERENCES
UNIT 3 — LIGHT ABSORPTION AND FATE OF THE EXCITED S TATE

1.0 INTRODUCTION

2.0 OBJECTIVES
3.0 MAIN CONTENT

3.1 Light Absorption — Formation of the Excited t8ta

3.1.1 Excited electronic states
3.1.2 The Franck-Condon Principle
3.2 A catalogue of several important photophysicatesses.
3.3 Photo-excitation by Stimulated Absorption
3.4 Vibrational Relaxation
3.4.1Radiative versus Non-Radiative Excited Stateal) Pathways
3.5 Radiative Decay: Fluorescence

8

11
11

12

12

13

13

13

14

15

15

15
16
16

17

17

17
18
18
18
19

19

19

20

20

21
21
21
32
23
24
24



3.6 Non-Radiative Decay: Internal Conversion
3.6.1 Internal Conversion: Importance to Life Preses

3.7 Non-Radiative Decay: Intersystem Crossing

3.8 Phosphorescence: Radiative Decay from TrigkeS
3.9 Photosensitization

3.10 The Franck-Condon Principle and the Stokeft sh

3.11 The stokes’ Shift
4.0 SUMMARY

5.0 TUTOR-MARKED ASSIGNMENT
6.0 REFERENCES

UNIT 4 — SELECTION RULES AND PHOTOPHYSICAL PARAMETE RS
1.0 INTRODUCTION

2.0 OBJECTIVES

3.0 MAIN CONTENT

3.1Selection rules
3.1.1 Spin selection rul1§ = 0)
3.1.2 LaPorte selection rule{gu; 4l = #1)
3.1.3 Franck-Condon Selection Rule
3.1.4 Orbital Overlap Selection Rule
3.2 The Quantum Yield
3.2.1 Calculating the Number of Photons Absorbed
3.3 The excited state lifetime
3.3.1Exponential Decay of the Excited State
3.4 Rate Constants for Excited State Deactivation
3.5 Fluorescence quenching
4.0 SUMMARY
5.0 TUTOR-MARKED ASSIGNMENT
6.0 REFERENCES
UNIT 5 — LASERS

1.0 INTRODUCTION
2.0 OBJECTIVES

3.0 MAIN CONTENT
3.1 Characteristics of Laser radiation

3.1.1 Monochromaticity

24
25

25
26
26
27

29

30

30

30

31
31
31
31

31
32
32
32
32
33
34
36
38
39
41
43
43
44
45

45
45

45
46

46



3.1.2 Directionality

3.1.3 Coherence

3.2 Emission and Absorption of Light
3.2.1 Energy Levels in Atoms
3.2.2 Spontaneous Emission of Light
3.2.3 Stimulated Emission of Light
3.2.4 Absorption of Light
3.2.5 Population Inversion

3.3 Elements of a Laser

3.3.1 Amplification

3.3.2 Creating a population inversion
3.4 Applications of Lasers

4.0 SUMMARY

5.0 TUTOR-MARKED ASSIGNMENT

6.0 REFERENCES

UNIT 6 - PHOTOCHEMICAL REACTIONS

1.0 INTRODUCTION

2.0 OBJECTIVES
3.0 MAIN CONTENT
3.1Features of Photochemical Reactions
3.1.1Why are photochemical reactions interesting?

3.1.2 Essential criteria for all photochemical réians

3.1.3 Factors Determining Outcome of a PhotochehiRemction
3.2 The Photochemical Process

3.2.1 Primary Photochemical Processes

3.2.2 Secondary Photochemical Processes

3.2.3 Chain Reactions
3.3 Types of Photoreactions

3.3.1 Linear addition to an unsaturated molecule

10

47

49

50

50

51

52

53

54

54

55

55
57

58
59
59
60

60

60

61

61

61

61
62
62
63
63
63
64

64



3.3.2 Cycloaddition of unsaturated molecules
3.3.3 Photofragmentation

3.3.4 Photooxidation

3.3.5 Photohydration

3.3.6 Cis-Trans Isomerization
3.3.7 Photorearrangement

3.3.8 Energy Transfer (Photosensitization)
3.3.9 Carbonyl compounds

4.0 SUMMARY
5.0 TUTOR-MARKED ASSIGNMENTS

6.0 REFERENCES

MODULE TWO
UNIT 1 - MECHANISM OF PERICYCLIC REACTIONS AND
ASSOCIATED TERMINOLOGIES

1.0 INTRODUCTION

2.0 OBJECTIVES

3.0 MAIN CONTENT
3.1 Mechanism of pericyclic reactions

3.2 Characteristics of pericyclic reactions
3.3 Stereochemical Notations

3.3.1 Suprafacial and antarafacial shifts

3.3.2 Cycloadditions
3.3.3 Forbidden reactions and allowed reactions

4.0 SUMMARY
5.0 TUTOR-MARKED ASSIGNMENTS

6.0 REFERENCES

11

65
65
66
66

67
68

69
69

70
71

71

72

72

73

73

73
73
74

74
76
76

77
77

77



UNIT 2 - TYPES OF PERICYCLIC REACTIONS

1.0 INTRODUCTION

2.0 OBJECTIVES

3.0 MAIN CONTENT

3.1 General classification of pericyclic reactions
3.2 Cycloaddition Reactions

3.3 Cheletropic reactions

3.4 Electrocyclic reactions

3.5 Sigmatropic rearrangements

3.6 Group transfer pericyclic reaction

3.7 Dyotropic rearrangements

4.0 SUMMARY
5.0 TUTOR-MARKED ASSIGNMENTS
6.0 REFERENCES

UNIT 3-ANALYSIS OF PERICYCLIC REACTIONS
1.0 INTRODUCTION

2.0 OBJECTIVES
3.0 MAIN CONTENT

3.1Analysis of Pericyclic reactions

3.2 Orbital correlation diagram method

3.3 Orbital symmetry diagram (Orbital correlatiaagtam)
3.3.1 Conservation of Orbital Symmetry Theory

3.3.2 Analysis of cycloaddition reaction by orbitakrelation

diagram method

3.3.3 Analysis of electrolytic reaction by orbitalrrelation

diagram method
3.4 Frontier Molecular Orbital Theory
3.4.1 Analysis of Electrocyclic reactions by FMO
3.5 Reaction conditions for pericyclic reactions
3.6 Woodward-Hoffmann rules
3.6.1 Simplified Woodward-Hoffmann rules

12

78

78

78

78

78
78
81
81
82
85
87

88
88
88

89
89

89
89

89
89
90
90

90

92
94
98
101
102
104



4.0 SUMMARY 105

5.0 TUTOR-MARKED ASSIGNMENTS 106
6.0 REFERENCES 106

SOLUTIONS TO SELF ASSESSMENT EXERCISES 106

13



UNIT 1 - THE ELECTROMAGNETIC SPECTRUM

1.0. INTRODUCTION

The electromagnetic spectrumis the range of all possible frequencies of etentignetic
radiation. The "electromagnetic spectrum” of aneobjis the characteristic distribution of
electromagnetic radiation emitted or absorbed by dbject.

The electromagnetic spectrum extends from low paler frequencies used for modern radio
communication to gamma radiation at the short-wength (high-frequency) end, thereby
covering wavelengths from thousands of kilometmsrmito a fraction of the size of an atom.
It is for this reason that the electromagnetic 8pet is highly studied for spectroscopic
purposes to characterize matter. The limit for levayvelength is the size of the universe
itself, while it is thought that the short wavelémgimit is in the vicinity of the Planck length,
although in principle the spectrum is infinite azahtinuous.

2.0. OBJECTIVES
After studying this Unit, you should be able to:

Describe and electromagnetic wave and its progertie

» Describe properties of light in relation to pasieland to electromagnetic
waves.

» Describe the two components of an electromagnati@tion

» State the range (various divisions) of the electpnetic spectrum

* Explain the wave-particle duality of light

e Carry out simple calculations using the parametafrslight (wavelength,
frequency, velocity, wave number and energy)

« State the physical processes that could take plgleen electromagnetic
radiation interacts with matter

3.0. MAIN CONTENT

3.1. Range of the spectrum
Electromagnetic waves are typically described by ah the following three physical
properties: the frequencly wavelengthi, or photon energ\e. Frequencies range from
2.4x13°Hz (1 GeV gamma rays) down to the local plasmajfemcy of the ionized
interstellar medium (~1 kHz). Wavelength is invéyg@oportional to the wave frequency, so
gamma rays have very short wavelengths that aaidres of the size of atoms, whereas
wavelengths can be as long as the universe. Plestergy is directly proportional to the
wave frequency, so gamma rays have the highesge@round a billion electron volts) and
radio waves have very low energy (around a femdotebnvolt). These relations are
illustrated by the following quJEatlons

f:%, or f—— or FE —

where:
. ©=299,792,458 m’sis the speed of light in vacuum
- h=6.62606896(33)xI6"J s = 4.13566733(10)x10 eV s is Planck's constant.

he
A 3
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Whenever electromagnetic waves exist in a mediurth wmatter, their wavelength is
decreased. Wavelengths of electromagnetic radiation matter what medium they are
travelling through, are usually quoted in termsh&fvacuum wavelengthalthough this is not
always explicitly stated.

Generally, electromagnetic radiation is classitigdvavelength into radio wave, microwave,
terahertz (or sub-millimeter) radiation, infrareitie visible region we perceive as light,
ultraviolet, X-rays and gamma rays. The behaviotirE®d radiation depends on its
wavelength. When EM radiation interacts with singlems and molecules, its behaviour also
depends on the amount of energy per quantum (phittcarries.

Spectroscopy can detect a much wider region oEtMespectrum than the visible range of
400 nm to 700 nm. A common laboratory spectrosa@edetect wavelengths from 2 nm to
2500 nm. Detailed information about the physicalperties of objects, gases, or even stars
can be obtained from this type of device. Spectipss are widely used in astrophysics. For
example, many hydrogen atoms emit a radio waveophtbiat has a wavelength of 21.12 cm.
Also, frequencies of 30 Hz and below can be produmeand are important in the study of
certain stellar nebulae and frequencies as higl2.81G’ Hz have been detected from
astrophysical sources.

3.2. Interaction of electromagnetic Radiation with Matter
Electromagnetic radiation interacts with matterdifferent ways in different parts of the
spectrum. The types of interaction can be so diffethat it seems to be justified to refer to
different types of radiation. At the same time,réhés a continuum containing all these
"different kinds" of electromagnetic radiation. Bhwe refer to a spectrum, but divide it up
based on the different interactions with matter.

Region of the Main interactions with matter
spectrum
Collective oscillation of charge carriers in bulkatarial (plasma
Radio oscillation). An example would be the oscillatiointlee electrons in an
antenna.
Microwave
through far| Plasma oscillation, molecular rotation
infrared
Near infrared Molecular vibration, plasma oscitiati(in metals only)
.- Molecular electron excitation (including pigment lexules found in
Visible ) A .
the human retina), plasma oscillations (in metalg)o
. Excitation of molecular and atomic valence eledtancluding ejectior
Ultraviolet i
of the electrons (photoelectric effect)
Excitation and ejection of core atomic electrongmpton scattering
X-rays . !
(for low atomic numbers)
Energetic ejection of core electrons in heavy ekse Compton
Gamma rays scattering (for all atomic numbers), excitation afomic nuclei,
including dissociation of nuclei
. Creation of particle-antiparticle pairs. At veryghienergies a single
High-energy . . N\
photon can create a shower of high-energy partiates antiparticles
gamma rays : : .
upon interaction with matter.
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3.3. Types of radiation
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Figure 1: The electromagnetic spectrum
The types of electromagnetic radiation are broaftiigsified into the following classes:

Gamma radiation
X-ray radiation
Ultraviolet radiation
Visible radiation
Infrared radiation
Microwave radiation
Radio waves

NookswhpE

This classification goes in the increasing ordewakelength, which is characteristic of the
type of radiation. While, in general, the classifion scheme is accurate, in reality there is
often some overlap between neighboring types afttrlmagnetic energy. For example, SLF
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radio waves at 60 Hz may be received and studiedsbhypnomers, or may be ducted along
wires as electric power, although the latter ighm strict sense, not electromagnetic radiation
at all (see near and far field) The distinctionwestn X-rays and gamma rays is based on
sources: gamma rays are the photons generated rfumhear decay or other nuclear and
subnuclear/particle process, whereas X-rays arergtsd by electronic transitions involving
highly energetic inner atomic electrons. In generaiclear transitions are much more
energetic than electronic transitions, so gamma-i@g more energetic than X-rays, but
exceptions exist. By analogy to electronic transi, muonic atom transitions are also said to
produce X-rays, even though their energy may exéemeégaelectronvolts (0.96 pJ), whereas
there are many (77 known to be less than 10 ke¥® f(}) low-energy nuclear transitions
(e.g., the 7.6 eV (1.22 aJ) nuclear transitionhofium-229), and, despite being one million-
fold less energetic than some muonic X-rays, thdtedhphotons are still called gamma rays
due to their nuclear origin.

Also, the region of the spectrum of the particubdectromagnetic radiation is reference
frame-dependent (on account of the Doppler shift light), so EM radiation that one
observer would say is in one region of the specttomid appear to an observer moving at a
substantial fraction of the speed of light withpest to the first to be in another part of the
spectrum. For example, consider the cosmic micrewaackground. It was produced, when
matter and radiation decoupled, by the de-excitatibhydrogen atoms to the ground state.
These photons were from Lyman series transitioning them in the ultraviolet (UV) part
of the electromagnetic spectrum. Now this radiatias undergone enough cosmological red
shift to put it into the microwave region of theesfrum for observers moving slowly
(compared to the speed of light) with respect ® ¢bsmos. However, for particles moving
near the speed of light, this radiation will be éskhifted in their rest frame. The highest-
energy cosmic ray protons are moving such thatthgir rest frame, this radiation is
blueshifted to high-energy gamma rays, which imdersith the proton to produce bound
guark-antiquark pairs (pions).

3.3.1. Radio frequency
Radio waves generally are utilized by antennagppfa@priate size (according to the principle
of resonance), with wavelengths ranging from hudsiref meters to about one millimeter.
They are used for transmission of data, via motriafTelevision, mobile phones, wireless
networking, and amateur radio all use radio waves. use of the radio spectrum is regulated
by many governments through frequency allocation.
Radio waves can be made to carry information byimgra combination of the amplitude,
frequency, and phase of the wave within a frequeranyd. When EM radiation impinges
upon a conductor, it couples to the conductorgisaalong it, and induces an electric current
on the surface of that conductor by exciting thecbns of the conducting material. This
effect (the skin effect) is used in antennas.

3.3.2. Microwaves

The super-high frequency (SHF) and extremely hrglqdency (EHF) of microwaves come
after radio waves. Microwaves are waves that guedjly short enough to employ tubular
metal waveguides of reasonable diameter. Microvenergy is produced with klystron and
magnetron tubes, and with solid state diodes suehGann and IMPATT devices.
Microwaves are absorbed by molecules that havpaalmoment in liquids. In a microwave
oven, this effect is used to heat food. Low-intgnsnicrowave radiation is used in Wi-Fi,
although this is at intensity levels unable to eatlermal heating.
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Volumetric heating, as used by microwave ovengjstexrs energy through the material
electromagnetically, not as a thermal heat fluxe Benefit of this is a more uniform heating
and reduced heating time; microwaves can heat rahierless than 1% of the time of
conventional heating methods.

When active, the average microwave oven is powerfiough to cause interference at close
range with poorly shielded electromagnetic fieldsls as those found in mobile medical
devices and cheap consumer electronics.

3.3.3. Infrared radiation
The infrared part of the electromagnetic spectruvecs the range from roughly 300 GHz
(2 mm) to 400 THz (750 nm). It can be divided itticee parts:

1. Far-infrared, from 300 GHz (1 mm) to 30 THz (10n). The lower part of this range
may also be called microwaves. This radiation sidglly absorbed by so-called
rotational modes in gas-phase molecules, by maeaubtions in liquids, and by
phonons in solids. The water in Earth's atmosphbs®rbs so strongly in this range
that it renders the atmosphere in effect opaquevdder, there are certain wavelength
ranges ("windows") within the opaque range thatvalpartial transmission, and can
be used for astronomy. The wavelength range fropnagmately 20Qum up to a few
mm is often referred to as "sub-millimeter" in aswwmy, reserving far infrared for
wavelengths below 200m.

2. Mid-infrared , from 30 to 120 THz (10 to 2,4am). Hot objects (black-body radiators)
can radiate strongly in this range. It is absorbgdnolecular vibrations, where the
different atoms in a molecule vibrate around tlegjuilibrium positions. This range is
sometimes called thiéngerprint region since the mid-infrared absorption spectrum
of a compound is very specific for that compound.

3. Near-infrared, from 120 to 400 THz (2,500 to 750 nm). Physicalcpsses that are
relevant for this range are similar to those faihle light.

3.3.4. Visible radiation (light)
Above infrared in frequency comes visible lightidts the range in which the sun and other
stars emit most of their radiation and the spectitua the human eye is the most sensitive to.
Visible light (and near-infrared light) is typicgpllabsorbed and emitted by electrons in
molecules and atoms that move from one energy kevahother. The light we see with our
eyes is really a very small portion of the electagmetic spectrum. A rainbow shows the
optical (visible) part of the electromagnetic spest; infrared (if you could see it) would be
located just beyond the red side of the rainbovh wiltraviolet appearing just beyond the
violet end.
Electromagnetic radiation with a wavelength betwe880 nm and 760 nm (790-400
terahertz) is detected by the human eye and pedeas visible light. Other wavelengths,
especially near infrared (longer than 760 nm) altihwiolet (shorter than 380 nm) are also
sometimes referred to as light, especially whenvibibility to humans is not relevant. White
light is a combination of lights of different waeelgths in the visible spectrum. Passing
white light through a prism splits it up in to theveral colours of light observed in the visible
spectrum between 400 nm and 780 nm.
If radiation having a frequency in the visible i@giof the EM spectrum reflects off an object,
say, a bowl of fruit, and then strikes our eyess tlesults in our visual perception of the
scene. Our brain's visual system processes theitudelt of reflected frequencies into
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different shades and hues, and through this irgeffily-understood psychophysical
phenomenon, most people perceive a bow! of fruit.

At most wavelengths, however, the information emrby electromagnetic radiation is not
directly detected by human senses. Natural soupreduce EM radiation across the
spectrum, and our technology can also manipulabeoad range of wavelengths. Optical
fibre transmits light that, although not necesgainl the visible part of the spectrum, can
carry information. The modulation is similar to thesed with radio waves.

3.3.5. Ultraviolet light
Next in frequency comes ultraviolet (UV). The waargdth of UV rays is shorter than the
violet end of the visible spectrum but longer thiaa X-ray.
UV in the very shortest range (next to X-rays) apable even of ionizing atoms (see
photoelectric effect), greatly changing their plegsibehavior.
At the middle range of UV, UV rays cannot ionizet lsan break chemical bonds, making
molecules to be unusually reactive. Sunburn, fangxe, is caused by the disruptive effects
of middle range UV radiation on skin cells, whishtihe main cause of skin cancer. UV rays
in the middle range can irreparably damage the texnPNA molecules in the cells
producing thymine dimers making it a very potentagen.
The sun emits a large amount of UV radiation, whicluld potentially turn Earth's land
surface into a barren desert (although ocean weteitd provide some protection for life
there). However, most of the Sun's most-damaging i#¥elengths are absorbed by the
atmosphere's nitrogen, oxygen, and ozone layerddfey reach the surface. The higher
ranges of UV (vacuum UV) are absorbed by nitrogeah, @t longer wavelengths, by simple
diatomic oxygen in the air. Most of the UV in thmgd-range is blocked by the ozone layer,
which absorbs strongly in the important 200-315namge, the lower part of which is too
long to be absorbed by ordinary oxygen in air. Térege between 315 nm and visible light
(called UV-A) is not blocked well by the atmosphebet does not cause sunburn and does
less biological damage. However, it is not harmbass does cause oxygen radicals, mutation
and skin damage. See ultraviolet for more inforomati

3.3.6. X-rays
After UV come X-rays, which, like the upper ranggdJV are also ionizing. However, due
to their higher energies, X-rays can also intevdtit matter by means of the Compton effect.
Hard X-rays have shorter wavelengths than soft y&raAs they can pass through most
substances, X-rays can be used to 'see througittepfhe most notable use being diagnostic
X-ray images in medicine (a process known as radpy), as well as for high-energy
physics and astronomy. Neutron stars and accreligks around black holes emit X-rays,
which enable us to study them. X-rays are giverbgfétars and are strongly emitted by some
types of nebulae.

3.3.7. Gamma rays

After hard X-rays come gamma rays, which were disoed by Paul Villard in 1900. These
are the most energetic photons, having no defioee limit to their wavelength. They are
useful to astronomers in the study of high-energjeds or regions, and find a use with
physicists thanks to their penetrative ability dineir production from radioisotopes. Gamma
rays are also used for the irradiation of food aedd for sterilization, and in medicine they
are used in radiation cancer therapy and some kihdsgnostic imaging such as PET scans.
The wavelength of gamma rays can be measured vwgthaccuracy by means of Compton
scattering.
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Note that there are no precisely defined boundéetseen the bands of the electromagnetic
spectrum. Radiations of some types have a mixtitheoproperties of those in two regions

of the spectrum. For example, red light resembdsiied radiation in that it can resonate

some chemical bonds.

3.4. Nature of Light and Quantum Theory
The early theories describing the atomic strucauree based on classical physics. However
these theories could not explain the behaviour tomacompletely. The modern view of
atomic structure is based on quantum theory intediby Max Planck.
Light is considered as an electromagnetic radiatibnonsists of two components i.e., the
electric component and the magnetic component whédillate perpendicular to each other
as well as to the direction of path of radiation.

Electric field
-, —— I

(28 __[77
7 B 3 (\

Figure 2: Electromagnetic Radiation

Magnetic field

The electromagnetic radiations are produced byviheations of a charged particle. The
properties of light can be explained by consideriras either wave or particle as follows.

3.4.1. Wave nature of light
According to the wave theory proposed by Christidrygens, light is considered to be
emitted as a series of waves in all directions. fdilewing properties can be defined for
light by considering the wave nature.

Wavelength @.): The distance between two successive similar painta wave is called as
wavelength. It is denoted ly

Units: cm, Angstroms (B, nano meters (nm), milli microns (my) etc.,
Note:

1 A°=10° cm.

1 nm=10m = 10’cm

Frequency ¢): The number of vibrations done by a particle int tinie is called frequency.
It is denoted by'".
Units: cycles per second = Hertz = 3ec

Velocity (c): Velocity is defined as the distance covered by e in unit time. It is
denoted by 'c'.
Velocity of light = ¢ = 3.0 x 1®m.sed = 3.0 x 18° cm.sed

Note: For all types of electromagnetic radiatidhs, velocity is a constant value. The relation

between velocity (c), wavelength)(@nd frequencyv can be given by following equation:
velocity = frequency x wavelength €v).
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Wave number(¥ ): The number of waves spread in a length of ondroeter is called wave
number. It is denoted L¥ . It is the reciprocal of wavelength,

_ 1
V==
A units: crit, m?t

Amplitude: The distance from the midline to the peak or tbagh is called amplitude of the
wave. It is usually denoted by 'A' (a variable). flitude is a measure of the intensity or
brightness of light radiation.

3.4.2. Particle nature of light
Though most of the properties of light can be ustberd by considering it as a wave, some of
the properties of light can only be explained byngsparticle (corpuscular) nature of it.
Newton considered light to possess particle natarthe year 1900, in order to explain black
body radiations, Max Planck proposed Quantum thdxnyryconsidering light to possess
particle nature.

3.4.3. Planck's quantum theory
Black body: The object which absorbs and emits the radiatfa@mergy completely is called
a black body. Practically it is not possible to stoact a perfect black body. But a hollow
metallic sphere coated inside with platinum bladthva small aperture in its wall can act as a
near black body. When the black body is heateddgb temperatures, it emits radiations of
different wavelengths.
The following curves are obtained when the intgneit radiations are plotted against the
wavelengths, at different temperatures.

classical theary

intensity

weaw gl ength

Following are the conclusions that can be drawmfabove graphs.

1) At a given temperature, the intensity of radiatincreases with wavelength and reaches a
maximum value and then starts decreasing.

2) With increase in temperature, the wavelengtimakimum intensity Xmay) Shifts towards
lower wavelengths. According to classical physisergy should be emitted continuously
and the intensity should increase with increaseéemperature. The curves should be as
shown by dotted line.

In order to explain above experimental observatidex Planck proposed the following
theory.
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Quantum theory:
1) Energy is emitted due to vibrations of chargediples in the black body.
2) The radiation of energy is emitted or absorbé&tahtinuously in the form of small
discrete energy packets callgdanta
3) Eachquantumis associated with definite amount of energy whsciven by the equation
E=W
Where h = planck’s constant = 6.625 ®4D sec = 6.625 x13 erg. sec
v = frequency of radiation
4) The total energy of radiation is quantized ilee, total energy is an integral multiple of h
It can only have the values of ¥ or 2 hv or 3 h. It cannot be the fractional multiple of.h
5) Energy is emitted and absorbed in the form oding@ but propagated in the form of
waves.

The following table gives approximate wavelengthsfrequencies, and energies for
selected regions of the electromagnetic spectrum:

Spectrum of Electromagnetic Radiation

Region Wavelength | Wavelength Frequency Energy
(Angstroms) | (centimeters) (Hz) (eV)
Radio > 10 > 10 <3x10 <10°
Microwave | 10°-1C° 10-0.01 3x1C-3x1* 10° - 0.01
Infrared 10°-7000 | 0.01-7x10 3x10°-4.3x16" |0.01-2
Visible 7000 - 4000 | 7 x10°-4x10° 4.3x10"-75x106" 2-3

Ultraviolet | 4000 - 10 4 x10°- 10’ 75x10°-3x163" 3-10
X-Rays 10-0.1 107 - 10° 3x 1t -3x1* 10%-1C°
Gamma Ray:| < 0.1 <10° >3 x10° > 10°

The notation "eV" stands for electron-volts, a comnon unit of energy measure in atomic
physics.

4.0. SUMMARY

The electromagnetic (EM) spectrum is just a namaé shientists give a bunch of types
of radiation when they want to talk about them agr@up. Radiation is energy that

travels and spreads out as it goes-- visible ligat comes from a lamp in your house
and radio waves that come from a radio station tas® types of electromagnetic

radiation. Other examples of EM radiation are miawes, infrared and ultraviolet

light, X-rays and gamma-rays. Hotter, more enecgelijects and events create higher
energy radiation than cool objects. Only extrentedy objects or particles moving at

very high velocities can create high-energy radratike X-rays and gamma-rays.
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5.0. TUTOR-MARKED ASSIGNMENT

1.

2.

o 0k

What are the different types of electromagneticiat@mh? What kind of
electromagnetic radiation has the shortest wavéi@nghe longest?
List any three physical processes that take pldeenwadiant energy interacts
with an object
Calculate the wavelength of the electromagneti@atamh whose frequency is
7500 x106% Hz?
Calculate the frequency of radiation with a wavgtarof 442 nm.
Calculate the frequency of radiation with a wavgtarof 4.55 x 18 cm.
A certain source emits radiation of wavelength Baim. What is the energy,
in kJ, of one mole of photons of this radiation?
Determine the wavelength (in meters) of photons Wit following
energies:

a) 92.0 kJ/mol

b) 8.258 x 1¢ kJ/mol

c¢) 1870 kJ/mol

6.0. REFERENCES

1.1
1.2.

en.wikipedia.org/wiki/Electromagnetic_spectrum
http://www.adichemistry.com/general/atomicstructguantumtheory/quantu

m-theory.html
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UNIT 2 —INTRODUCTION TO PHOTOCHEMISTRY

1.0. INTRODUCTION

Today photochemistry has become one of the moseguoilwesearch tools. Compounds of
different molecules are occurred through varioustpthemical reactions like GONHz; and
methane. Other examples of photochemical reacaomgormation of @ smog, Vitamin D
and many more. A new field in photochemistry calfgobtobiology helps us to understand
the mechanism of photosynthesis (process by whiahtg make their own food by the
absorption of sunlight).

Also photochemistry helps us to form some typi@ahpounds like Vitamin D, cubanes, and
several cleaning agents which all are made by varahemical reactions of photochemistry.
The formation of laser light is only possible thgbyphotochemistry. LASER stands for Light
Amplification by Stimulated Emission of RadiationsASER contain monochromatic rays
with coherent radiations, these rays can be edsidysed to a small point. Due to this
property, LASER light is used for cutting hard miaklike metal, diamond etc, also there is
some application of LASER light in medical field.

Photochemical reactions occur all around us, beingmportant feature of many of the
chemical processes occurring in living systems andhe environment. The power and
versatility of photochemistry is becoming increagynimportant in improving the quality of
our lives, through health care, energy productioml @ahe search for ‘green’ solutions
twosome of the problems of the modern world. Mamgustrial and technological processes
rely on applications of photochemistry, and thealiegment of many new devices has been
made possible by spin-off from photochemical redear

Photochemistry is the study of the chemical reastiand physical changes that result from
interactions between matter and visible or ultretibght.

The principal aim of this Unit is to familiariseemeader with basic ideas relating to light and
matter and the interaction between them.

2.0. OBJECTIVES

After studying this Unit, you should be able to:

» Explain the importance of the electromagnetic ramiiain understanding the

nature of matter
Distinguish between thermal and photochemical reast
State the classical laws of photochemistry
Explain the importance of UV-Visible radiation ihgtochemistry
Discuss the applications of photochemistry

3.0. MAIN CONTENT

3.1. Light and matter
The reason that light is so important for our ustherding of the Universe is because light
interacts with matter, and that interaction cah wsl a great deal about the nature of the
matter. Thus, it is important to be concerned Vhitlv light electromagnetic waves interact
with matter. A sound knowledge of the energy leswelicture of atoms and molecules is
necessary to understand the nature of this interackuch interactions are at the very heart
of spectroscopy. There are lots of spectroscopicgsses.
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3.1.1. Absorption of Light by Atoms and Molecules
The basic ideas:
Light consists of oscillating electric and magnéietds.
Because nuclei and electrons are charged partities, motions in atoms and molecules
generate oscillating electric fields.
An atom or molecule can absorb energy from lightef frequency of the light oscillation and
the frequency of the electron or molecular "traosit motion” match. Unless these
frequencies maitch, light absorption cannot occure Ttransition motion" frequency is
related to the frequencies of motion in the higaed lower energy states by the equation
AE=E2-Ei=hv
By measuring the frequencies of light absorbed mwt®m or molecule, one can determine
the frequencies of the various transition motidmest the atom or molecule can have. Thus
light absorption can be used to probe the dynaofiesoms and molecules.
These ideas are the basis for the techniquespettroscopywhich is the study of the
interaction of light and matter. The word means dseement of spectrum,” where the
spectrum of a substance is the array of frequenoiebght absorbed by its atoms or
molecules.

3.2. Differences between thermal and photochemical prosses

Many chemical reactions occur only when a molecsilprovided the necessary “activation
energy”. A simple example can be the combustiogasoline (a hydrocarbon) into carbon
dioxide and water. In this reaction, the activaterergy is provided in the form of heat or a
spark. In case of photochemical reactions light/joles the activation energy. Simplistically,
light is one mechanism for providing the activatiemergy required for many reactions. If
laser light is employed, it is possible to seleslvexcite a molecule so as to produce a
desired electronic and vibrational state. Equahyg, emission from a particular state may be
selectively monitored, providing a measure of tlpyation of that state. If the chemical
system is at low pressure, this enables sciertistsbserve the energy distribution of the
products of a chemical reaction before the diffeesnin energy have been smeared out and
averaged by repeated collisions.

The absorption of a photon of light by a reactamieoule may also permit a reaction to
occur not just by bringing the molecule to the rsseey activation energy, but also by
changing the symmetry of the molecule’s electrarpofiguration, enabling an otherwise
inaccessible reaction path, as described by thedwaml-Hoffmann selection rules. A 2+2
cycloaddition reaction is one example of a pericyckaction that can be analyzed using
these rules or by the related frontier moleculaitat theory.

Photochemical reactions involve electronic reorgatdon initiated by electromagnetic
radiation. The reactions are several orders of ihadm faster than thermal reactions;
reactions as fast as 1@econds and associated processes as fast'asebt®nds are often
observed. Difference between photochemical reast@om thermal reactions are summarized
below:
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Table 1.1 Difference between thermal and photochewal reactions

THERMAL REACTIONS PHOTOCHEMICAL REACTIONS

These reactions involve absorptior These reactions involve absorption of li
evolution of heat.

They can take place even in absence of ligiihe presence of light is the primary requisite

i.e. dark. for the reaction to take place.
Temperature has significant effect on the Temperature has very little effect on the |
of a thermochemical reaction. of a photochemical reaction. Instead, the

intensity of light has a marked effect on the
rate of a photochemical reaction.
The free energy changés of a The free energy changés of a
thermochemical reaction is always negativphotochemical reaction may not be negative.
They are accelerated by the presence Some of these are initiated by the presenc
catalyst. a photosensitizer. However a photosensitizer
acts in a different way than a catalyst.

3.3. Photochemistry
Photochemistry is the study of how two of the nfasdamental components of the universe,
light andmatter, interact with each other. The field of photochstnyi can be classified in
terms ofphotophysics(interaction of light with molecules which resuitsnet physical, not
chemical, changes) amthotochemistry (interaction of light with molecules which resuiits
net chemical changes).

3.3.1. Basic laws of photochemistry
Grotthus-Draper law (1st law of photochemistry)
In the early 1800s Christian von Grotthus (17852)82nd John Draper (1811-1882)
formulated the first law of photochemistry, whidiates that only light that is absorbed by a
molecule can produce a photochemical change in thatecule. This law relates
photochemical activity to the fact that each cheahnisubstance absorbs only certain
wavelengths of light, the set of which is uniquetltat substance. Therefore, the presence of
light alone is not sufficient to induce a photocligahreaction; the light must also be of the
correct wavelength to be absorbed by the reacpatiess.

Stark-Einstein law (2" law of photochemistry)

In the early 1900s the development of the quantueorly of light—the idea that light is
absorbed in discrete packetsasfergy called photons—Iled to the extension of the laws of
photochemistry. The second law of photo-chemistigveloped by Johannes Stark (1874-
1957) and Albert Einstein (1879-1955), states ¢imy one quantum, or orghoton, of light

is absorbed by each molecule undergoing a photachéreaction. In other words, there is a
one-to-one correspondencdetween the number of absorbed photons and théemof
excited species. The ability to accurately deteemine number of photons leading to a
reaction enables the efficiency, or quantum yiefdhe reaction to be calculated.

3.3.2. Photochemistry Induced By Visible and Ultraviolet Light

Light that can break molecular bonds is most effecat inducing photochemical reactions.
The energy required to break a molecular bond mfrgen approximately 150 kiloJoules per
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mole to nearly 1000 kJ md| depending on the bond. Visible light, having wangths
ranging from 400-700 nanometers, corresponds togeseranging from approximately 300-
170 kJ mot, respectively. Note that this is enough energgissociate relatively weak bonds
such as the singlexygen (O-O) bond inhydrogen peroxide (HOOH), which is why
hydrogen peroxide must be stored in a light-proof bottle.

Ultraviolet light, having wavelengths ranging frog00-400 nm, corresponds to higher
energies ranging from approximately 600-300 kJ moéspectively. Ultraviolet light can
dissociate relatively strong bonds such as the ldookygen (O=0) bond in molecular
oxygen (Q) and the double C=0 bond carbon dioxide (CGO,); ultraviolet light can also
remove chlorine atoms from compounds such as chloromethane;@QHThe ability of
ultraviolet light to dissociate these moleculesars important aspect of the stability—and
destruction—of ozone molecules in the upper atmesgph

A photochemical process may be considered to doo$iswo steps: the absorption of a
photon, followed by reaction. If the absorptioragbhoton causes atectron within an atom
or molecule to increase its energy, the speciesaid to be electronically excited. The
absorption and reaction steps for a molecule AB bearitten as: AB +h— AB” AB” —
products where hrepresents the energy of a photorfire§iuency v and the asterisk indicates
that the species has become electronically exciléw excited species, ABhas the
additional energy of the absorbed photon and velict in order to reduce its energy.
Although the excited species generally does netlibng, it is sometimes formally indicated
when writing photochemical reactions to stress thatreactant is an electronically excited
species. The possible reactions that an electibniexcited species may undergo are
illustrated below.

3.4. Reaction pathways
Absorption of a photon (electronic excitation)

Followed by:

i) AB* ->A+B Dissociatiol
i)y AB* - AB'+¢€ lonization
iii) AB* — BA Isomerizatiol

iv) AB* + C — AC + B or ABCReaction
v) AB*+ DE — AB + DE* Energy Transfer (intermolecular)

vi) AB*+M — AB +M Physical Quenchir
vii) AB* — AB Energy Transfer (intramolecular)
viii) AB* — AB + hv Luminsecenc

3.4.1. Dissociation

The energy of an absorbed photon may be suffiderreak molecular bonds (path i),
creating two or more atomic or molecular fragmenfs important example of
photodissociation is found in the photochemistry stfatospheric ozone. Ozone Qs
produced in the stratosphere from molecular oxy(@s) through the following pair of
reactions: @+ hv — O + O and O + ©— Oz where v represents the energy of a photon of
ultraviolet light with a wavelength less than 26@.nOzone is also dissociated by short-
wavelength ultraviolet light (200-300 nm) throudtetreaction: @+ hv — O, + O. The
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oxygen atom formed from this reaction may recombuite molecular oxygen to regenerate
ozone, thereby completing the ozone cycle. Thetgmportance of stratospheric ozone is
that it absorbs harmful short-wavelength ultravidilght before it reaches the Earth's surface,
thus serving as a protective shield.

In recent years, the effect of chlorofluorocarbamnmonly known as Freons or CFCs, on
the ozone cycle has become of great concern. CEE#nto the stratosphere where they are
dissociated by ultraviolet light, producing chlgiatoms (Cl) through the reaction: CFCv+ h
— Cl + CFC(minus one Cl). These chlorine atoms redthh ozone to produce CIO and
molecular oxygen: Cl + §— CIO + Q. CIO reacts with the oxygen atoms produced from
the photodissociation of ozone in reaction 5 todpoe molecular oxygen and a chlorine
atom: CIO + O— O, + CI. Therefore, the presence of CFCs interrupés rtatural ozone
cycle by consuming the oxygen atoms that should bioen with molecular oxygen to
regenerate ozone. The net result is that ozonenmved from the stratosphere while the
chlorine atoms are regenerated in a catalytic @ot® continue the destructive cycle.

An electronically excited species may react witteaond species to produce a new product,
or set of products (path iv). For example, the potsl of the ultraviolet dissociation of ozone
(reaction 5) are themselves electronically exci®g:+ hv — O~ 2 + O. These excited
fragments may react with other atmospheric molecslech as water: O H,O — OH +
OH. Or they may react with ozone: @ + Oy — 20, + O. These reactions do not readily
occur for the corresponding non-excited speciesfimoing the importance of electronic
excitation in determining reactivity.

3.4.2. Energy Transfer

In some cases the excited species may simply #aiisfexcess energy to a second species.
This process is called intermolecular energy trangpath v). Photosynthesis relies on
intermolecular energy transfer to redistribute liigat energy gathered by chlorophyll to a
reaction center where the carbohydrates that rouhie plant are produced. Physical
quenching (path vi) is a special case of intermdbacenergy transfer in which the chemical
behavior of the species to which the energy issteaned does not change. An example of a
physical quencher is the walls of a container incWha reaction is confined. If the energy
transfer occurs within the same molecule, for eXamgnd if the excess electron energy is
transferred into internal motion of the moleculacts as vibration, it is called intramolecular
energy transfer (path vii).

3.4.3. Luminescence

Although it is not strictly a photochemical reactianother pathway by which the excited
species may reduce its energy is by emitting a gvhatf light. This process is called
luminescence (path viii). Luminescence includes pinecesses of fluorescence (prompt
emission of a photon) and phosphorescence (delayeidsion of a photon). Optical
brighteners in laundry detergents contain substamicat absorb light of one wavelength,
usually in the ultraviolet range, but emit lightaatonger wavelength, usually in the visible
range—thereby appearing to reflect extra visibitliand making clothing appear whiter.
This process is called fluorescence and only ocetiike the substance is being illuminated.
The related process, phosphorescence, persistsladtexcitation source has been removed
and is used in "glow-in-the-dark" items.
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3.5. Applications of Photochemistry
Many important processes involve photochemistrye premier example is photosynthesis,
in which most plants use solar energy to converbaa dioxide and water into glucose,
disposing of oxygen as a side-product. Humansaelphotochemistry for the formation of
vitamin D. In fireflies, an enzyme in the abdomeasatyzes a reaction that results in
bioluminescence.
Photochemistry can also be highly destructive. Niedi bottles are often made with
darkened glass to prevent the drugs from photodegicm. A pervasive reaction is the
generation of singlet oxygen by photosensitizedctieas of triplet oxygen. Typical
photosensitizers include tetraphenylporphyrin anethylene blue. The resulting singlet
oxygen is an aggressive oxidant, capable of comgei€-H bonds into C-OH groups. In
photodynamic therapy, light is used to destroy ttefy the action of singlet oxygen.

Many polymerizations are started by photoinitiatjorhich decompose upon absorbing light
to produce the free radicals for Radical polyme'rdza

! Y
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In the area of photochemistry, ghotochemical reactionis a chemical reaction that is

induced by light. Photochemical reactions are Makian organic and inorganic chemistry

because they proceed differently than thermal i@ast Photochemical reactions are not only
very useful but also can be a serious nuisanci, the photodegradation of many materials,
e.g. polyvinyl chloride. A large-scale applicatioihphotochemistry is photoresist technology,
used in the production of microelectronic composeXision is initiated by a photochemical

reaction of rhodopsin.

H'

3.6. Experimental set-up
Photochemical reactions require a light source émaits wavelengths corresponding to an
electronic transition in the reactant. In the eakperiments (and in everyday life), sunlight
was the light source, although it is polychromatiercury-vapor lamps are more common in
the laboratory. Low pressure mercury vapour lampainty emit at 254 nm. For
polychromatic sources, wavelength ranges can leeteel using filters. Alternatively, LEDs
(light emitting diodes) and Rayonet lamps emit naomatically.
The emitted light must of course reach the targétedtional group without being blocked
by the reactor, medium, or other functional groppssent. For many applications, quartz is
used for the reactors as well as to contain th@ldhgrex absorbs at wavelengths shorter than
275 nm. The solvent is an important experimentahpater. Solvents are potential reactants
and for this reason, chlorinated solvents are abidecause the C-Cl bond can lead to
chlorination of the substrate. Strongly absorbialyents prevent photons from reaching the
substrate. Hydrocarbon solvents absorb only att stavelengths and are thus preferred for
photochemical experiments requiring high energyt@m® Solvents containing unsaturation
absorb at longer wavelengths and can usefullyrfitigt short wavelengths. For example,
cyclohexane and acetone "cut off" (absorb stronglyvavelengths shorter than 215 and
330 nm, respectively.
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3.6.1. Excitation
Photoexcitation is the first step in a photocheinicacess where the reactant is elevated to a
state of higher energy, an excited state. The phoém be absorbed directly by the reactant
or by a photosensitizer, which absorbs the photah teansfers the energy to the reactant.
The opposite process is called quenching when dopkited state is deactivated by a
chemical reagent.
Most photochemical transformations occur througleres of simple steps known as primary
photochemical processes. One common example & giresesses is the excited state proton
transfer (ESPT).

3.7. Organic photochemistry
Examples of photochemical organic reactions aretreyclic reactions, photoisomerization
and Norrish reactions.
Alkenes undergo many important reactions that prdceia a photon-induced to n*
transition. The first electronic excited state of @kene lack ther-bond, so that rotation
about the C-C bond is rapid and the molecule ergyageeactions not observed thermally.
These reactions include cis-trans isomerizationloaddition to other (ground state) alkene
to give cyclobutane derivatives. The cis-trans isomation of a (poly)alkene is involved in
retinal, a component of the machinery of visione Timerization of alkenes is relevant to the
photodamage of DNA, where thymine dimers are olekrypon illuminating DNA to UV
radiation. Such dimers interfere with transcriptidrhe beneficial effects of sunlight are
associated with the photochemically induced reyrization (decyclization) reaction of
ergosterol to give vitamin D. In the DeMayo reantian alkene reacts with a 1,3-diketone
reacts via its enol to yield a 1,5-diketone. Siilother common photochemical reaction is
Zimmerman's Di-pi-methane rearrangement.

In an industrial application, about 100,000 tonoiekenzyl chloride are prepared annually by
the gas-phase photochemical reaction of toluené wliiorine. The light is absorbed by

chlorine molecule, the low energy of this transitioeing indicted by the yellowish color of

the gas. The photon induces homolysis of the Qbaeid, and the resulting chlorine radical
converts toluene to the benzyl radical:

Cl,+hv — 2Cl-
Ce¢HsCH3 + Cl- — CgHsCH,- + HCI
Ce¢HsCH,- + Cl- — CgHsCHLCI

Mercaptans can be produced by photochemical addaichydrogen sulfide (b$) to alpha
olefins.

3.8. Inorganic and organometallic photochemistry
Coordination complexes and organometallic compouads also photoreactive. These
reactions can entail cis-trans isomerization. M@@mmonly photoreactions result in
dissociation of ligands, since the photon excite®lactron on the metal to an orbital that is
antibonding with respect to the ligands. Thus, nedegbonyls that resist thermal substitution
undergo decarbonylation upon irradiation with Ughli. UV-irradiation of a THF solution of
molybdenum hexacarbonyl gives the THF complex, Wiscsynthetically useful:
Mo(CO) + THF — Mo(CO)(THF) + CO
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In a related reaction, photolysis of iron pentaoasth affords diiron nonacarbonyl (see

figure):

2 Fe(CO3 — Fe(CO) + CO

4.0. SUMMARY

The concept of photochemistry is introduced andaémpd.

Interaction of radiation with matter is discussed difference between thermal and
photochemical processes highlighted.

Laws of photochemistry: Grothus-Draper law and ISEinstein law provide basis
for understanding photochemical transformations.

Examples of photochemical organic reactions aretreleyclic reactions and
photoisomerization

The photoactivity of coordination and inorganic gauands is highlighted

Many important processes involve photochemistrye premier example is
photosynthesis, in which most plants use solargnter convert carbon dioxide
and water into glucose, disposing of oxygen asle-groduct.

5.0. TUTOR-MARKED ASSIGNMENT
1.2.1.1. What is photochemistry?

1.2.1.2. Give four areas of application of photochemistrgueryday life
1.2.1.3. State the laws of photochemistry
1.2.1.4. State the differences between photochemical amthdieeactions?

6.0. REFERENCES
1. http://en.wikipedia.org/wiki/Photochemistry
2. http://science.jrank.org/pages/5157/Photochemistry

31



UNIT 3 — LIGHT ABSORPTION AND FATE OF THE EXCITED S TATE

1.0. INTRODUCTION

Photochemistry is the study of what happens to ocubds when they absorb light. Therefore

it is important to consider the factors affectingether and how efficiently molecules absorb.

In addition, in the very short time-frame after aletule has absorbed light, it can undergo a
variety of processes. In applications, we may @esir particular process, so again an
understanding of what pathways are available tatekestates is important so that systems
can be optimised as required (e.g. by changingestlvnodifying the molecule).

Electronic excited states are thermodynamicallytalsie. They persist for lifetimes that are
normally about 10 nanoseconds for many medium saegdnic molecules. A number of
transition metal complexes have lifetimes of abbunicrosecond. Triplet states, resulting
from a spin inter-conversion process in the excstate, have quite long lifetimes, sometimes
to beyond 1 millisecond.

Closed shell organic species that are electricadiytral always have single electronic ground
states; electronic selection rules require thabigdt®n of light can occur only when the
electronic spin multiplicity is unchanged durin@ tinansition. However, molecular vibrations
and interactions between neighbouring moleculesigeeomechanisms for molecules to jump
between electronic energy levels either with thaesar different spin multiplicity.

As molecules relax from excited states, they caitgmd along many different mechanistic
pathways. A simple fate of an excited state mokeeito emifluorescence. Fluorescenceis
the light emission that occurs from thie= 0 excited electronic state back down to the gdoun
electronic stateSpontaneous emission is the normal fluorescence that occurs with a rando
probability. Stimulated emission is the reverse of at{mulated) absorption transition, where

a photon of precisely the correct wavelength améction comes along and knocks the
excited state down to the ground state, taking wtith second identical photoh ASERSs
(Light Amplification by Stimulated Emission of Radiion) function when an excited state
reaches a population inversion, and all of the @i®Eemitted from the gain medium have the
same characteristics. Lasers misbehave, or cedsadtion when stimulated emission starts
to lose the rate competition against spontaneoussem.

2.0. OBJECTIVES
After studying this Unit, you should be able to:

Describe the process of light absorption by an atomolecule

» Describe the fate of an electronically excited raole

* Explain the impact of electromagnetic radiation atomic and molecular
structure

» State and explain the Franck-Condon Principle

» List the important photophysical processes

» Draw the Jablonski diagram and use it to explaenfdte of an electronically
excited molecule

» Discuss the relationship between the Franck-Comgtortiple and the Stokes’
shift
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3.0. MAIN CONTENT
3.1. Light Absorption — Formation of the Excited State

Photochemistry is based on the reaction/reactivitynolecules in their excited state after
they have absorbed light. By “light”, we mean tpatt of the electromagnetic spectrum that
can promote electrons in the outer atomic orbit@lgnoccupied orbitals — i.e. electrons near
or at the highest occupied molecular orbital (HOM®prbitals near or including the lowest
unoccupied molecular orbital (LUMO). To do thisethight must be of sufficient energy to
promote electrons between electronic energy lewats, this is found to be light in the
UV/visible region of the electromagnetic spectruRor this reason, the region of the
spectrum 200 nm % < 800 nm is sometimes referred to as the “photmate window”. The
range of wavelengths in the spectrum and the redudibsorption by the atom/molecule is
shown below.

Radiation Scale of A Absorption involves:

Gamma rays pm Nuclear Reactions

X-rays 0.1 nm Transitions of inner atomic electrons
uv nm Transitions of outer atomic electrons
Visible nm Transitions of outer atomic electrons
Infrared mm Molecular vibrations

Far Infrared mm Molecular rotations

Radar cm Oscillation of mobile or

Long radio waves >>m free electrons

Figure 1: Regions of the electromagnetic spectrumna their impact on atom structure

Therefore, absorption of a photon of light of wargth 200 — 800 nm may result in a
HOMO-LUMO transition. A very clear indication ofithis observed in d-block complexes.
For example, a ruthenium (1) complex has six cttns and has a low spin octahedral
configuration 596. On absorption of visible light.(~450 nm), an electron is promoted to gn e
orbital, giving the complex its red-orange cololinis transition is in the visible region. For
d° complexes such as TiQa d-d transition is not possible, and a transifiom the oxide
ligand to the metal centre — a ligand — to metalrgh transfer (LMCT) transition occurs, but
only if the molecule is irradiated by UV light € 390 nm). Hence TiQis white, as it does
not absorb any visible light.

: —11——11—m _<u——u——1—

Energy

Figure 2: Absorption of a photon of visible light @auses a d-d transition in Ru(ll) giving the
molecule a visible colour
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3.1.1. Excited electronic states carry vibrational and roational
excitation immediately after their creation.

Though absorption of light most often occurs froraumd electronic states for which the
vibrational quantum number is v = 0, the rotatiogaantum numbed is zero only for
very cold, isolated molecules (such as those peepar a gas-phase supersonic free jet
expansion, or kept in a liquid helium cryostat émndensed phase samples). However,
the Franck-Condon principle shows that we can @ceesumber of excited vibrational
states during the electronic transition.

3.1.2. The Franck-Condon Principle

The principle states that the absorption of a phasoa practically instantaneous process,
since it involves only the rearrangement of viyiahertia-free electrons. During light
absorption, which occurs in femtoseconds€1§), electrons can move, not the nuclei. The
much heavier atomic nuclei have no time to readfusinselves during the absorption act,
but have to do so after it is over, and this restdpent swings them into vibration.
Excitation according to Franck-Condon principlenst to the lowest vibrational level
(corresponding to a non-vibrational state), but eafmere higher (Franck-Condon state),
and the transition involved, a vertical transitiffigure 2). This means that the molecule
finds itself, after the absorption act, in a nomiélgrium state and begins to vibrate like a
spring. The periods of these vibrations are ofaiter of 107 sec. Since the usual lifetimes
of excited electronic states are of the ordef ec, there is enough time during the
excitation period for many thousands of vibratioDsrring this period, equilibrium can be
established through a non-radiative relaxatiom&orton-vibrational ystate.

3.2. A catalogue of several important photophysical proesses.
Photo-induced excited states are created by albsorpr scattering of one or more
photons. Scattering and multi-photon processesinedie intense light fields available
only from lasers. Multi-photon and light scatteripgocesses are calleanlinear optical
phenomena, because unlike stimulated absorpti@y, do not depend linearly on the
excitation intensity (or power). Some of the maosiportant excited state relaxation
processes are listed below:
» Fluorescencgstimulated and spontaneous emission)
» Intersystem Crossing (jumps between electronic excited state manifolds o
different spin multiplicity)
» Internal Conversion (downward energy jump from higher to lower lyingcied
states having the same spin multiplicity)
» Phosphorescencdlower energy spontaneous emission occurring fronger-lived
excited states, usually triplet multiplicity)
» Energy Transfer (excitation transfer, or exciton annihilation-phsyothetic
antenna proteins, diode lasers)
» Photochemical Reactions(photosynthesis, photo-induced electron-transfer,
photo- dissociation).
» Excited State Solvatochromism(relaxation of molecular excited state caused by
strong electric interactions with solvent)

The photophysical processdsidrescence, vibrational relaxation, internal conversion,

intersystem crossing, and phosphorescence are illustrated schematically in the diagram
below. In the colored diagram above, three eleatretates for a diatomic molecule are
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represented by the Morse potential curves. Thengtalectronic stateSs a singlet
(paired-spin, or filled shell) configuration, typicof most neutral organic molecules. The

first single excited state, 1Sis coloured blue.

The lowest energy unpaired-spin

configuration is a triplet state labelleg, Thown at top right as the dark green curve.

s, |

= /,Y _—
7
"I NQo1sC
1 IC: Ty
é’&qpe ﬂ“’&é}&
E & &
k\ _ "/ (= .&‘b-&
So N\

Figure 3: The photophysical processeduorescence, vibrational relaxation, internal conversion,

intersystem crossing, and phosphorescence.

Each of the three Morse potential curves have itts¢ $everal vibrational levels shown
explicitly. Rotational levels are much more densggced, and though quite important, are

not shown.

3.2.1. The Jablonski diagram

Excited
S, ;:_——_J_ Triplet
Excited ™~ ) States
Singlet : T,
States i 0
54 ZE-_-,_
: " —
p———
_ Y \
Ground ==
Sh 2™ v
State U ;--:

Figure 4: A Jablonksi diagram for an organic molecte.
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Radiative processes (those which are "verticaltnergy transfer) are shown in solid lines
whereas non-radiative processes ("horizontal" gngemsfer) are shown using dotted lines.
Indicative timescales are shown, although are nutdedependant.

In principle the Jablonski diagram is similar te tinansitions in the potential energy curves,
shown above, except the potential energy curvesuaually not represented. A simple
Jablonski diagram for an organic molecule is shabvove. Note that a similar diagram for an
inorganic compound will also include metal orbitae will be different in style.

3.3. Photo-excitation by Stimulated Absorption
Photo-excitation can induce a stimulated absorptransition from $to § indicated in

Figure 2 by the vertical energy jump labelled tonnecting the $S,-o state to the; ,-3State.
The vertical Franck-Condon transition in energyuscearly instantaneously, without the
atomic nuclei being able to respond yet. One camktbf the relevant time scales for the
vertical energy transition as follows: The trarmsitiis will likely occur within one period
T=1N of the optical cycle. If we consider that typieedvelengths for electronic transitions
for diatomic molecules are in the ultraviolet, atirate for a UV wavelength of 300 nm (3 x
10" m) and the speed of light ¢ (3 x®1@/s) corresponds to a frequency 1015 Hz, or 1
PetaHertz. The period T is thenf&econds, or one femtosecond.

Immediately following the transition, the diatomigolecule now resides on the potential
energy curve (surface, for a polyatomic moleculéghthe geometry of the ground state, and
begins to vibrate with characteristics of the eedistate v=3 level. Note that the blug S
potential energy curve is broader than the darkSecurve. For this case, it means that the
excited state characteristic vibrational frequewdi/be lower than in the ground state.

3.4. Vibrational Relaxation
A given vibronic excited state for a diatomic malkcsuch as the;$-3 state shown above
may be stable for nanoseconds to even one secamending on environment and
temperature. However, the general case for polyiatamlecules is in general very different.
For medium and larger sized molecules (10 or maoens), the density of the several
vibrational potential energy curves leads to a Rdifhensional excited-state potential energy
surface that is densely packed with both vibratiamal rotational levels. The black diagonal
arrows indicate the direction of the relaxationga®s in normal organic molecules: the-5
state will relax rapidly to the;S- state, followed by subsequent relaxation to theSand
S1.v=0 Vibronic levels. The larger the molecule, the mangid the relaxation can become. For
a molecule such as an amino acid, a tetrapyrraleh(ss chlorophyll a, or a heme), the
vibrational population relaxation can be complete< 25 femtoseconds. In addition to
intramolecular pathways made possible by the cogplbetween a high density of
anharmonic states, interactions with neighbourirgecules (gas-phase collisions, or low-
frequency collective vibrations in liquids or phosoin solids) also enhance the rate of
vibrational relaxation. While much has been learbeth theoretically and experimentally
about the vibrational relaxation processes, thereiquantitative theory that can predict the
vibrational relaxation a priori.
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3.4.1. Radiative versus Non-Radiative Excited State Decayathways
After vibrational relaxation has occurred over tinee scale of some tens of femtoseconds to
many picoseconds, the molecule will be metastabtae S ,-o state for a time frame ranging
from hundreds of picoseconds (£0s) to hundreds of nanoseconds {X). From the S,
level, the eventual relaxation to the ground state proceed by two general pathways: one
radiative, in which light is emitted from the molgar excited state, and the other non-
radiative, where a jump is made from the eéxcited-state electronic manifold to the S
manifold. A third less probable possibility, intgsgem crossing, is discussed below.

3.5. Radiative Decay: Fluorescence

The six downward-pointing arrows connecting theeRtited-state electronic state represent
the spectrum of colours of light that might be éedtfrom a molecular excited state. The
purple, blue, green, yellow, orange, and red arrogesent radiative decay pathways
connecting $y=o to the states S-o through $.=5 ground electronic states, respectively. The
fluorescence will be emitted with peaks at différeolours in the UV-visible spectrum
because all of the transitions can be allowed, nidipg on their Franck-Condon overlap
integrals, or Franck-Condon factors.

Fluorescence is a very powerful spectroscopic method, becauskave detectors capable
of recording single photons. Hence we can use ékmnce to identify where a molecule is
(e.g, in a microscope image), how many are presentc@medetect a single molecule), and
what the relative orientation of the molecule is.

Fluorescence is very sensitive to changes in the chemical enwrent. For molecules that
have substantial changes between their groundiestcekcited electronic states, the excited
state energy evolves with the reorganization ofdipele moments of a polar solvent. This
process is called solvatochromism, and is of guwadie for characterizing the dynamical
changes in environment that an excited state mideexperiences. Understanding these
phenomena are still an active research problemaamdrucial for understanding all of the
features that affect the outcomes of photophysacal photochemical processes occurring
from excited electronic states.

3.6. Non-Radiative Decay: Internal Conversion
Internal conversion is the non-radiative decay madm by which higher-lying electronic

states can rapidly relax to lower-lying states tiate the same spin multiplicity. This can
hold true for singlet-singlet, triplet-triplet, arather states as well. The case shown in the
diagram above represents internal conversion fromoSto $yv-0 Normally, internal
conversion can occur between any vibrational leirelhe initial and final electronic state.
Theoretical work done in the 1970s by Prof. Karédet and co-workers showed that the
probability for internal conversion increases wvilte energy gap between the initial and final
states. Internal conversidrom higher-lying singlet states is very importémtife processes.
Some examples include the non-radiative decayehtitleic acid bases, and in chlorophyll
and related light-harvesting pigments.
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3.6.1. Internal Conversion: Importance to Life Processes
The measured excited state lifetimes of the fiveleia acid bases would be expected to be
about 10 nanoseconds based on their structurdbsityito a large number of other organic
molecules. However, when illuminated by ultravidlight in the 250-285 nm wavelength
range, the five nucleic acid bases cytosine, a@enitymidine, guanine, and uracil decay by
a factor of about 20,000 times more rapidly thanmwght otherwise expect: the lifetimes of
the nucleic acid bases range from 0.29 to 0.72spwonds. It is precisely because of this
unique property of the nucleic acid electronic ctve that life forms on this planet with
genetic material based on DNA/RNA are able to s.ervwhen our primary energy source is
derived from sunlight: the rapid internal conversjorevents other damaging excited-state
photochemical processes from occurring in DNA/RN&hen illumination by ultraviolet
light is too intense, then even this rapid molecuteechanism for dumping the UV light
energy fails: photochemistry occurs, especiallydakive damage to guanines; carcinogenic
lesions form, mutation rates skyrocket, and theoigm dies from a number of causes.
Another major example of the importanceinfernal conversion to life processes is the
fact that tetrapyrrole molecules (including porphgr hemes, and chlorophyl shown
below) have very rapid relaxation from their highgng excited singlet states to a stable
lowest excited state from which all photochemiasdations and photophysical processes
(such as intermolecular energy transfer) can ogswommon feature of the excited-state
configurations of tetrapyrroles is that they hameeatremely intense transition at the edge
of the UV-visible range (near 390-445 nm), with alan extinction coefficient of about
10° Mem™. This state is referred to not by its spectrostopielectronic state label of S
or &, but rather as the Soret transition. TheaBd $ states of chlorophyll a are called the
Qx and Qy transitions, respectively. Because thies® transitions absorb strongly in the
near UV to blue and red spectral ranges, chloroghgppears bright green in colour, since
green is the only color of the visible spectrum absorbed, hence giving grass and tree
leaves their green hue. Because Slmeetexcited state relaxes in about 1 picosecond via
internal conversion, then proteins are engineered to make use of yradrgorbed from
sunlight by all three excited states, with the sgjoent photochemical and photophysical
processes needing to be optimized only for the sbwaergy excited statg; .

3.7. Non-Radiative Decay: Intersystem Crossing
Intersystem crossing Connects Spin-Paired (singistles to the Unpaired-Spin (triplet)

States.

Though intersystem crossing in general is not & pigbability event, it is a mechanism that
links formally spin-forbidden transitions betweemtates of different multiplicity. For
example, a spin- paired organic molecule in antedcsinglet state can transform to a spin-
unpaired state by a flip of the lone electron remmg in the Highest Occupied Molecular
Orbital (HOMO). The probability for such a spingfliransition is negligible, except in the
case where a vibronic energy level of the singlenearly degenerate with the energy of a
triplet vibronic state. In the diagram above, Thg-$ state has been drawn to be only
marginally higher in energy than the I, state. When such a situation occurs, then the
probability for the spin-flip intersystem crossipgpcess is greatly enhanced. When a triplet
state such as the green potential curve labelleshdwn above is populated by intersystem
crossing, the vibrational relaxation process wdkmally occur quite rapidly, lowering the
energy of the triplet state to the bottom of its vibronic potential eyewell T; -0 AS
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shown above, the ;T-o state lies substantially below the .S state, making a reverse
intersystem crossing process have a very much Igwebability than in the forward
direction. Thus, the only decay channel far3 is to await the very low probability event
that the T =0 State can return to the Sibronic manifold. As discussed immediately above,
the Ty =0 excited-state decay can be either radiative orradrative. Unless there is an
accidental near degeneracy (which occurs less érgtyuthan in the excited state case, as one
can see by thinking carefully about the densitgtates in an enharmonic Morse potential for
S;, T1, and Q) the T; state can be quite long-lived. At room temperattriplet states may
last for milliseconds, while at reduced temperatutiee triplet state can persist for minutes to
hours.

3.8. Phosphorescence: Radiative Decay from Triplet Stas
In the event that a triplet statg iB populated from an excited singlet state (siEljp the
transition back to the ground electronic stajh& a very low probability of occurring, and
thus occurs infrequently. However, such transitido®ccur both non-radiatively (as in
S1 intersystem crossing) and radiatively. Whentthgesitions are accompanied by emission
of light, this light has different spectral, but rmoimportantly, different time profiles for
occurring. Because of the low transition probapilthe time scale for emission from triplet
to singlet states via phosphorescence is on tHeseabnd to hour time frame, as is the case
for non-radiative decay. By observing the time peobf the emission as well as the
wavelength spectrum, the singlet-singlet fluoreseeemission will occur on the nanosecond
time scale, and the phosphorescence will occur nmicte slowly, on the millisecond and
longer time scale. In the event that the intersysteossing from the excited singlet state S1
to the triplet state is very efficient, then nearly all of the excitsthglet states can be
converted to triplets. In this event, (which norip&an only occur for some special cases of
planar, symmetric molecules at low temperatures)}dkal phosphorescence emission can be
guite intense, and easily observable by the hunyan However, the probability for the
phosphorescence transition is very low at any gimstant.

3.9. Photosensitization
Photosensitization is the process of initiatingeaction through the use of a substance
capable of absorbing light and transferring thergynéo the desired reactants. The technique
is commonly employed in photochemical work, pattcly for reactions requiring light
sources of certain wavelengths that are not readiilable. A commonly used sensitizer is
mercury, which absorbs radiation at 1849 and 25R®jtaoms; these are the wavelengths of
light produced in high-intensity mercury lamps. @&lgsed as sensitizers are cadmium; some
of the noble gases, particularly xenon; zinc; behemone; and a large number of organic
dyes.
In a typical photosensitized reaction, as in thetptlecomposition of ethylene to acetylene
and hydrogen, a mixture of mercury vapour and etig/lis irradiated with a mercury lamp.
The mercury atoms absorb the light energy, thenegbe suitable electronic transition in the
atom that corresponds to the energy of the incid@tftt. In colliding with ethylene
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molecules, the mercury atoms transfer the energyaa@ in turn deactivated to their initial
energy state. The excited ethylene molecules sulksglgy undergo decomposition. Another
mode of photosensitization observed in many reastiovolves direct participation of the
sensitizer in the reaction itself.

3.10. The Franck-Condon Principle and the Stokes’ shift
The energy levels are indicated, as they usuallyiarspectroscopy, by properly spaced
horizontal lines. The lowest line represents thmugd statefE,, of the atom or molecule in
which it exists in the absence of external actoratiThe higher linesE; andE,) represent
excited electronistates--the only kind of excited states possiblan atom. In a diatomic or
polyatomic molecule one or several series of (also quantizeitbyational and rotational
states are superimposed on each electronic sfatiee Imolecule is complex, the various
vibrational and rotational states lie very closgetiher. The sharp absorption (and emission)
lines of atoms, or structured bands of simple madés; are replaced by broad, continuous
bands. The absorption lines (or bands) are repiedem schemes of this type, by arrows
directed upwards and the emission lines or bandarbyws directed downwards (see the
figure shown above). The energy of the quanta ak&on or absorption is proportional to
the lengths of the arrows. An atom or molecule @asorb only energy quanta corresponding
to the distances between the permitted energysstatece it is excited, say to stdig it can
release energy represented by downward arrowsnpéem E2 to a lower energy state.
The wavy arrow in the above figure (frofa to E; ) relates to another, radiationless way in
which a transition can occur by energy loss to@aurding molecules, or by its "internal
conversion" into vibrational energy of the excitadlecule. The fall fronk; to E; in one big
jump isfluorescenceln fluorescencelight absorption leading, say, from ® E; is reversed
by light emission leading frorg; to E,. When a photon is absorbed, the molecule usislly
not merely transferred into an excited electronates but also acquires some vibrational
energy. According to the so-call&danck-Condon principle, the absorption of a photon is a
practically instantaneous process, since it inwlealy the rearrangement of practically
inertia-free electrons. James Frank recognizedbiveous: the nuclei are enormously heavy
as compared to the electrons. Thus, during ligsbgision, which occurs in femtoseconds,
electrons can move, not the nuclei. The much hea¥@nic nuclei have no time to readjust
themselves during the absorption act, but haveotd dfter it is over, and this readjustment
brings them into vibrations. This is best illuséctby potential energy diagrams, such as that
shown in Figure 4. It is an expanded energy levayrdm, with the abscissa acquiring the
meaning of distance between the nuclgj, The two potential curves show the potential
energy of the molecule as a function of this disgafor two electronic states, a ground state
and an excited state. Excitation is representezhrding to the Franck-Condon principle, by
avertical arrow (A). This arrow hits the upper curve, except for vgpgcial cases, not in its
lowest point, corresponding to a non-vibrating estdéiut somewhere higher. This means that
the molecule finds itself, after the absorption, atta non-equilibrium state and begins to
vibrate like a spring. This vibration is describadthe figure, by the molecule running down,
up, down again, etc., along the upper potentiatesulike a pendulum. The periods of these
vibrations are of the order of 1§ or 10" seconds. Since the usual lifetimes of excited
electronic states are of the order of’) there is enough time during the excitationqueri
for many thousands of vibrations. During this timmych (if not all) of the extra vibrational
energy is lost by energy exchange (temperature liggtian) with the medium. The
molecule, while it remains extremely "hot" as farits electronic state is concerned, thus
acquires the ambient "vibrational temperature.'bFégcence, when it comes, originates from
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near the bottom of the upper potential curve, atldws a vertical arrow dow(F), until it
strikes the lower potential curve. Again, it doex hit it in its deepest point, so that some
excitation energy becomes converted into vibratiemergy. The cycle absorption-emission
thus contains two periods of energy dissipatiorcaBee of this, the fluorescence arr@yis
always shorter (that is, the fluorescence frequaadgwer) than that of absorptiqA). In
other words, the wavelengths of the fluorescencel lagie longer than of the absorption band.
This displacement of fluorescence bands towarddahger wavelengths compared to the
absorption band&Stokes' shift) was a long-established experimental fact befoseFfanck-
Condon principle provided its interpretation. Olmaty, the extent of the shift depends on the
difference between the two potential curves.

Energy —

Figure 5: Frank-Condon Principle. Potential energycurves for the ground state and an excited
state of a diatomic molecule. (r, interatomic distace; A, absorption; F, fluorescence; numbers
indicate vibrational states.)

3.10.1. How did it become known as Franck-Condon Principle?
A historical suggestion was that of James Fran®%1 who had shared, with Hertz, the
1925 Nobel Prize in Physics for the experimentaifieation of the quantum theory). He
argued simply that because of the large massebeohuclei in a molecule, their relative
momentum cannot be directly affected by an eleatrtmansition, so that those transitions
will be most likely that conform most closely tdPainciple. The nuclei do not move during
an electronic transition. Thus, on a diagram ofrgyn€ordinate) versus distance between the
nuclei of a diatomic molecule (abscissa), this stéon is vertical promoting the electron
from the lowest vibrational state of a moleculéha ground state to a higher vibrational state
of the excited state (e.gs 8r ) of the molecule. The molecule in the excitedesthien
dissipates immediately (within 10 to 100 fs) somergy as heat and the electron reaches the
lowest vibrational level of the excited state. Whba molecule relaxes to the ground state
giving off light (fluorescence), it generally ocsuat longer wavelength than the absorbing
wavelength (Rotverschiebung, the red shift, Frarid7). The Franck-Condon principle,
then, explains the observed red shift (Stokes, 18%2he fluorescence spectrum from the
absorption spectrum. The history of how the prilecipecame known as the Franck-Condon
principle was beautifully presented by Condon ()94he original idea is in a paper at a
Faraday Society meeting in London by Franck (198%);proofs of this paper were sent to
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his student Hertha Sponer, who was then at thedusity of California at Berkeley on an
International Education Board Fellowship. She geusly shared the proofs with Condon; he
was able to generalize Franck's ideas (Condon,)1g2fdon (1947) states: "This work was
all done in a few days. Doctor Sponer showed meadkia paper one afternoon, and a week
later all the quantitative work for my 1926 papexrsaone.”

3.11. The stokes’ Shift

If a molecule is in an isolated environment, sushiraa gas phase, then the fluorescence is
emitted from the lowest vibrational level of thecd#®d state to the ground state and its
vibrationally excited levels. This emission haspgarum which is a mirror image of the
absorption spectrum. Where emission is excited hgreow spectral source such as a laser,
some emission is at the same wavelength as theéageani and is known as “resonance
fluorescence”. For molecules in solution, the eetistate can usually reduce its energy
through rearrangement of the solvent 'cage’ ardhadmolecule prior to emission. In this
case, although the emission spectrum is often rstiler similar to a mirror image of the
excitation spectrum, the absorption peak and thesom peak do not coincide. The emission
maximum is now at longer wavelength (lower enerimgn the excitation, and is said to be
red-shifted.

Several factors influence the magnitude of the &bghift. If the environment is rigid so that
little rearrangement is possible then the Stokéf$ ishexpected to be small. The magnitude
of the shift depends on factors such as solverdripp| viscosity and polarizability. It also
depends on whether the excited state can underngsetific interactions such as proton
transfer or charge transfer to other molecules@mgtimes) within the same molecule.
Sometimes, there could be non-conformity to thereniimage rule. Such deviation is
indicative of a change in geometry of the absorlsipgcies soon after excitation and prior to
emission. This implies that the ground state arel elkcited states now have different
geometrical arrangements of their nuclei. Apartnfrehange in geometry, excited state
reactions could also result in a breakdown of theram image rule. For example the
absorption and emission spectra of anthraceneh@nptesence of diethylaniline) are not
mirror images, due to the formation of a chargesgfer complex between the excited state of
anthracene and diethyaniline.

Stokes shift
—
[ A '2
oorl
A ——s

Figure 6: The Stokes' shift (displacement of fluorecence band compared to the absorption band
of a molecule). Approximate mirror symmetry of thetwo bands exists when the shapes of the
potential curves in the ground state and the excitkstate are similar.
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4.0. SUMMARY

Light absorption can result in the formation of (@hectronically) excited state, which has

different chemical properties to the ground stdtke intensity and shape of absorption

spectra are a result of the nature of excitatiomvéen ground and excited states. Various
processes result in the deactivation of the exdtate. The timescales of these indicate their
efficiency, and we will look at these in more detaifuture posts.

5.0. TUTOR-MARKED ASSIGNMENTS

1. State the major laws of photochemistry.

2. With the aid of a simple Jablonski diagram, disahgsfate of a photochemically
excited molecule.

3. State and explain the Franck-Condon principle

4. Discuss briefly how the Franck-Condon principlepded an interpretation for
the phenomenon of Stokes’ shift.

5. Write short notes on the followings:
(a)Absorption
(b)Fluorescence
(c) Internal conversion
(d)Intersystem crossing
(e)Phosphorescence

6. What do you understand by the term ‘photosensitinét

6.0. REFERENCES

1. Gilbert, A. and Baggott, J. EEssentials of molecular photochemistBlackwell
Scientific: London, 1991.

2. Turro, N. J., Ramamurthy, V. and Scaiano, J. Erinciples of molecular
photochemistry: an introductioriniversity Science Books: Sausalito, 2009. Despit
the title, a detailed text with lots on the varigastophysical processes that occur on
light absorption. These three authors are amongeise known photochemists today.
Turro’s classicModern Molecular Photochemistryvas for a long time the bible for
photochemistry.

3. http://www.life.illinois.edu/govindjee/biochem494ha.html

4. http://www.britannica.com/EBchecked/topic/458153fasensitization
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UNIT 4 — SELECTION RULES AND PHOTOPHYSICAL PARAMETE RS

1.0. INTRODUCTION

We have looked at the way photons are absorbedoRhaf UV and visible light cause
electrons to promote between orbitals. In this Uni¢ shall look at the way this photon
absorption is analysed by spectroscopists. Whemotop is absorbed or generated, we must
conserve the total angular momentum in the ove@raltess. So we must start by looking at
some of the ‘rules’ that allow for intense UV-viglbands (caused by electronic motion).

Selection rules are setof restrictionsgoverningthe likelihood that a physicalsystemwill
changefrom onestateto anotheror will be unableto makesucha transitionSelectionrules,
accordingly, may specify "allowed transitions," those that have a high probability of
occurring,or "forbiddentransitions," those that have minimal or no prolitsof occurring.

It is advisable to employ a high-power lamp whemfgrening a photochemical reaction
because it produces more photons than a low-poarap.| Its flux is greater. When we
looked at the laws of photochemistry, we saw hosvdcond law stated the idea that when a
species absorbs radiation, one particle is exéttedach quantum of radiation absorbed. This
(hopefully) obvious truth now needs to be invegtgdafurther. The ‘quantum yieldb is a
useful concept for quantifying the number of moleswf reactant consumed per photon of
light. It may be defined mathematically by

number of molecules of reactant consumed

number of photons consumed

2.0. OBJECTIVES
After studying this Unit, you should be able to:

» Explain the concept of selection rules

» Define and carry out simple calculations on quanyigids

» Determine the number of photons absorbed by a samph photochemical
process

Define the lifetime of an excited species

Derive an expression for the lifetime of an excispécies

Calculate the rate constants for the various phgtsipal parameters

Use the Stern-Volmer equation to analyze the flsmeace quenching of a
fluorophore

3.0. MAIN CONTENT

3.1. Selection rules

A selection rule is a quantum mechanical rule tlessticribes the types of quantum mechanical
transitions that are permitted. Transitions notnptted by selection rules are said to be
“forbidden,” although in practice, such transitioage generally forbidden “to first order”
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only, which means they may occur in practice buhww probability. Light absorption is a
resonant process; hence the most fundamental eomdidr absorption is that the energy of
the incoming photon must match the difference iergy between the two energy states
involved in the transitionAE = fv). In addition to this energy matching, the prolighof an
electronic transition is predicted using a setaéstion rules, which may be summarized as
follows:

3.1.1. Spin selection rule AS = 0)
Transitions involving spin changes {9, or T-S) are strongly forbidden. This rule can be
relaxed in the presence of heavy atoms and paraetiagspecies. The fact that spin-
forbidden transitions can be observed at all is assult of the phenomenon spin-orbit
coupling which is the interaction of the electron’s spimgnetic moment with its orbital
magnetic moment. This interaction introduces a remn into the Hamiltonian operator
which operates on both spin and space variablethelpresence of this new term, the zero-
order wave functions of the system, which were drith pure singlets and triplets, are
combined to form new wave functions of mixed muitipy. S— T and T- S transitions
therefore become somewhat probable because thietsgtgte is no longer pure singlet but
has some triplet character mixed with it. The &itate also has some singlet character.

3.1.2. LaPorte selection rule (g-u; Al = +1)
Whether spin-allowed or spin-forbidden, some triémss (e.g. d-d) are generally very weak.
This could be due to the LaPorte rule which forbirdsisitions involving no change of parity
(p- p, dod, fof). If the sign of the wave function changes onedfon through a centre of
smmetry, then the symmetry is referred touageradedenotedu; if it is unchanged, it is
termedgeradedenotedy. Then according to this rule—gu and u~g transitions are allowed,
while u—u and g-g transitions are forbidden. The corollary of trePbrte rule is thatdp
and s-p transitions are allowed, while-dd, and s-d transitions are forbidden. The
selection rule which states that transitions whieluse a large change in linear of angular
momentum of the molecule are forbidden is also isteist with the LaPorte rule. However,
the LaPorte rule does not strictly apply in thespreee of minor static distortions or non-
totally symmetric vibrational motions which remotree exact centrosymmetry. This could
be responsible for the observed intensities ofithel transitions in octahedral complexes.

3.1.3. Franck-Condon Selection Rule

The classical Franck-Condon principle requires,tlicause an electronic transition is
“instantaneous”, the nuclear coordinates and maoandot not change. As a result of this
transition, electron density is rapidly built up new regions of the molecule and removed
from others. The change in electron density caasesw force field on the stationary nuclei,
which causes the molecules to vibrate. The mogigiie transition is from the ground state
to the vibrational state lying vertically above Ih terms of the guantum mechanics,
transitions are most probable when the wave functibthe upper vibrational state most
closely resembles the ground state vibrational viametion.

3.1.4. Orbital Overlap Selection Rule
Orbitals involved in an electronic transition netw overlap. For example, the—Tt*
transition in carbonyls is highly probable becatieeorbitals involved do overlap. This is not
the case for the-aT1* transition, which is forbidden.
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3.2. The Quantum Yield

The quantum vyield (®) of a radiation-induced process is the number ks a specific
event occurs per photon absorbed by the system. "g&hent" is typically a kind of
photophysical or photochemical process.

By definition, quantum vyield is the number of defih events which occur per photon
absorbed by the system. The quantum yig@)drépresents and quantifies the efficiency of a
photophysical or photochemical process.

_ numberof events
numberof photonsabsorbed

This definition emanates from the first and sectavds of photochemistry, which proposed
that for any photochemical process to take pldueret must be absorption of photons, and
that one photon activates only one molecule. Maawtafrs, intrinsic and extrinsic to the
system, can influence the efficiency of a photodafrprocess. Quantum yield is a measure
of the efficiency of such processes after light aapgon. The efficiencies of all
photochemical and photophysical processes areifjadrity the quantum vyield.

Its value can lie anywhere in the range®1@o 10. A value of 10° implies that the photon
absorption process is very inefficient, with onlyeomolecule absorbed per million photons.
In other words, the energetic requirements for treacare not being met. Conversely, a
quantum vyield® of greater than unity cannot be achieved duringtraightforward
photochemical reaction, since the second law otqa@mistry clearly says that one photon
is consumed per species excited. In fact, valuds »fl indicate that a secondary reaction(s)
has occurred. A value df > 2 implies that the product of the photochemieslction is
consumed by another molecule of reactant, e.gnduai chain reaction, with one photon
generating a simple molecule of, say, excited amgrwhich cleaves in the excited state to
generate two radicals. Each radical then reactgrapagation reactions until the reaction
mixture is exhausted of reactant.

To help clarify the situation, we generally defitveo types of quantum vyield: primary and
secondary. The magnitude of the primary quanturidyefers solely to the photochemical
formation of a product so, from the second law @bt®chemistry, the value @fyimary
cannot be greater than unity. The so-called seegndaantum yield refers to the total
number of product molecules formed via secondaherfdcal) reactions; its value is not
limited. The primary quantum yield should alwaysdited together with the photon pathway
occurring: it is common for several possible patysveo coexist, with each characterized by
a separate value df. As a natural consequence of the second law ofophemistry, the
sum of the primary quantum yields cannot be greatar unity.

The quantum yield of a photophysical process iedatliy related to the ‘allowedness’ of the
process. For example, phosphorescence Ttransition) is a spin-forbidden process; hence
its quantum yield is expected to be small.

The quantum yields for some photophysical and pi@mical processes are defined thus:
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no of fluorescigmolecule
no of photonsabsorbed

Fluorescence quantum yield:g =

_ noof moleculesindergoingnternalconversion

Internal conversion: Be
noof photonsabsorbed
. noof moleculendergoinigtersystacrossin
Intersystem crossing: Asc =
noof photonabsorbed
noof Phosphoresngmolecules
Phosphorescence: @ = 00 SPROTEsNgmo’e
noof photonsabsorbed
Photoreaction: @ = noof moleculesindergoinghotoreaddn

noof photonsabsorbed

3.2.1. Calculating the Number of Photons Absorbed
Photons are the particles of light. Propertieshaitpns:

« Photons always move with the speed of light.
« Photons are electrically neutral.

Two pieces of information are needed to determivee iumber of photons absorbed by a
sample:
1. The power (or energy) of the incident light

Light emanating from a source (laser, flash ligihtandescent light bulb, etc) is characterized
by its power output (e.g., 80 W, 80%)s

The relationship between power (Ja W) is energy of an incident radiation is:

Eincident (J) = Poweﬁcident (J S_l) x time (S)

2. The quantity of energy per emitted photon (gyef 1 photon)

Photons have no mass, but they have energy B = iﬁ Here h = 6.626 x1¥ Js is a

universal constant calle®Planck's constant The energy of each photon is inversely
proportional to the wavelength of the associatezttedbmagnetic wave. The shorter the
wavelength, the more energetic is the photon,ahgdr the wavelength, the less energetic is
the photon.

he
E = hv

photon — photon =
“photon

Knowing these two quantities, then the number aftphs incident photons (Nigen) iS given
as:
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E

_ ineidsnt
incidert — E

N

photon

The number of photons absorbedgMNue) is given as
Nabso:rbz-d = o Nim:idem

Wherea is the fraction of incident photons absorbed tlee, efficiency of absorptioru is
sometimes given as %-absorption.

Example 1:

Calculate the number of photons emitted by a 100yéNow lamp in 1.0 s. Take the
wavelength of yellow light as 560 nm and assume%0Q€fficiency.

Solution:

Power = 100 W =100 J's

Time = 1.0s

WavelengthX) = 560 nm = 5.6 xIOm

Eincident= Power x Time = 100x 1

=100J

_ _be _ 663xW0Fx3x0° Lo o0-19
Eph-:-t-:-n - ‘-"]JluTm - s 6=10- = 3.55=x10 I
Nincident = %ﬁ = 2.815 x1&’ photons
Example 2:

When a sample of 4-heptanone was irradiated wighrgi light with a power output of 50 W
under conditions of total absorption for 100 syis found that 2.8 xI0mol GH, was
formed. What is the quantum yield for the formatafrethane?

Solution:

No. of moles of GH4 formed = 2.8 x18 mol
Power = 50 W =50 J's

Time = 100s

WavelengthX) =313 nm = 3.13 x10m

Eincident= Power x Time = 50 x 100
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=5000J

k .63 x107 x 3xl0?
Ephoton = —— = ————_X %7 = 6.36 x10°J

‘phaton 3.13 x107
3000
Nincidentzm = 7.86 x16" photons

Total absorption implies 100 % absorption (ices 1).
Therefore, Ncident= Nabsorbed

No.ofmoles of photons abscrbed = \I‘J’\I—“’m, where N is the Avogadro’s number.
A

. 7.86 x10*! -
No.of moles of incident photons = ——— =3 = 131 %107 mol
6.02 x10°
no. of mol of ethene formed 2.8 %1077

= 0.21

D ene = N :
#hame  po.of mol of photens absarbed 1.31x107°

Self Assessment Questions

i.  How many photons does a monochromatic (single-gaqy) infrared rangefinder of
power 1 mW and wavelength 1000 nm emit in 0.1(ghswer: 5 x16%

ii.  The overall quantum yield for a reaction at 290 isn®.30. For what length of time
must irradiation with a 100 W source continue irdesrto destroy 1.0 mol of
molecules? (Answer: 3.8 hrs)

3.3. The excited state lifetime

In the field of photochemistry, two important exatstates are known: the singlet and the
triplet excited states. The lifetime of these statee designatedr and Tr respectively.
However, there exists a term called the radiaifediine, designated as. The photophysical
processes that deactivated the first excited sirstgee are:

S+hv - § Rate 3 | Absorption

S > S + hve Rate = k[S4] Fluorescence

S — S + heat Rate 5¢[64] Internal conversion
S — T Rate Ss§Si] Intersystem crossing

The radiative lifetimery, is a measure of the probability of emission, whi related to the
probability of absorption. The radiative lifetimerepresented by:

By definition, 1o is the lifetime of an excited molecule in the alxse of radiationless
transitions. The radiative lifetime is not the adtlifetime of the excited state; it is the
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lifetime if fluorescence was the only process deating the excited state, and it is the
reciprocal of the first order rate constant of fiescence. Following excitation, the molecule
will also relax by internal conversion and intetgys crossing, in addition to fluorescence; so
that the rate of decay of the singlet excited stathe sum of these three decay processes.

-d
ﬂ = (ke +kic +kiso)[S,]
dt
S, gi::::?VF[_
IC
S
ISC g ”
1
hv| F IC
7 15C"
Sp Y

Figure X: Jablonski diagram showing processeseafiland T, states

The lifetime of the excited state;}Ss the reciprocal of the first order rate consfan decay.

1
Tp=r—————————
kF + kIC + kISC
However,r0 :i
F
There

The triplet state () formed can undergo further relaxation processes:

T - S + hvp Rate = {T4] Phosphorescence (radtiv
T, - S Rate = kd[T4] Intersystem crossing (noniadisle)

Where k is the rate constant for phosphorescence; dif8iCkis the rate constant for
intersystem crossing from, Btate to &

Typically, the rate of triplet formation is muchstar than the rate of triplet decay, i.gsck

(ke + K'sc)-
As in the case of the singlet state,

—-d[T. .
ZA) - + Ko
And the phosphorescence (triplet) lifetime is gitogm
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_ 1
Ty = o
(ke *+Kisc)
In all cases, the excited triplet state is longerd than the singlet counterpart because of the

decay (radiative or non-radiative) of the I the g state is forbidden. Table X gives a
description of the common photophysical processes.

Table X: Description of the regular photophysical poperties

Process Notation| Efficiency | Timescale| Kinetic
description | (s) description
Absorption Abs e M1cm?) | 10™
Vibrational Relaxation | VR GVR 10% kvr
Internal Conversion | IC Gic 10" kic
Fluorescence F e 10° ke
Intersystem Crossing | ISC Gisc 10" Kisc
Phosphorescence Pk Gp 10° Kp

3.3.1. Exponential Decay of the Excited State
The lifetime §) of a chemical species, which decays in a firsieorprocess, is the time
needed for a concentration of this species to dseréo 1/e of its original value. Statistically,
T represents the mean life expectancy of an exspedies. In a reacting system in which the
decrease in concentration of a particular chenspalcies is governed by a first-order rate
law, T is equal to the reciprocal of the sum of the (d®dwnimolecular rate constants of all
processes, which cause the decay.

For any molecular entity which decays in a firdarkinetics,
Rateof decay= % =k, [A]

kq is the first order decay constant. Rearranging ékjuation, we have:

9A _ -k ,dt
[A]
Integrating,

A 1 t
AOWdA——dedt

and
IN[A] — In[A] o = -kit

AL -t
(A,

From the definition above,

In
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[Aly

t =1, when[A] =——
€

Substituting, we have:

1
In| = |=-k
(o)

_Ine
’[__
kd
And
_log.e 1
’[_—__
kd kd

AA (Triplet)

time (3)

Figure X: A typical triplet absorption curve (simul ated)

3.4. Rate Constants for Excited State Deactivation
An alternative description of the quantum yieldagbrocess emanating from an excited state
is in terms of the relationship between the ratestant for the specified process and the sum
of rate constants of all processes deactivatingettited state. For example, the quantum

yield of fluorescencedg) is given as:
— kF
kF + kIC + kISC

E

1

However, it is also known that, = ——
kF + I(IC + |(ISC
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Therefore,®0_ =k .1,

It is known that

Te :;;andtozi
I(F-'-I(IC-'-kISC I(F
. Ke _Te _
Therefore, it follows that———————=— =0

FHKe tKse T

If the lifetime of an excited state and the quantyieids of all processes deactivating it are
known, it is possible to calculate the rate cortstéor the deactivating processes.

The following equations give the expressions fde reonstants for the intrinsic processes
(fluorescence, F; internal conversion, IC and system crossing, ISC), which deactivate the
excited singlet state of a molecule:

Also, remember tha$;, = =2

-0

Question:

For naphthalene in a glassy matrix at 77 K exciedhe § state, the quantum yield of
fluorescence is 0.20, the quantum yield of trif¢gtnation is 0.80, and the quantum yield of
phosphorescence is 0.018.

a) Using the measured lifetime of fluorescence ®fn8, determine the rate constant for
intersystem crossing fromy  T;.

b) From the measured phosphorescence lifetime ®fs2.determine the rate constant for
intersystem crossing fromy 10 S,.

Answer:
a) From the Sstate,

®r=0.2:®7=0.8:®sc = 0.0, andr = 9.6 X108 s
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b) From the T state,
Pp=0.2, and1=2.6s
P'isc=P1-Pp = 0.80-0.018 = 0.792

0 Ko = 750 = 21222 030887

T

3.5. Fluorescence quenching

When a fluorescent dye is excited at a particulavelength, it is promoted to an excited

state. In the absence of a quencher, the excitededyits light in returning to the ground

state. When a quencher is present, the excitedojilnore can return to the ground state by
transferring its energy to the quencher without émeission of light. This is fluorescence

quenching.

Quenching depends on the ability of the fluorophtwetransfer energy to the quencher
without the emission of light. Collisional quencheto this by partaking in close molecular
interactions with the fluorophore,

When only the three intrinsic processes (F, IC () deactivate the excited singlet state,
i.e., no external factor contributing to the singtecay; the fluorescence lifetime of a
fluorophore can be expressed as:

1
_0sz +Ke +Kige
Tr
12 is the fluorescence intensity in the absencemfencher.

However in the presence of a reactant (Q, also knasva quencher) that intercepts the S
state, the following excited state reaction takesqx

Ss+Q OB~ g+ 0
The rate law for this reaction is written as:

Rate = l[S1][Q]

Where I is the bimolecular quenching constant] [&d [Q] are the concentrations of the S
state and the quencher respectively.

Assuming that the reaction is pseudo-unimolecui#ln {@Q] >> [S;], we can state that:
Rate = KS1]

Where

k' = kol Q]
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As a result of this quenching reaction, the fluoeze lifetime of the fluorophore is lowered,;
the quenching term is introduced into the expresfo the S state deactivation, and we now
have:

1
—=kg+K +Kge + kq[Q]

TF
Taking ratios,

T(F) _ kF + k|c + k|sc + kQ[Q]

e Ke +Kic +Kise

Simplification yields:
0
“E =14 Ko[QL 7}

Te

A vital assumption made in the treatment of fluosgge quenching data is that the rate
constants for the intrinsic processes do not chantfee presence of a quencher. This implies
that for any system,

© 9%l
e O |

Hence, one can state that
I 0
JE=1+KolQl T

F

This is the familiar Stern-Volmer (S-V) equatiorhieh is usually written as:

=14 K Q)

Where k (M™ s is the bimolecular quenching rate constant; tterrSVolmer constant
(Ksv, M) is defined by as:

I
A plot of TO versus [Q] should give a straight line with inegt 1 and slope &. The

observation of a straight line from this plot woultdlicate that the quenching process is
solely by a collisional mechanism (dynamic quenghin
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4.0. SUMMARY

A selection rule is a quantum mechanical rule tlesicribes the types of quantum mechanical
transitions that are permitted. The familiar setectrules are: spin selection rule, LaPorte
selection rule, Franck-Condon selection rule arfuit@lroverlap section rule.

The quantum vyield (®) of a radiation-induced process is the number ks a specific
event occurs per photon absorbed by the system.

Two pieces of information are needed to determivee iumber of photons absorbed by a
sample:

Three types of lifetime exist in photochemistrydiescence lifetimexf), triplet lifetime ()
and the radiative lifetimet§). By definition, To is the lifetime of an excited molecule in the
absence of radiationless transitions. The radidifeéime is not the actual lifetime of the
excited state; it is the lifetime if fluorescencasmhe only process deactivating the excited
state.

The fluorescence of a substance is said to be geen the addition of another substance to
it reduces the intensity of fluorescence, provitlegt no chemical reaction occurs between
the fluorescing substance (fluorescer or fluoroph@nd the quenching material (quencher).
According to Stern and Volmer, the quenching precissa reaction of the second order,
which competes with all other molecular and rad@&tprocesses, and is subject to the
equation:

o =14, Q)

5.0. TUTOR-MARKED ASSIGNMENT
1. (a) What are selection rules in photochemistry?

(b) Describe the spin selection rule and the LaePslection rule.

2. The quantum yield for a photochemical reaction.810 The absorbing substance
was exposed to 320 nm radiation from a 87.5 W soufite intensity of the
transmitted light was 0.257 that of the incideghti As a result of the irradiation,
0.324 mol of the absorbing substance decomposedvifat length of time must the
irradiation have persisted?

3. Derive the Stern-Volmer equation for the reactidnaofluorophore (§) with a
qguencher (Q); after which the fluorophore was deatdd and the quencher excited.

4. 1-Chloronaphthalene fluoresces wiph = 0.06 and phosphoresces wigh= 0.54;
fluorescence lifetimar and phosphorescence lifetime are 10° and 0.3 seconds
respectively. If the quantum yield of internal cemsion is 0.01, calculate (i) Rate
constants for § — T; intersystem crossing, (i) Rate constant for 7 &
intersystem crossing, (iii) Rate constant for fesrence, and (iv) Rate constant for
phosphorescence.
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5. The change in fluorescence intensity of a zing§iijhalocyanine derivative varies
with the concentration of benzoquinone (BQ) quenam®MF is as follows:

[BQJ/M |0 0.0028| 0.2256| 0.0084| 0.0112
I 324.5 | 280.7¢ | 263.2 | 240.z | 224.¢
Given that the fluorescence lifetime of the zincfihthalocyanine derivative in DMF

is 4.10 ns, determine the bimolecular rate constant

6.0. REFERENCES
1. N. J. Turro, Molecular Photochemistry, BenjaminyN\éork, 1967.
2. J. R. Lakowicz, Principles of Fluorescence Spectpg, Springer, New York,
2006.
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UNIT 5 - LASERS

1.0. INTRODUCTION

Lasers are devices that produce intense beamghafihich aremonochromaticcoherent
and highly collimated The wavelength (colour) of laser light is extréynepure
monochromatic) when compared to other sourceghf,land all of the photons (energy) that
make up the laser beam have a fixed phase relatprisoherence) with respect to one
another. Light from a laser typically has very laliwergence. It can travel over great
distances or can be focused to a very small spiht avbrightness which exceeds that of the
sun. Because of these properties, lasers are nsedide variety of applications in all walks
of life.

The basic operating principles of the laser were fptth by Charles Townes and Arthur
Schalow from the Bell Telephone Laboratories in8%nd the first actual laser, based on a
pink ruby crystal, was demonstrated in 1960 by BeeoMaiman at Hughes Research
Laboratories. Since that time, literally thousanfi$asers have been invented (including the
edible “Jello” laser), but only a much smaller nienthave found practical applications in
scientific, industrial, commercial, and military @jgations. The helium neon laser (the first
continuous-wave laser), the semiconductor dioder)and air-cooled ion lasers have found
broad OEM application. In recent years the useiadelpumped solid-state (DPSS) lasers in
OEM applications has been growing rapidly. The téfaser” is an acronym for (L)ight
(A)mplification by (S)timulated (E)mission of (R)idion.

2.0. OBJECTIVES
After studying this Unit, you should be able to:

« Define the following properties of laser light:

» Define the following terms that relate to the l@sprocess:

« Describe in a short paragraph and with a diagramptbcess of stimulated emission.

» Draw and label diagrams that illustrate the fowsib@lements of the following types
of lasers:

e List the seven safety precautions to be followedenvtoperating a low powered,
helium-neon gas laser.

3.0. MAIN CONTENT

The invention of the LASER is one of the most digant developments in science and
engineering. A thorough understanding and apprieciabf the operation of this unique
device requires an understanding of the behavindrthe properties of light itself. The term
“LASER” is an acronym foiLight Amplification by Stimulated Emission of Radiation,
although common usage today is to use the wordnasia - laser - rather than as an acronym
- LASER. A laser is a device that creates and dimapla narrow, intense beam of coherent
light. To understand the processes of amplificatdnlight requires familiarity with the
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nature of light and absorption and emission oftlightoms emit radiation. For example,
"excited" neon atoms in a neon sign emit light, akhis normally radiated in random
directions at random times. The result is incohiehght (a technical term for a jumble of
photons going in all directions). To generate aeteht light (nearly monochromatic and
going in one precise direction); it is imperatiwefind the right atoms and an environment
which would make the all light given up to go ineodirection.

There are many different types of lasers, with outpavelengths ranging from ultraviolet to
far infra-red. Lasers are broadly classified imics liquid and gas lasers. Most solid and gas
lasers are only able to produce photons at a fixadelength, and this tends to limit their
utility for chemical applications. Liquid lasers Ifigh contain dye solutions and nearly
operate mostly in the visible and near UV) on thieeo hand can be adjusted (tuned) over a
certain wavelength range. A major advantage ofrsageer other light sources is that they are
capable of producing highly energetic and nearlywooiromatic photons. The processes that
go on inside them differing greatly from one latsgre to another, hence, it is easy to become
distracted by detail that might apply to one typéaser only. The features described here are
those that lasers have in common.

3.1. Characteristics of Laser radiation

The light emitted by lasers is different from thbduced by more common light sources
such as incandescent bulbs, fluorescent lamps, high-intensity arc lamps. An
understanding of the unique properties of lasditligay be achieved by contrasting it with
the light produced by other, less unique sources.

3.1.1. Monochromaticity

Laser light consists of essentially one wavelengtying its origin in stimulated emission
from one set of atomic energy levels.

All light consists of waves travelling through spadhe colour of the light is determined by
the length of those waves, as illustrated in Figure

= Blue

Blue Light

i Red -

\/

Ampltude ————
5

Wavalangth

Figure 1: Comparison of the wavelengths of red and blue ligh
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Wavelength is the distance over which the wave repeats iget is represented by the
Greek letter’] (lambda). Each colour of visible light has its oehraracteristic wavelength.

White light consists of a mixture of many differemavelengths. A prism can be used to
disperse white light into its component wavelendttdours), as in Figure 2.

4
- Red

White Light Crange =
Yellow E g"
Green 8D
Blue —E 31
Violet

Frism Screen

Figure 2: Dispersion of white light by a prism

All common light sources emit light of many diffetewvavelengths. White light contains all,
or most, of the colours of the visible spectrumdi@ary coloured light consists of a broad
range of wavelengths covering a particular portidrnthe visible-light spectrum. A green
traffic light, for example, emits the entire grepaortion of the spectrum, as well as some
wavelengths in the neighbouring yellow and blueaesg,

The beam of a helium-neon gas laser, on the otlred,his a very pure red colour. It consists
of an extremely narrow range of wavelengths withie red portion of the spectrum. It is said
to be nearly'monochromatic,” or nearly "single-coloured.Near-monochromaticity is a
unique property of laser light, meaning that it sists of light of almost a single wavelength.

Perfectly monochromatic light cannot be producedneliy a laser, but laser light is many
times more monochromatic than the light from angeotsource. In some applications,
special techniques are employed to further narfmwange of wavelengths contained in the
laser output and, thus, to increase the monochioityat

3.1.2. Directionality

Figure 3 depicts light being emitted from a lighdtbin all directions. All conventional light
sources emit light in this manner. Devices suchaamobile headlights and spotlights
contain optical systems that collimate the emitigt, such that it leaves the device in a
directional beam; however, the beam produced alwiayerges (spreads) more rapidly than
the beam generated by a laser.
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Light spreads out in all directions

Figure 3: Conventional source

Figure 4 llustrates the highly directional natud light produced by a laser.
"Directionality" is the characteristic of laser light that causes travel in a single direction
within a narrow cone of divergence.

Highly Directional Beam
(Narrow Cone of Divergence)

Relative P
() == Beam Width — ™ | |

- ‘_./I

Laser . ( -_.l

Figure 4: Directionality of laser light

But again, perfectly parallel beams of directiotight—which we refer to as collimated
light—cannot be produced. All light beams eventuajread (diverge) as they move through
space. But laser light is more highly collimatduttis, it is far more directional than the light
from any conventional source and thus less diverdarsome applications, optical systems
are employed with lasers to improve the directityalf the output beam. One system of this
type can produce a spot of laser light only oné-hmélle in diameter on the moon (a distance
of 250,000 miles).
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3.1.3. Coherence

Figure 5 depicts a parallel beam of light wavesrfran ordinary source traveling through
space. None of these waves has any fixed relatiprieshany of the other waves within the
beam. This light is said to be "incoherent,” megrimt the light beam has no internal order.
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Figure 5: Incoherent light waves

Figure 6 illustrates the light waves within a highdollimated laser beam. All of these
individual waves are in step, or "in phase,"” witieanother at every point. "Coherence" is
the term used to describe the in-phase propefigltfwaves within a beam.
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Figure 6: Coherent light waves

Just as laser light cannot be perfectly monochromuatperfectly directional, it cannot have
perfect coherence; yet laser light is far more cehethan light from any other source.
Techniques currently in use greatly improve theecehce of light from many types of lasers.

Coherence is the most fundamental property of laglet and distinguishes it from the light
from other sources. Thus, a laser may be defined asurce of coherent light. The full
importance of coherence cannot be understood athir concepts have been introduced, but
evidence of the coherence of laser light can bervisd easily.



In Figure 7, the beam of a low-powered laser s&rikgough surface, such as paper or wood,
and is reflected in all directions. A portion ofghight reaches the eye of an observer several
meters away. The observer will see a bright spait dippears to be stippled with many bright
and dark points. This "speckled" appearance isacieristic of coherent light, and is caused
by a process called "interference,” which will becdssed in a later module.

Laser

-

;u
8

VAR 1
Observer

a

Figure 7

3.1.4. High Irradiance Intensity

Irradiance is the power of electromagnetic radiation per ania (radiative flux) incident on
a surface.

3.2. Emission and Absorption of Light

A laser produces coherent light through a processed "stimulated emission.” The word
"LASER" is an acronym forl'ight Amplification by StimulatedEmission ofRadiation.” A
brief discussion of the interaction of light wittbens is necessary before stimulated emission
can be described.

3.2.1. Energy Levels in Atoms

An atom is the smallest particle of an element te&ins the characteristics of the element.
An atom consists of a positive nucleus surroundgd Bcloud” of negative electrons. All
neutral atoms of a given element have the same auoftpositive charges (protons) in the
nucleus and negative charges (electrons) in thedcldhe energy content of atoms of a
particular type may vary, however, depending on ¢hergies contained by the electrons
within the cloud.

Each type of atom can contain only certain amoohtsnergy. When an atom contains the
lowest amount of energy that is available to ig #tom is said to be in itatomic ground
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state." If the atom contains additional energy over anovahts ground state, it is said to be
in an"excited atomic state."

Figure 8 is a simplified energy-level diagram of @&om that has three energy levels. This
atom can contain three distinct amounts of energy reo others. If the atom has an energy
content of E it is in the atomic ground state and is incapaifleeleasing energy. If it
contains energy content br E;, it is in an excited state and can release ite€xenergy,
thereby dropping to a lower energy state. Real atoray have hundreds or even thousands
of possible distinct energy states. The three-levade is utilized here for purposes of clarity.

Energy

Figure 8. Atomic energy-level diagram

3.2.2. Spontaneous Emission of Light

An atom in an excited state is unstable and wi#ase spontaneously its excess energy and
return to the ground state. This energy releaseonayr in a single transition or in a series of
transitions that involve intermediate energy levElsr example, an atom in statgd Figure

8 could reach the ground state by means of a simglesition from g to B, or by two
transitions, first from Eto E, and then from Eto E;. In any downward atomic transition, an
amount of energy equal to the difference in enemyent of the two levels must be released
by the atom. In many cases, this excess energyaapps a photon of light. photon is a
quantum of light having a characteristic wavelengifd energy content; in fact, the
wavelength of the photon is determined by its epefgphoton of longer wavelength (such
as that for red light) possesses less energy thanob shorter wavelength (such as that for
blue light), as illustrated in Figure 9.
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Figure 9: Spontaneous emission

In ordinary light sources, individual atoms releaé®tons at random. Neither the direction
nor the phase of the resulting photons is contlolle any way, and many wavelengths
usually are present. This process is referred tsjpentaneous emission" because the atoms
emit light spontaneously, quite independent of axternal influence. The light produced is
neither monochromatic, directional, nor coherent.

3.2.3. Stimulated Emission of Light
The coherent light of the laser is produced bytiridated-emission” process (Figure 10). In

this case, the excited atom is stimulated by asidetinfluence to emit its energy (photon) in
a particular way.
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Figure 10: Stimulated emission

The stimulating agent is a photon whose energy-EE is exactly equal to the energy
difference between the present energy state cétibve, E and some lower energy state, E
This photon stimulates the atom to make a downwrarsition and emit, in phase, a photon
identical to the stimulating photon. The emittedofam has the same energy, same
wavelength, and same direction of travel as thewtting photon; and the two are exactly in
phase. Thus, stimulated emission produces light isvanonochromatic, directional, and
coherent. This light appears as the output beatheolaser.

3.2.4. Absorption of Light

Figure 11 illustrates another process that occiitsrwa laser. Here, a photon strikes an atom
in energy state £and is absorbed by that atom. The photon ceasegigg and its energy
appears as increased energy in the atom, which sitovine E energy level. The process of
absorption removes energy from the laser beameshates laser output.

Photon Strikes
Unexcited Alam

TR NS

Incident Photon
Wavelength = &
Energy =( E; -E, )

Figure 11: Absorption of light
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3.2.5. Population Inversion

In order for a laser to produce an output, moretligust be produced by stimulated emission
than is lost through absorption. For this processccur, more atoms must be in energy level
Es than in level i, which does not occur under normal circumstaniceany large collection
of atoms in matter at any temperature T, most efdtoms will be in the ground state at a
particular instant, and the population of each &igbnergy state will be lower than that of
any of the lower energy states. This is calledarral population distribution."

Under "normal" circumstances, each energy levetaina many more atoms than the energy
level just above it, and so on up the energy léagder. For example, at room temperature, if
there are Batoms in the ground state of Neon (He-Ne lasenettare only 18N, atoms in
the first excited state, even fewer in the secoruited state and so forth. The population of
the ascending energy levels decreases exponentially

Thus, in any large collection of atoms in mattea@ay temperature T, most of the atoms will
be in the ground state at a particular instant, taedpopulation of each higher energy state
will be lower than that of any of the lower enegggtes. This is called a "normal population
distribution.”

A population inversion exists whenever more atoms are in an excited atstaie than in
some lower energy state. The lower state may berthend state, but in most cases it is an
excited state of lower energy. Lasers can prodoberent light by stimulated emission only
if a population inversion is present. And a popalainversion can be achieved only through
external excitation of the atomic population.

3.3. Elements of a Laser

All lasers have three basic components namely.ggngource, the active medium and the
feedback mechanism.

Energy source (Energizer) Often electricity, but a very intense light, tatube, chemical
reaction or even another laser can also be used.

The active medium(Amplifying medium): Can be a solid, a liquid or a gas. Whatever its
physical form, the amplifying medium must contaitoras, molecules or ions, a high
proportion of which can store energy that is subsat]y released as light.

The feedback mechanismThis consists of two mirrors or other highly retiee surfaces
placed at each end of the active medium.

Energizing the active medium

The process of energizing an active medium is knawtaser terminology as “pumping”
Pumping an amplifying medium by irradiating it withitense light is referred to as optical

pumping.
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3.3.1. Amplification

A laser consists of a pumped active medium postidmetween two mirrors (Figure 12). The
purpose of the mirrors is to provide what is ddsexli as 'positive feedback'. This means
simply that some of the light that emerges fromabgve medium is reflected back into it for
amplification. One of the mirrors is a total reti@c and reflects almost all of the light that
falls upon it. The other mirror, known as the outpaupler, is only partially reflective. The
light that is not reflected being transmitted tlgbuthe mirror, and constitutes the output
beam of the laser.

Energy input by pumping

Total Partial
reflector reflector

=

Output

Amplifying medium
| Laser cawiby L |

beam

Figure 12: Light amplification in the LASER cavity

The process of light amplification could be accedhtor by a consideration of the interaction
of light with individual atoms within the active mi@m. Light absorption is a resonant
process, and so there will be no absorption ifgherno pair of energy states such that the
photon energy can elevate the system from the Ibovdre upper state, i.e., there must be an
energy matching between the photon and the separafithe two electronic states. If an
electron is already in an excited state (an uppergy level, in contrast to its lowest possible
level or "ground state"), then an incoming photonwhich the quantum energy is equal to
the energy difference between its present levelaalodver level can kindle a transition to that
lower level, producing a second photon of the sagmergy. This process is termed
“stimulated emission”. When a sizable population of electrons residespiper levels, this
condition is called dpopulation inversion" , and it sets the stage for stimulated emission of
multiple photons. This is the precondition for fight amplification that occurs in &ser,
and since the emitted photons have a definite &na phase relation to each other, the light
has a high degree of coherence. Btiulated emissionof light is the crucial quantum
process necessary for the operation of a laser.

3.3.2. Creating a population inversion

Population inversion is an indispensable preretpir laser action. Electrons normally
reside in the lowest available energy state. Thmuation inversion is the condition required
for stimulated emission to overcome absorption smdjive rise to the amplification of light.
Simple absorption and spontaneous emission carimetrgge to amplification of light. A
population inversion cannot be achieved with jusio’ levels’ (Figure 13) because the
probabilities of absorption and spontaneous emisaie exactly the same. There should be a
non-radiative transition to a metastable excitaglldaving a relatively long lifetime. This
long lifetime allows a high proportion of the a&imedium in the metastable level so that a
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population inversion can occur. In order to essbk population inversion, the upper state
must be populated by pump energy, and the lowée staist be depopulated. This could be
achieved by using either the 3-level laser or thevél laser.

Excited state B W

hv 2-Level system

Ground state ———

Figure 13: A two-level system. Population inversiomot achievable

In the 3-level scheme, the particles are first textto an excited stategher in energy than
the upper laser state(Figure 14). The particles then quickly decay domin the upper laser
state. It is important for the pumped state to hashort lifetime for spontaneous emission
compared to the upper laser state. The upper satr should have as long a lifetime (for
spontaneous emission) as possible, so that thielpartive long enough to be stimulated and
thus contribute to thgain. The gain is the factor by which the intensity thé light is
increased by the active (amplifying) medium. IrstBilevel laser system, the lower state is
the ground state, so in order to depopulate igrgel amount of pump energy must be put in
so that the ground state is actually in lower cobegion than the excited state. The only way
to depopulate the ground state is to put in mockraare pump energy.

Pumped state Pumped state
2 . 2
Metastable state
Metastable state
p Pump LASER
ump
4

1 1 s
Ground state Ground state
3-Level LASER 4-Level LASER

Figure 14: 3-level and 4-level LASER systems

In the case of thé4-level” scheme (Figure 14), only a modest pump energy may be
sufficient to establish a population inversion bedw higher laser state (3) and lower laser
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state (4) if the upper state is relatively longetiv(metastable) and lower state is relatively
short lived (unstable). Laser transition takes @laetween the states (3) and (4) and so a
rapid depopulation of state (3) to the ground stequired to ensure that the upper level is
always full and the lower level always (almost) éynF-igure 15).

[ J ® 6 6 66 © 06 0 Excited state

O Ground state
Pump

® Excited state

O O O O O O O O O O Ground state

Figure 15: Population inversion in LASER systems

3.4. Applications of Lasers

Soon after its invention over four decades ago,léiser was spoken of as a “solution in
search of a problem”. However, this status rapidiynished as the laser earned itself a
reputation as a valuable tool in many scientifiedisal and industrial applications. The
development of laser instruments that operatetedviblet wavelengths and those based on
nonlinear materials has even broadened the speciiaser applications.

The followings are some important areas where $afsed huge application:
Scientific

= Laser spectroscopy

= Photochemistry

= Photophysics

= Raman spectroscopy
Medical

= Cosmetic surgery (tattoo, hair, scar, stretch matkspot, wrinkle & birthmark
removal)

= Eye surgery (LASIK, etc...)

= Laser scalpel (gynecological, urology, laparoscppic

= Dental procedures

= Imaging

Military

= "Death ray": A hand-held device that might repldbe gun as a weapon for
infantry
= "Laser cannon": Able to destroy tanks, ships anclait
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= Laser sight (to enhances the targetting of othepeas systems)
= Saber 203 Laser Illluminator (U.S. Air Force)
» |aser target designatoised to indicate a target forlaser guided munition, e.g.,
missile
Industrial and Commercial

= Cutting, welding, marking,

» |sotope separaton

= Rangefinder / surveying,

= LIDAR / pollution monitoring,

= CD/DVD player,

= Laser printing, scanners,

= Laser engraving of printing plates,
= Laser pointers, holography, laser light displays
= Photolithography,

= Optical communications.

= Optical tweezers

4.0. SUMMARY

The laser is a light source that exhibits uniquapprties and a wide variety of applications.
Lasers are used in welding, surveying, medicineproanication, national defence, and as
tools in many areas of scientific research. Mampesyof lasers are commercially available
today, ranging in size from devices that can rastaofingertip to those that fill large
buildings. All these lasers have certain basic ati@ristic properties in common.

A laser is a coherent and highly directional radiatsource.LASER stands for Light
Amplification by Stimulated Emission of Radiation.

A laser consists of at least three components:

« again medium that can amplify light that passesugh it
+ an energy pump source to create a population iioreins the gain medium
+ two mirrors that form a resonator cavity

The gain medium can be solid, liquid, or gas are pamp source can be an electrical
discharge, a flash lamp, or another laser. Theifsp@omponents of a laser vary depending
on the gain medium and whether the laser is opg@atinuously (cw) or pulsed.

If light of the right colour hits an atom, it wilump an electron up to a higher energy level.
And later the electron falls back down, giving 6ght of the same colour in some random
direction.

But when a photon hits an atom that is alreadytedcthe atom releases a new photon that is
completely identical to the incoming photon; saméoar, going in the same direction. We
call this process "stimulated emission”. This isibaf all lasers.
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5.0. TUTOR-MARKED ASSIGNMENTS

1.

o0k

Define the following properties of laser light:
1. Monochromaticity
2. Directionality
3. Coherence

Define the following terms or phrases related &g action:
(a)Atomic ground state
(b)Excited atomic state
(c)Population inversion
(d)Wavelength
(e)Photon

Describe stimulated emission with the aid of a diag

Draw and label a diagram that illustrates the felements of a laser.

State the purpose of each element of a laser, tistngoncepts of stimulated emission
and population inversion, and the principle of fesck.

. Population inversion is an indispensable preretifr laser action. Give a brief

discussion on this statement.
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UNIT 6 — PHOTOCHEMICAL REACTIONS

1.0. INTRODUCTION

A photochemical reaction is a chemical reactiont ikainduced by light. Photochemical
reactions are valuable in organic and inorganiarobiey because they proceed differently
from thermal reactions. Photochemical reaction®lves electronic reorganization initiated
by electromagnetic radiation. The reactions areersdvorders of magnitude faster than
thermal reactions; reactions as fast ad 46conds and associated processes as fast'as 10
seconds are often observed. The light requirec fohotochemical reaction may come from
many sources. Giacomo Ciamician, regarded as #tbe'f of organic photochemistry”, used
sunlight for much of his research at the UniversityBologna in the early 1900's. Depending
on the compounds being studied and the informdigng sought, bright incandescent lamps
(chiefly infrared and visible light), low, mediunmé high pressure mercury lamps (185 - 255
nm, 255 -1000 nm & 220 -1400 nm respectively), hiigknsity flash sources and lasers have
all been used.

The process by which a photochemical reaction isezhout is callegphotolysis.Photolysis

is usually initiated by infrared, visible, or ulalet light. A primary photochemical reaction
is the immediate consequence of the absorptiongbt.|Subsequent chemical changes are
called secondary processes.

Photochemical reactions are utilized in synthetieemistry to produce various organic
molecules. In addition, many common processes a@ophemical in nature and have
important applications. For example: photosynth@sislves the absorption of light by the
chlorophyll in plants to produce carbohydrates frmambon dioxide and water.

Photography uses the action of light on grainsileéschloride or silver bromide to produce
an image. Ozone formation in the upper atmosphesalts from action of light on oxygen
molecules. Solar cells, which are used to powegllgas and space vehicles, convert light
energy from the sun to chemical energy and thexasel that energy in the form of electrical
energy.

In this unit we shall focus chiefly on the natureldehaviour of the electronic excited states
formed when a photon is absorbed by a chromopHonctional group. As a rule, such
excitation results in a change in molecular orb@atupancy, an increase in energy, and

changes in local bonding and charge distribution.

2.0. OBJECTIVES
After studying this Unit you should be able to:
» Define a photochemical reaction
» Explain photochemical reaction pathway

» List the features of photochemical reactions
» Classify photochemical reactions with examples
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3.0. MAIN CONTENT

3.1. Features of Photochemical Reactions
1. Photochemical reactions do not take place ik Oat take place in the presence of light by
absorbing it.

2. Since different coloured radiations in the ranfeisible light have different frequencies
and hence different energies, therefore all ragliatimay not be able to initiate a particular
reaction. For example, a photon of violet light éghest frequency and hence the highest
energy. Hence a reaction which is initiated by efdight may not be initiated by other
colored radiations of visible light. On the otheand, a photon of red light has lowest
frequency and energy. Therefore a reaction thatbeamitiated by red light can be initiated
by all other radiations as well.

3. Temperature has very little effect on the ratea gghotochemical reaction. Instead, the
intensity of light has marked effect on the rate@lbtochemical reaction.

4. The free energy change of a photochemical @actiay not be negative.

5. There are many substances which do not reastttirvhen exposed to light. However, if
another substance is added, the photochemicalorastarts

3.1.1. Why are photochemical reactions interesting?

1. The excited states are rich in energy. Therefegtions may occur that are highly
endothermic in the ground state. Using the equaion h xv we can correlate light of a
wavelength of 350 nm with an energy of 343 kJ/mol.

2. In the excited state anti-bonding orbitals azeupied. This may allow reactions which are
not possible for electronic reasons in the grouates

3. Photochemical reaction can include singlet aipdet states; thermal reactions usually only
show singlet states. In photochemical reactionrinégliates may be formed which are not
accessible at thermal

3.1.2. Essential criteria for all photochemical reactions
e Molecule must absorb light

« Radiation energy must match energy difference ofigd and excited state

Typical absorption range of some important clagsesganic compounds:

Simple alkene 190 - 200 nm
Acylic diene 220 - 250 nm
Cyclic diene 250 - 270 nm
Styrene 270 - 300 nm
Saturated ketones 270 - 280 nm
a,p-Unsaturated ketones 310 - 330 nm
Aromatic ketones/aldehydes 280 - 300 nm
Aromatic compounds 250 - 280 nm
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3.1.3. Factors Determining Outcome of a Photochemical Re#on

The wide variety of molecular mechanisms of phogwoital reactions makes a general
discussion of such factors very difficult. The chemh nature of the reactant(s) is definitely
among the most important factors determining chamieactivity initiated by light.
However, a better understanding of this aspect beagained from a closer examination of
the individual groups of chemical compounds. Théureaof excited states involved in a
photoreaction is directly related to the electrongtructure of the reactant(s).
Environmental variables, i.e., parameters thatratedirectly related to the chemical nature
of the reacting systems, may also strongly affdadtpchemical reactivity. It is useful to
distinguish between variables that are commonHermal and photochemical reactions, and
those that are specific for the reactions of exicgpecies. The first group includes reaction
medium, reaction mixture composition, temperatusstope effects to name the most
important. The distinctive feature of photochemiczdctions is that these parameters almost
always operate under conditions when one or moatopihysical processes compete with a
photoreaction. The result of a photo-induced tramsétion can only be understood as the
interplay of several processes corresponding tcsgmes on and between at least two
potential energy surfaces.

Reaction medium may directly modify the potentialergy surfaces of the ground and
excited states and hence affect the photo-reactiVlie outcome of some reactions changes
dramatically when solvent polarity and hydrogen ding capacity are changed. The
protolytic photo-dissociation of 1-naphthol is cdetply suppressed in aprotic solvents
because of unfavourable solvation energies bothttier anion and proton. Under such
conditions, proton transfer reaction cannot compeatie the deactivation.

Solvent viscosity will strongly affect photoreaxts where the encounter of two reactants or
a substantial structural change is required. Irlljigyiscous or solid solutions the loss of
excitation via light emission or unimolecular n@adiative deactivation is more probable than
a chemical modification of the excited species.tfm other hand, slow diffusion in viscous
solutions may prevent self-deactivation of thelétigstate via a bimolecular process called
triplet-triplet annihilation and enhance the efficcy of a photoreaction from this state.
Triplet-triplet annihilation belongs to electroretiergy transfer processes, which may be
classified as quenching of excited states. Quegchaie is a very important factor in
discussing effects of

3.2. The Photochemical Process

To begin a photochemical process, an atom or midecwst absorb a quantum of light

energy from a photon; when this occurs, the enefghe atom or molecule increases above
its normal level. The atom or molecule is now inexcited (or activated) state. If a quantum
of visible or ultraviolet light is absorbed, then @lectron in a relatively low energy state of
the atom or molecule is excited into a higher epstgte. If infrared radiation is absorbed by
a molecule, then the excitation energy affectaibdions of the nuclei in the molecule.

After the initial absorption of a quantum of energlge excited molecule can undergo a
number of primary photochemical processes. A semgngrocess may occur after the
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primary step. The absorption step can be repreddmntewhere the molecule M absorbs a
quantum of light of appropriate energy to yield éxeited M* molecule.

3.2.1. Primary Photochemical Processes
The figure below indicates the various primary @sses that the excited M* molecule can
undergo: The highly energized - or excited - molecunay return to its initial state according
to any of three physical processes:
1) It can release its excitation energy by emitlumpinescent radiation through fluorescence
or phosphorescence.
2) It may transfer its energy to some other molec@, with which it collides, without
emitting light. The latter energy transfer processults in a normal molecule, M, and an
excited molecule, C*.
3) As a result of the initial light absorption stem electron (gin the atom or molecule may
absorb so much energy that it may escape from tibra ar molecule, leaving behind the
positive M+ ion. This process is callptiotoionizationlIf the excited M* molecule (or atom)
does react, then it may undergo any of the follganchemical processes: photodissociation,
intramolecular (or internal) rearrangement, andctiea with another molecule C.
Photodissociation may result when the excited mdéedreaks apart into atomic and/or
molecular fragments A and B. A rearrangement (amt@isomerization) reaction involves the
conversion of molecule M into its isomer N - a nmlle with the same numbers and types of
atoms but with a different structural arrangemerhe atoms. The conversion véns-1,2-
dichloroethylene into theis isomer is an example of intramolecular rearrangeméhe
reaction is shown below:
In thetransisomer the chlorine atoms lie on opposite sidethefdouble bond, whereas in
thecisisomer they are on the same side of the double.bond

3.2.2. Secondary Photochemical Processes
Secondary processes may occur upon completioneoptimary step. Several examples of
such processes are described below.

Formation of Ozone

Ozone (03) is formed in the upper atmosphere frodinary oxygen (O2) gas molecules
according to the reaction:

After a quantum of ultraviolet light is absorbedefs 1), the excited oxygen molecule
dissociates into two oxygen atoms (step 2). An exygtom then reacts with O2 to form
ozone (step 3).

Destruction of Ozone in the Upper Stratosphere

Certain chlorofluoromethanes, such as CCI3F an2EZ | are used as refrigerants and-in
some countries-as propellants in aerosol cans.eTbesipounds eventually diffuse into the
stratosphere, where the molecules undergo photad#®n to produce chlorine (Cl) atoms,
which then react with ozone molecules accordintpéoformula Cl + O3- CIO + O2.

This decrease in the ozone content of the uppeosgihere allows more ultraviolet radiation
to reach the surface of the earth.

3.2.3. Chain Reactions
If the primary photochemical process involves tlesaciation of a molecule into radicals
(unstable fragments of molecules), then the seaggna@cess may involve a chain reaction.
A chain reaction is a cyclic process whereby atreacadical attacks a molecule to produce
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another unstable radical. This new radical can rettack another molecule, thereby
reforming the original radical, which can now beginew cycle of events.

The hydrogen-chlorine reaction is an example ofhairc reaction. The overall reaction
between hydrogen and chlorine gases in the presehe®let or ultraviolet light forms
hydrogen chloride; it is given by This reactionusdly proceeds according to the following
series of steps:

According to the above mechanism, a suitable quantd light dissociates a chlorine
molecule into atoms (step 1). The reactive Cl atttacks a hydrogen molecule to yield
hydrogen chloride and a hydrogen atom (step 2). fEaetive hydrogen atom attacks a
chlorine molecule, which regenerates the Cl ataep(8). This chlorine atom can then react
with another H2 molecule according to step 2, beigip a new cycle of steps. Steps 2 and 3
will occur many times until either of the two reausts, H2 and CI2, is completely consumed

or until the H or Cl radicals attack a new substatiat has been introduced into the reaction
chamber.

3.3. Types of Photoreactions

There exists a plethora of photoreactions pradyidar each class of chemical compounds.
These reactions may be categorized according tmiché composition and structure. They
may also be classified under different types byagisheoretical models for the description of
the excited state(s) or structure of the potertedrgy surface. However, for our introductory

discussion it seems to be more appropriate justotzsider some examples classified by
general reaction types (Figure 3.1).

ARLSTRACTION
A+BXY or ABX+ Y
REARRAMNSMENT SUBSTITUTIZN
BA Xy AXY +B

Xy
BISSOCTATION \ /xsr ACDITION
A+B 4— 2 e ABXY
h t}
AR

FPHY SICAL DEACTIVATION

Figure 3.1: Multiple reaction pathways for electronically exdtspecies.

3.3.1. Linear addition to an unsaturated molecule
The pyrimidine base, thymne, in DNA can combinehwiite amino acid residue, cysteine, in

proteins. This is a model for the photochemicalsslinking of DNA and proteins by UV
radiation.
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3.3.2. Cycloaddition of unsaturated molecules
Two thymines can react to form a ring product, thgmine dimer, an important class of
products formed in DNA by UV radiation.

0 a 0
H CH
” CHy I ” 3 H
2 HN ' ™ HIY NH
= - "l
el u o I N o
THYMINE THYMINE DIMER

3.3.3. Photofragmentation
The side chain of riboflavin can split off to folomiflavin.

i
HC N . -
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CHCHOHCHOHCHOHCH0H
RIBOFLAVIN

i
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+ CH,CCHOMTHOHCH0H
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3.3.4. Photooxidation
Singlet oxygen is an easily available reagentaih be generated from triplet oxygen in
many solvents by a broad variety of sensitizerse Témction of organic compounds with
singlet oxygen can lead to reactive molecules, saagchydroperoxides, 1, 2-dioxetanes and
endoperoxides. These compounds are useful for qubse transformations, e.g., the ring
structure of cholesterol can add a peroxy group.

':H-’ Chz ;Hz
e 3 \cH, e - CHy
HaC \“CH,
' hu
HaC DYE
HO
CHOLESTEROL
CH 3 CH 7 CHt
\'C. / \I:-H.z/ \CH — CH;
HyC AN
CHy
HaC
HO
[alel]

383 -HYDROXY-5a~HYDROPEROXY-4%-CHOLESTENE

3.3.5. Photohydration

Uracil can add a molecule of water to it 5-6 dould&d when UV irradiated.

4] o
I L+
HN il 3 HN —H
6"‘\ i #‘l\u \':GH
2 N o H H
urAaCIL 6-HYDROXY-5-HYDROURACIL

A photohydrolysis reaction in aqueous solution ¢sigbtion with OH) was utilized to

provide the rapid light-controlled release of bgitally active molecules, such as
aminoacids, nucleotides, etc. Biologically inertmgmunds affording such release upon
photoirradiation are referred to as "caged" compisumwo-photon photochemistry is of
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great interest for such studies, because one daeutd light or IR radiation, which is not
absorbed by biomolecules, and is biologically benig

3.3.6. Cis-Trans Isomerization

All-transretinal can be converted to tisretinal.

CHy M Hy M My O
1
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CHy ALL-TRANS RETINAL
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I I

]
Hy A H o CHyC
CHy

I1=ClS RETINAL Hf \i}o

=-H

[ Bl ]

Rearrangements of electronically excited molecplesent one of the most exciting chapters
in photochemistry in the sense that they follow ctem pathways that are usually
inaccessible for the ground state (activation besrin the ground state are very high). The
cis-transisomerization of double bonds belongs to suchtieas The azobenzene reaction
provides an instructive example. Scheme 1 showsopiduced rearrangements of stilbene
that has been extensively studied. In addition aobde bond isomerizatiorgis-stilbene
undergoes also cyclization with a lower quantunhdyie form dihydrophenanthrene. This-
transisomerization of stilbene occurs through rotatiwound the double bond. In the ground
state this rotation encounters a large barrier, iteere is a maximum on the ground-state
potential energy surface at the geometry correspgntb a twist angle of about @0In
contrast, both the first singlet excited state aipdet state have a minimum approximately at
the same geometry. The close proximity of the mimimand maximum facilitates a jump to
the ground state. Thes-transisomerization of azobenzene may proceeds not thngugh
rotation, but also through nitrogen inversion, ineplane motion of the phenyl ring.

Double bond o

- isomerizaton ., Cychzation s

| ll H ]

- S = hv - — " -~

-n,_\_.:.-' "-\-\.E"f""-\-\.v.-" i . - Q?_\ £ h.v _.-__'}"-" .\_\v___.
(- [ — (T
~F R SRy

Trons-stilbene cis-stilbene dhydrophenanthrens

Scheme 1
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3.3.7. Photorearrangement
Two illuminating examples of photoinduced rearrangats of substituted benzaldehydes are
presented in Scheme 2. Intramolecular hydrogersfiearin 2-hydroxybenzaldehyde is an
extremely fast reaction in the singlet excited estdiowever, the process is completely
reversed upon a jump to the ground state. Ovaralichemical conversion is observed and
excitation energy is either dissipated as heatotted as light, but with a longer wavelength.
This behavior is typical for aromatic carbonyl campds withortho-hydroxy groups, and
they found application as UV protectors, in sunsngefor example. Molecules acting as UV
protectors absorb light that is harmful for bioloai molecules, and convert light into heat or
radiation that is biologically benign. In contraaty intramolecular hydrogen transfer in 2-
nitrobenzaldehyde initiates a sequence of the gratate reactions that leads to 2-
nitrosobenzoic acid. The latter molecule is a matddy strong acid, and dissociates in
agueous solutions so that the photochemistry atr@benzaldehyde can be used to create a
rapid pH-jump in solution. Many biological macrormaolles, such as proteins and nucleic
acids, show pH-dependent conformational changessdlshanges can be monitored in real
time by using the light-induced pH-jump.
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2-nitrobenzalcehyde 2-nitroscbenzoic acid

Scheme 2
Another important example is the conversion of fydkocholesterol to vitamin D
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3.3.8. Energy Transfer (Photosensitization)

When a second molecule is located near an electlbyiexcited molecule, the excitation can
be transferred from one to the other through spHcthe second molecule is chemically
different, there can be a substantial change inluhenescence. For example, the chemi-
luminescence of a jellyfish is actually blue, bugcause the energy is transferred to GFP, the
observed fluorescence is green.

Photosensitized molecular oxygen is a powerfullyative species that severely hampers the
photosynthetic efficiency of plants and causesthgaloblems such as cataracts in humans.
The ground state of molecular oxygen is very unugudhat it is a triplet; hence, it can
accept electronic energy from more-energetic triptates of other molecules in a process
called quenching (as in the case of the spacelshwihg described above). When this
occurs, the donor molecule begins in its triplettestand undergoes a change in spin to its
singlet ground state. The molecular oxygen begirissitriplet ground state and also changes
spin to a singlet excited state. Because the tspah between the two molecules is
unchanged, the transfer of energy can occur ra@idty efficiently. The resulting molecular
oxygen singlet state phosphoresces in the farmddfse near infrared. Moreover, it is both a
strong oxidant and peroxidant and, if formed, mégmically attack (oxidize) a nearby
molecule, often the same molecule that sensitited molecular oxygen. The oxidation
reaction often changes the molecule to a form witlamlour. This light-induced bleaching
(one kind of photodamage) can be observed in neanyycoloured material left in sunlight.
In fact, the photosynthetic systems in plants ningstontinuously dismantled, repaired, and
rebuilt because of photodamage (primarily from hgiolecular oxygen).

Some organisms use photodamage to their advantageemarkably effective plant-
pathogenic fungusCercospora produces a pigment that efficiently sensitizesglst
molecular oxygen. Peroxidation of the plant cellnmbeane causes the cells of the infected
plants to burst, giving nutrients to the fungus.

3.3.9. Carbonyl compounds
The n— ©* excited states of carbonyl compounds displaych chemistry in their own right.

R,C—31 = R,T

IE:EI +

n—=

Since the oxygen has an unpaired electron, it l=hav much the same way as an alkoxy
radical. Hydrogen abstraction and addition to dedmnds are typical reactions. Cleavage of
neighboring carbon-carbon bonds may also occur,twte most common of these being

designatedype | andType Il.

An important primary photoprocess of carbonyl coomuis isccleavage, also known as a

Norrish Type | reaction (Scheme 3). Besides recaoatinn, the acyl and the alkyl radicals

formed in the primary reaction can undergo numergasondary reactions that are

responsible for the multitude of final products.
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Scheme 3

Intramolecular hydrogen abstraction is a commortqrieaction of carbonyl compounds with
a hydrogen atom attached to the fourth carbon g&cheme 4). The resulting diradical can
form cycloalkanol or undergo C-C bond fission toegian alkene and enol. The latter is
usually thermodynamically unfavorable and convésta ketone. Intramolecular abstraction
of a Y-hydrogen is known as a Norrish Type Il process.

OH

P { rh
H Fh Ph
j\‘j: hv OH ,f/ Fh
——
Ph Fh pre® Ph \
OH

Scheme 4

4.0. SUMMARY

In this unit you have learnt that photochemicaktimms are chemical reactions initiated by
the absorption of energy in the form of light. Theyolve electronic reorganization initiated
by electromagnetic radiation. The consequence d¢outes absorbing light is the creation of
transient excited states whose chemical and pHysiagperties differ greatly from the
original molecules. These new chemical speciesfallmapart, change to new structures,
combine with each other or other molecules, ordi@nelectrons, hydrogen atoms, protons,
or their electronic excitation energy to other nooles. Excited states are stronger acids and
stronger reductants than the original ground stéteés this last property that is crucial in the
most important of all photochemical processes, goithesis, upon which almost all life on
earth depends. What you have learned in this wmterns the chemistry that distinguishes
photochemical reactions from other reactions. # karved to introduce you to the peculiar
types of photochemical reactions such as photogsation, photo-oxidation, photo-
fragmentation, photo-rearrangement and photoseasan.
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5.0. TUTOR-MARKED ASSIGNMENT

(1) A photochemical reaction occurs when internal cosie@ and relaxation of an excited
state leads to a ground state isomer of the ingiddstrate molecule. lllustrate this with
stilbene.

(2) Explain how solvent viscosity affects the out@of a photochemical reaction.

(3) Write short notes on photo-fragmentation asd@jfiplications

6.0. REFERENCES
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MODULE TWO
PERICYCLIC REACTION

UNIT 1 - MECHANISM OF PERICYCLIC REACTIONS AND ASS OCIATED
TERMINOLOGIES

1.0. INTRODUCTION

For the synthetic organic chemist, the developnoére general procedure that leads to the
formation of carbon-carbon bonds is considereduddale achievement. A general method
that results in the simultaneous formation of tvaobon-carbon bonds is worthy of a Nobel
Prize. In 1950, two chemists, Otto Diels and Kuttlek, received that accolade for their
discovery of a general method of preparing cyclemexderivatives that is now known as the
Diels-Alder reaction. The Diels-Alder reaction iseotype of a broader class of reactions that
are known as pericyclic reactiorRericyclic reactions are thmncertedreactions involving
reorganization of electrons which occur by the waya singlecyclic transition state
Pericyclic reactions represent an important clagscancerted (single step) processes
involving n-systems. The fact that the reactions are concegieels fine stereochemical
control of the product; however, this module is enaoncerned with the general types of
pericyclic reaction, than with regio and stereoclwamcontrol. In 1965 two other Nobel
laureates, Robert B.Woodward and Roald Hoffmannplipied a series of short
communications in which they presented a theoretiaais for these well known, but poorly
understood pericyclic reactions. Their theory iBechorbital symmetry theory. Subsequently
other chemists published alternative interpretatiohpericyclic reactions, one called frontier
orbital theory, and another named aromatic treorsisitate theory. All of these theories are
based upon MO theory. In this module we will use Diels-Alder reaction to illustrate
aspects of each of these theories.

Pericyclic reactions that involve a redistributiohbonding and non-bonding electrons in a
cyclic, concerted manner are an important classrgénic reactions. Since the publications
of the Woodward-Hoffmann rules on the conservatbmorbital symmetry and the frontier
molecular orbital theory (FMO) by Fukui first detberd in the late 1960s, the underlying
principles of these processes at the molecular leaee become fully understood. Many
modern organic chemistry textbooks include pericyatactions as a major topic. They are
usually covered in detail in a typical introductamganic chemistry course. Among the two
fundamental approaches to pericyclic reactions, MO approach has gained some
popularity at the undergraduate teaching leveis Kimpler and can be based on a pictorial
approach. A detailed understanding of molecularitarttheories and symmetry is not
required.

» Pericyclic reactions havegyclic transition state.

« While in this transition state, a concerted reageament of the electrons takes place
that causes andn-bonds to simultaneously break and form.

» Pericyclic reactivity can be understood in termdrontier molecular orbital (FMO)
theory and the outcome of reactions can be pretlicseng the Woodward-Hoffmann
rules.
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Pericyclic reactions are popular with syntheticroiss because the reagents and conditions
are mild and the reactions are usually very "claariike so many organic chemical reactions
that result in the formation of large quantitiesbodwn-black, smelly by-product of unknown
composition.

2.0. OBJECTIVES

After studying this Unit, you should be able to:

e Give a concise definition of pericyclic reactions

« Explain the mechanisms of pericyclic reactions isdssociated terminologies
» State the characteristics of pericyclic reactions

» Explain various stereochemical notations

3.0 MAIN CONTENT
3.1 Mechanism of pericyclic reactions

Pericyclic reaction involves several simultaneoasdsmaking and bond-breaking processes
with a cyclic transition state involving delocalizelectrons. The combination of steps is
called a concerted process where intermediates are skipped/e distinguish between
concerted and stepwise reaction mechanisms on the basis of absence asgkmme of
intermediate(s). Historically, pericyclic reactiomgere unusual in that they were clearly
important in practice but seemed to have “no meiehah i.e., no intermediates could be
identified. A concerted reaction mechanism mayymehronous or asynchronous. The term
“synchronous” is used when multiple bond-makingbond-breaking events occur to the
same extent at the transition state. Of coursde@esynchronicity is rarely achieved. The
HOMO is the “highest occupied molecular orbitalhéTLUMO is the “lowest unoccupied
molecular orbital’. Together, these are thentier molecular orbitals (FMO). If there is an
orbital at the same energy level as a p orbita§ ih an NBMO (nonbonding molecular
orbital). In compounds for which a MO has just alectron, the orbital occupied by that
electron is a SOMO (singly occupied molecular @it

Reactions that proceed by nearly simultaneous amizgtion of bonding electron pairs by way of
cyclic transition states have been termed pericyckactions. A pericyclic reaction is
characterized as a change in bonding relationghigistakes place asantinuous, concerted
reorganization of electrons. The term toncerted" specifies that there isne single transition
state and thereforeno intermediates are involved in the process. To maintaiontinuous
electron flow, pericyclic reactions occur througlyclic transition states. The cyclic transition
state must correspond to an arrangement opé#ntcipating orbitals which has tomaintain a
bonding interaction between the reaction components throughout theseafrthe reaction.

3.2 Characteristics of pericyclic reactions

Main characteristics of pericyclic reactions are:

1. The pericyclic reactions occur in single step &ence there is no intermediate formed
during the reaction.

2. They are relatively unaffected by solvent changke presence of radical initiators or
scavenging reagents, or by electrophilic or nudidmpcatalysts.

3. They proceed by a simultaneous (concerted)ssefibond breaking and bond making events
in a single kinetic stepn a cyclic transition state, often with high stereospecificity.
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4. No ionic, free radical or other discerniblecsimhediates lie on the reaction path.

5. The configuration of the product depends ontl@ configuration of reactants (ii) The
number of electron pairs undergoing reorganizatod (iii) the reaction conditions (like
thermal or photochemical).

3.3 Stereochemical Notations

3.3.1 Suprafacial and antarafacial shifts For pericyclic reactions, new stereo chemical
designations are needétlcloaddition reactionsandsigmatropic rearrangementsboth
involve pairs ofs- bond-making events (or a coupled bond-making &dsbreaking) associated
with an-electron system.If all the bonding events take@lan the same face of thesystem the
configuration of the reaction is termed suprafadfehe bonding events occur on opposite sides
or faces of tha-system the reaction is termed antarafaéiat.n systems and lone pairs,
suprafacialnteractions involve same face; antarafacial irdgoas involve opposite faces.
Foro systems, the terms are defined as shown.

L

Suprarafacial Antarafacial
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Figure 1: Suprafacial and Antarafacial Interactions

A different notation for configurational changerégjuired forelectrocyclicreactions. In these
cases &-bond between the ends of a conjugatedlectron system is either made or broken with
a corresponding loss or gain ofdond. For this to happen, the terminal carbon atofithe
conjugatedr- electron system must be rehybridized with an aq@anying rotation or twisting of
roughly 90. The lobes of like sign can be either on the ssiae or on opposite sides of the
molecule. For a bond to form, the outermost pi olmeist rotate so that favorable bonding
interaction is achieved. If lobes of like sign areopposite sides of the molecule: both orbitals
must rotate in the same direction, clockwise omtexclockwise .Woodward called this motion
conrotatory .That is, when viewed along the axisotdition, the two end groups may turn in the
same direction, termexzbnrotatory. If two lobes of like sign are on the same sidehef t
molecule, the two orbitals must rotate in oppoditections-one clockwise and one
counterclockwise .Woodward called this a disrotatigening or closure. When viewed along the
axis of rotation, the two end groups may turn ia dpposite directions, termedsrotatory. The
prefixesconanddis may be remembered by association with their presenthe wordgoncur

& disagree These two modes electrocyclic reaction are shovithe diagram in the general form
in which they are most commonly observed. To fdmmriews-bond in the electrocyclic

reaction, the p orbitals at the end of the conggjatystem must overlap head-to-head.

Clockwise Clockwise

88



_Disrotatory
———

Clockwise Counterclockwise

Figure 2: Conrotatory and Disrotatory twisting
Migration of a group across the same face of tteygiem is a suprafacial rearrangement

Migration of a group from one face of the pi systienthe other face is called an antarafacial
rearrangement

Stereochemical Rules for Sigmatropic

Rearrangements
Electron pairs Thernnal Photochemical
(double bonds) reaction reaction
Even number Antarafacial Suprafacial
Odd number Suprafacial Antarafacial

3.3.2 Cycloadditions Two or more molecules or molecular components (frmw on,
“components”) react together to form two or morad®in a new ring. It should be noted for
a sense of completeness that not all cycloadditmagericyclic, and that they can occur in a
stepwise manner. This allows the selection rulebedroken (i.e. [2+2] additions etc. can
occur). The reactions can be made stepwise by pmgipone reagent with a powerful
electron-donating group (nucleophilic) and the otwéh a powerful electron withdrawing
group (electrophilic). In assigning a cycloadditiona class we assign descriptefsc- or o-
to the electronslirectly involvedin the process (i.e. those that move when curlgvesrare
drawn), count how many electrons are involved icheeomponent, and identify whether the
components are reacting in suprafacial (s) or afdaral (a) modes.

3.3.3 Forbidden reactions and allowed reactions Not all cycloaddition reactions are
allowed. For example, [2+2] reactions are not. Tikidue to a kinetic barrier to reaction (2
alkenes forming a 4 membered ring is thermodynallgicivourable, but kinetically
impossible). A “forbidden” reaction is expectedhave an electronic barrier on the reaction
pathway due to unfavorable orbital properties. Alldwed” reaction is not expected to have
such a barrier. These terms are perhaps overly atr@nbut they indicate accurately the
tendencies of certain reactions to occur or nobdour. Generally, a thermal pericyclic
reaction is allowed if the number of electrons iweal can be expressed as 4n+2. 4n is
forbidden. Crudely, an odd number of curly arrowsailowed while an even number is
forbidden. Conversely, photochemical pericycliccteans are allowed if the number of
electrons is 4n, but not if it is 4n+2. Note thoughat when putting that much energy into a
reaction, other mechanisms may take precedence.
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4.0 SUMMARY

In this unit you have learned that a pericyclicctemn is a chemical reaction in which
concerted reorganization of bonding takes placeutinout a cyclic array of continuously
bonded atoms. It may be viewed as a reaction pdicgehrough a fully conjugated cyclic
transition state. The number of atoms in the cyatiay is usually six, but other numbers are
also possible. The term embraces a variety of gs®ES including cycloadditions, cheletropic
reactions, electrocyclic reactions and sigmatropgarrangements (provided they are
concerted). Concerted means that all bonding clsaogeur at the same time and in a single
step (no intermediates).

5.0 TUTOR-MARKED ASSIGNMENTS
1. Distinguish between (i) concerted and stepwise gsses (i) synchronous and
asynchronous systems.
(b)List four types of pericyclic reactions agigte an example of each.

2. (a) What do the following acronyms stand for (i) MO (ii) LUMO (iii)) SOMO?

6.0 REFERENCES

1.Woodward, R.B.; Hoffmann, RThe Conservation of Orbital Symmetrg004, Verlag
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UNIT 2 - TYPES OF PERICYCLIC REACTIONS

1.0 INTRODUCTION

More simply, the term “pericyclic” covers all conmted reactions involving a cyclic flow of
electrons through a single transition state. Whilethis transition state, a concerted
rearrangement of the electrons takes place whichsesa sigma andt- bonds to
simultaneously break and form. Pericyclic reacticais be predicted and controlled to a great
degree, which makes them very useful in synthd3isicyclic reactions are popular with
synthetic chemists because the reagents and aomglitire mild and the reactions are very
"clean"... unlike so many organic chemical readidhat result in the formation of large
guantities of brown-black, smelly by-product of mokvn composition. Pericyclic reactivity
can be understood in terms of frontier moleculdnital (FMO) theory and the outcome of
reactions can be predicted using the Woodward-Hafimrules.

2.0 OBJECTIVES

At the end of this Unit, you should be able to:
« Explain the major categories of pericyclic reacsion
* Give appropriate examples of each category of pelicreactions
» Compare different types of pericyclic reactions

3.0 MAIN CONTENT

3.1 General classification of pericyclic reactions
Pericyclic reactions are usually rearrangementtimax The major classes of pericyclic
reactions are: cycloaddition, electrolytic reactiosigmatropic reaction, group transfer
reaction, cheletropic reaction and dyotropic reactVithin each subclass, it is common that
reactions can eithdre induced to occur under thermal conditions withpde heating, or
under photochemical conditions. The two method@sgire complementary.

3.2Cycloaddition Reactions
A cycloaddition is a reaction that simultaneouslynis at least two new bonds, and in doing so,
converts two or more open-chain molecules intoginthe transition state for these reactions
typically involves the electrons of the molecule®ving in continuous rings, making it a
pericyclic reaction. A concerted combination of twelectron systems to form a ring of atoms
having two news bonds and two fewer bonds is called a cycloaddition reaction. The nends
participatingzn- electrons in each component is given in bracke¢seding the name, and the
reorganization of electrons may be depicted bydecgf curved arrows - each representing the
movement of a pair of electrons. Ring-opening pssds cycloreversion.
The most common cycloaddition reaction is the+2r] cyclization known as the Diels-Alder
reaction. In Diels-Alder terminology the two reatta are referred to as the diene and the
dienophile. The following diagram shows exampleg%f+2x], a light induced [2+2x] and
[6n+4x] cycloadditions.
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Cycloaddition reactions involve the formation ofcgclic product due to addition of two
differentt bond containing components, which are joined bylpdormed twooc bonds at
their ends at the expense of twdonds. It is usually reversible and the backwaattion is
also referred to as retro-cycloaddition or a cyelersion. The classic example of
cycloaddition is Diels-Alder reaction between a mdeand a Dienophile to give a cyclic
adduct. Cycloaddition, and the reverse proces®agtioaddion, can be observed in the
reaction between 1,3-butadiene and ethene to gislelexene.

new = hond
A -7
g ()
T,
hew T hond
Diene Dienaphile cyclic adduct
That is:
I
e :
7 —_—
| =
A \\ "

The 1,3-butadiene is a conjugatedystem with 4rt-electrons and the ethene is a conjugated
n-system with 2=m-electrons. The reaction between 1,3-butadiene etheéne to give
cyclohexene is described as a [4+2] cycloadditeaction. This type of cycloaddition is also
called a Diels-Alder reaction. In a Diels-Alder céan the 4n-electron system is referred to
as "the diene" and the ®2electron system as the "dieneophile". These teamsused in
related [4+2] reaction systems even when the fonati groups are not actually dienes or
alkenes.

Cycloaddition is a type of X + Y —* X-Y complexation, and it follows the usual
thermochemistry rules. The formation of thels-Alder adducis an exothermic reaction. It
follows that high temperatures favour retrocycldddd and low temperatures favour
adducts formation.
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However, many cycloaddition reactions require matieheating to overcome the activation
energy. So a cycloaddition may require heating &kenthe reaction "go”, but if it is heated
too much the equilibrium will favour retrocycloatidn. The compound cyclopentadiene
slowly undergoes cycloaddition with itself: one ealle of cyclopentadiene acts as a-4
electron diene and the other as a-2lectron dieneophile. The product is a Diels-Alder
"adduct”, often called dicyclopentadiene. This dimenaterial can becracked back to
cyclopentadiene by heating at 150°C for an hourtaed distilling off the diene monomer.

©+O-——“‘II /

Diels-Alder cycloaddition reactions proceed morkcefntly if the diene is electron rich and
the dienophile is electron poor. Cyclopentadieneslectron rich. The way to make the
dieneophile electron poor is to add electron witlmdng groups, such as carbonyl functions.
Maleic anhydride is an electron poor dieneophiléciwhreacts with cyclopentadiene to give
an endo Diels-Alder adduct. Upon heating at 196R€,endo conformation adduct adopts the
more stable exo-adduct conformation.

0O H O
O- =0l —
O H O

1-Methoxy-1,3-butadiene reacts with acrylonitrile give 3-methoxy-4-cyanocyclohexene
rather than the 3-methoxy-5-cyanocyclohexene isoffieis "ortho" regioselectivity of this
reaction can be rationalised using FMO theory.

O-Me O-Me
L"‘E’N CN 0-Me
= P
| QL
x ~" " CN
ITkHjOl' minot
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3.3 Cheletropic reactions

These are a special class of cycloadditions oo+®fcloadditions in which the twe-bonds
are either made or broken to the same atom. Fangbea the reversible addition of sulfur
dioxide to 1,3-butadiene is an example of cheletropaction, in which the two new+bonds
are made to the sulfur atom.

=, 4
wSDz == || 50,

Note: In this reaction, a lone pair on sulfur at@requivalent ar-bond and is reorganized.
Onen-bond and a lone pair are disappeared, whereas-wmds are formed. Also note that
sulfur atom is oxidized from +4 to +6 state.

3.4Electrocyclic reactions

Electrocyclic reactios are intramolecular periayclireactions which involve the
rearrangement af-electrons in an open conjugated system leadirfgrtoation of a cyclic
product with a news bond at the expense ofrebond. However the electrocyclic reactions
not only involve ring-closure but also ring openinghich are referred to as retro-
electrocyclic reactions. For example, the formatdiCyclohexa-1,3-diene by heating Hexa-
1,3,5-triene is an example of ring-closure elegtctic reaction.

L & = new o hond
- L
iz — O
N A
‘ .

S

That is:

Note that the 3-alkene must bie for the reaction to occur.

The reverse, oretroelectrocycli¢ reaction can also occur. This is seen with thg dpening
of cyclobutene to 1,3-butadiene:

A 7

0 =+ (

Electrocyclic reactions, like all pericyclic proses, exhibit great stereoselectivity. Consider
two 1,3,5-hexatriene systems embedded into longémlearbon chains.
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trans-cis-trans2,4,6-Octatriene will ring-close to givecss ring:

N A =

N ~

trans-cis-cis2,4,6-Octatriene will ring close to givettansring:

3.5 Sigmatropic rearrangements
Sigmatropic rearrangements are concerted unima@e@dmerization reactions characterized
by the overall movement of @bond from one position to another with an acconypan
rearrangement of-electrons of conjugated system so as to accommdtiat news-bond.
The total number o6-bonds andt-bonds remain unchanged. For example, the [3,3]JeCop
rearrangement. Thebond undergoing movement is shown as thick line.

v
position of

A
L [
= .

Note: Though looking like electrocyclic reactiomisere is no reduction in the humbermof
bonds in sigmatropic reactions.

Like electrocyclic reactions, sigmatropic rearramgats are unimolecular processes.
Sigmatropic reactions involve the movement of amsioond with the simultaneous
rearrangement of thesystem.

Two examples illustrate this:

The [1,5] shift of hydrogen in a 1,3-pentadiendays

Z S

\ —H

R H
R H H
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The [3,3] Cope rearrangement:
Rm R\ Z
St ~

Note that the generic "R" functions have been aduaethat the product can be distinguished
from the starting materials.

The biosynthesis of vitamin D has photochemicap,séind the reaction takes place in skin
cells. A 1,3-cyclohexadiene system associated with b ring of a steroid undergoes a
photoactivated, retroelectrocyclisation to give,3-Bexatriene system. The thermal reaction
is not allowed because it would be necessary tm farsix membered ring with sans
alkene, a sterically impossible structure. 1,3,5a@ene system then undergoes a thermal
[1,7] sigmatropic rearrangement to give vitamin DAis is further processed in the liver.
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Vitamin D Biosynthesis

T-Dehedrochlosterol

HO

Electrocyclic | fiv FAST

rng opening

. T
Provitamin [y
[|
= 5
T
HOY =
[1.7] r‘-f;-.__‘um[rup]-: A SLOW
rearrangement
e

Vitamin D,

|
1 liver

Figure 1 Sigmatropic rearrangement in biosynthesisf vitamin D

The [3,3] sigmatropic rearrangement of 1,5-dierreallgl vinyl ethers, known respectively as the
Cope and Claisen rearrangementsare among the most commonly used sigmatropidiogac
Three examples of the Cope rearrangement are simotkie following diagram. Reactiorisand

2 demonstrate the stereospecificity of this reacti®imce each allyl segment is the locus of a
[1,3] shift, the overall reaction is classified @f3,3] rearrangement The three curved arrows
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describe the redistribution of three bonding elmttpairs in the course of this reversible
rearrangement. The diene reactant in the thirdimais drawn in an extended conformation.

1. 2. H
’j A 180° ¢ ’j t e CH3
A [3-‘3]_shift S [3;]_shift H
2 > 17CHg CHz CHz
CH=

3. z 1 o H

1 e | T M
SW on | ™ 0

z A
OH

3.6 Group transfer pericyclic reaction

The concerted transfer of a group from one moledoleanother due to concomitant
movement of as-bond (from one molecule to another) and formatidna new c-bond
(between two molecules) at the expense af-lzond is generally referred to @agoup
transfer pericyclic reaction. For example, the ene reachbetween propene and ethene to
give 1-pentene is a classic example of group tearsfaction.

= bond moved

hetween two
ﬂ;| 4 H\|/ molecule
Rd=I_
T,
new & hond

These reactions resemble sigmatropic rearrangemsimse ac-bond moves. However
sigmatropic reactions are unimolecular reactiongnefis the group transfer reactions are
bimolecular. They also resemble cycloadditionsgeia news-bond is formed at the expense
of an-bond. However, in group transfer reactions, ng isiformed.

Another example of an ene reaction is seen withréfaetion of methylenecyclohexene and
methyl acrylate. (An aluminium chloride catalystégjuired to "activate" the enone system.)

O

H COOMe
OMe :'\]C]3

A common reaction in organic synthesis is the acatllysed decarboxylation of (&
ketoester. The ester is hydrolysed to faketoacid by the aqueous acid this rapidly loses
carbon dioxide.
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The reaction proceeds as a retroene reaction eooggivbon dioxide and an enol system. The

loss of CQ drives the reaction to the right hand side. Thel eapidly tautomerises to the
methyl ketone:

- H
0 "o o ﬁ
J AN .
R 0 R s

R CH,

Diimide is used as a reducing agent, it addstdHC=C and N=N bonds and leaves other
functions untouched:

For example, 3-phenylpropynoic acid is reducedis3-phenylpropenic acidc{s-cinnamic
acid) by diimide:

COOH

\\/:\\
| I o NN ﬂ:::j COOH
Z =
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3.7 Dyotropic rearrangements
The pericyclic reactions which involve concertetramolecular migration of twe-bonds
simultaneously are known alyotropic rearrangements However dyotropic reactions can
also occur stepwise. There are two types of dyatngarrangements:

Type-I: Two migrating groups interchange their relativeifioss

w5

Type-Il: Theos-bonds are migrated to new bonding sites withoyt @ositional interchange

for groups.
H D ] H
o — S

All types of pericyclic reactions are concerted amwlve cyclic transition state without any
intermediate formed during the reaction. The charatics which differentiate them from
each other are tabulated below.

SAS 7: Define pericyclic reactions.

Table 1 Comparison of different types of pericyclic reactios

change irchange ir

Type of pericyclic | of [no. of comments

S.no

(LI c bonds 7 bonds
. A cyclic product is formed;
1) g);cclggggmon +2 -2 may be intermolecular
intramolecular.
2) Elect!rocycllc +1 -1 Intramolecular.
reactions
Sigmatropic Intramolewlar;
3) regctionsp 0 0 migration of a  o-bond;
rearrangement of-electrons
Intermolecular transfer of a group;
Grou transfer migration of a c-bond from on
4) reacti%ns +1 -1 molecule to another,;

formation of new o-bond at th
expense of one-bond.
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A cyclic product is formed,

) Cheletropic 2 1 (n'b(?gr?gtwo o-bonds are formed to sai
reactions air) atom,;
P A lone pair is disappeared.
6) Dyotropic reactions |0 0 Simultaneous migration of twa-

bonds.

SAS 8: Name three pericyclic reactions.
4.0 SUMMARY

Pericyclic reactions represent an important claéscancerted (single step) processes
involving n-systems. The fact that the reactions are concegteels fine stereochemical
control of the product. Pericyclic reactions haveyalic transition state. While in this
transition state, a concerted rearrangement oélibetrons takes place that causeandn-
bonds to simultaneously break and form. A pericycdiaction is a reaction that occurs as a
result of reorganizing the electrons in the rea¢&n The electrocyclic reactions and
sigmatropic rearrangements are intramolecular i@actvhile the cycloaddition reactions are
usually intermolecular reactions. An electrocyctieaction is a pericyclic process that
involves the cyclization of a conjugated polyene

Common features among the pericyclic reactiong; #re:
» Concerted reactions

* Highly stereoselective

* Not affected by catalysts

5.0 TUTOR-MARKED ASSIGNMENTS

1. Classify cycloaddition reactions according te ttumber of pi electrons that interact in the
reaction.

2. Show how electrons are redistributed in Cope@laissen rearrangements

3. Give three examples of intramolecular pericyodiactions.

6.0 REFERENCES
1. Woodward, R. B., Hoffmann, RThe Conservation of Orbital SymmetAcademic
Press: 1971, New York.

2. Barltrop, J.A., Coyl, J.D. (Excited states in organic chemistrd975, London; New
York: Wiley.
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UNIT 3-ANALYSIS OF PERICYCLIC REACTIONS
1.0 INTRODUCTION

The Diels-Alder reaction is one type of a broadirss of reactions that are known as
pericyclic reactions. In 1965 two other Nobel laiss, Robert B.Woodward and Roald
Hoffmann, published a series of short communicationwhich they presented a theoretical
basis for these well known, but poorly understoedgyclic reactions. Their theory is called
orbital symmetry theory. Subsequently other chesrpsiblished alternative interpretations of
pericyclic reactions, one called frontier orbitaébry, and another named aromatic transition
state theory. All of these theories are based ug@ntheory. In this unit we will use the
Diels-Alder reaction to illustrate aspects of eatkhese theories.

2.0 OBJECTIVES
At the end of this Unit you should be able to:
* Analyze pericyclic reactions using the orbital etation diagram method, the frontier
molecular orbital (FMO) approach.
¢ Give the reaction conditions for pericyclic reanso
» Use Woodward-Hoffmann rules to predict allowed pgsiic reaction

3.0 MAIN CONTENT

3.1Analysis of Pericyclic reactions
Principal methods of analyzing pericyclic reacti@re the orbital correlation diagram method,
the frontier molecular orbital (FMO) approach, atlte Mobius-Huckel transition state
aromaticity approach.

3.2 Orbital correlation diagram method
The original approach of Woodward and Hoffmann Imed construction of an "orbital
correlation diagram™ for each type of pericycli@aecgon. The symmetries of the appropriate
reactant and product orbitals were matched to whter whether the transformation could
proceed without a symmetry imposed conversion afdbw reactant orbitals to anti bonding
product orbitals. If the correlation diagram indexh that the reaction could occur without
encountering such a symmetry-imposed barrier, # tgamed symmetry allowed. If a symmetry
barrier was present, the reaction was designatadhsyry-forbidden.
In applying orbital correlation analysis, care mbsttaken to recognize the pertinenandn
molecular orbitals and their delocalization as memli by the symmetry of the transition state.
This must be done for both the bonding and antib@narbitals, and when necessary for n
(nonbonded pair) orbitals. The following principsould be observed:

1. Bonding orbitals undergoing significant changehie teaction, and their antibonding
counterparts, should be identified.

2. If polyene moieties are involved, all the molecwrbitals of that conjugated system must be
used.

3. Ignoring non-participating substituents and regttoms, the symmetry elements of the
essential molecular skeleton must be identifiedl oditals not clearly symmetric or

antisymmetric with respect to these molecular sytryredements need to be mixed or until they
become so. In the construction of the orbital datien diagram caution is exercised in choosing
the symmetry elements.In this respect, the onloitgmt symmetry elements are those that bisect
bonds that are made or broken in the reaction.idiis usually required far orbital analysis.
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4. Each bonding and antibonding orbital includethi correlation is assigned one or more
symmetry designations, S for symmetric, A for amtimetric, depending on its fit with each
characteristic symmetry element

5. The molecular orbitals are then arrayed accgrtiirtheir energy (increasing vertically), and
location on the reaction coordinate (horizontalGrrelations of reactant and product orbitals
are drawn so that orbitals of like symmetry arensmted.

3.3 Orbital symmetry diagram (Orbital correlation diagram)

3.3.1 Conservation of Orbital Symmetry Theory Explains the relationship among the
structure and configuration of the reactant, thedt@ns (thermal or photochemical) under
which the reaction takes place, and the configomeaif the products. In 1965 R. B. Woodward
and Roald Hoffmann of Harvard University proposad demonstrated orbital symmetry rule,
states that in-phase orbitals overlap during thesmsof a pericyclic reaction. Concerted reactions
proceed most readily when there is congruence legtwlee orbital symmetries of the reactants
and products. In other words, when the bondingattiar of all occupied molecular orbitals is
preserved at all stages of a concerted molecutagaaization, that reaction will most likely take
place. The greater the degree of bonding fountdrtransition state for the reaction, the lower
will be its activation energy and the greater Wél the reaction rate. A symmetry-allowed
pathway is one in which in-phase orbitals overlap.reaction is symmetry-forbidden, it cannot
take place by a concerted pathway. If the symneetidoth reactant and product orbitals match
the reaction is said to be symmetry allowed undeM/oodward-Hoffmann Rules. If the
symmetries of reactant and product orbitals dccoatelate, the reaction is symmetry-disallowed
and there are no low energy concerted paths.

Transition state geometry
with two mirror planes of
symmetry

Figure 1: Transition state geometry with two mirror planes of symmetry

The fundamental feature of the orbital symmetrylgsia is to draw the MOs of the
reactant(s) and the MOs of the product(s). One ttwsiders how the symmetries of the
orbitals relate to each other. Orbitals of reactaare transformed smoothly into orbitals of
products, withconservation of orbital symmetry.
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3.3.2 Analysis of cycloaddition reaction by orbitakorrelation diagram method
Consider the [2+2] cycloaddition of two ethylenelenules. Let us assume that the two
molecules approach each other with thesystems arranged symmetrically (i.e., a symmetric
pericyclic transition state). If so, then we caaritify two symmetry elements: two mirror
planes, as shown. Each pair of interacting pi albiin the reactant combination leads to one
o bond in the cyclobutane product.

T A e

Figure 2 defines the conditions implied by the tdread-to-head, namely that the reactants
approach each other in parallel planes with therpitals overlapping in the head-to-head

fashion required for the formation of sigma bontise sigma-bonded atoms of each ethene
lie in the two parallel planes shown in black ie figure. The p orbitals on each carbon lie in

the vertical plane which is shown in blue. The planes shown in red are symmetry planes.
Plane 1 bisects the C-C bond of each ethene, whalee 2 lies half way between the two

planes shown in black.

Figure 2: Two ethylene moleculegoing Head-to-Head

According to the conventions of orbital symmetredry, the reaction shown in Figure 2 is
classified as ar2s +n2s cycloaddition, whera indicates that the reaction involvesra
system, the number 2 is the number of electronthénreactingt system, and the letter s
stands for suprafacial: if one lobe of a p orbisatonsidered as the top face, while the other
lobe is called the bottom face, then a suprafdai@raction is one in which the bonding
occurs on the same face at both ends ofatlsgstem. The orientation of the interacting %
systems depicted in Figure 2 implies something alto& stereochemical outcome of the
reaction. Consider the2s + n2s cycloaddition shown in Equation 3, where the tvaw
sigma bonds are shown in red.

Hio, Fopl Hio H
HO,C CO,E H H
e o HC,o 4 T HO,C 1 e -
+
H mde + 2 2 I—II  H 2 2 Cio,H



Because the interacting systems approach each other in a "head-to-heastiioia the
relative stereochemistry is the same in the pradast it is in the reactants, i.e. the two
carboxyl groups that arecis' to each other in the alkene areis' to each other in the
products.

The alternative to a suprafacial interaction isaatarafacial reaction: in this case bonding
occurs on the top face at one end ofithgstem and on the bottom face of the other. We will
consider these ideas again when we discuss thes-Bidérs reaction. Molecular orbital
theory describes the formation of the product acten 2 in terms of linear combinations the
molecular orbitals of the reactants. Each readtasttwo pi molecular orbitals of interegt,
andy,. There are four combinations of these pi orbipadssible:nyia + vig, Wia - Vis, WYoa +
yog, andyza - yop, Where the subscripts A and B are used to distéiigone ethene from the
other. These combinations transform into the fagma molecular orbitals in the product:
o1a t 018, O1a - 01, O2a t 028, ando2a - 628. The diagram depicting the correlation of the
reactant and product orbitals is shown in Figur&he numberd and 2in the diagram refer
to the symmetry planelsand2 in Figure 2.

3.3.3 Analysis of electrolytic reaction by orbitakorrelation diagram method

Example 1: Interconversion of cyclobutene to butadine.For the disrotatory process not all
the orbitals correlate with ground state orbitdi$wtadiene. The following conclusions can
be drawn from the correlation diagram.

1. We expect a thermal transformation to take pladg when the ground state orbitals of
cyclobutene correlate with the ground state orbit#l butadiene. Even thoughcorrelates
with n1, thexn orbital of cyclobutene is not correlating witl2 of butadiene. Thus thermal
transformation of cyclobutene to butadiene by da&ary process is symmetry forbidden.

2. Irradiation of cyclobutene causes excitatiorhvétectron distributiors2, n1, n*1, which
correlates with first excited state orbitals of ddiene. The photochemical process is
symmetry allowed.

R 1 : 1 "1
g T ;J‘L* a - nl ] ]-[2 J'Lg
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Product
Reactants 1y symmetry P

L3 |

E
Orbital correlation diagram for disrotatorv inter conversion
cyclobutene-butadiene

Eample 2: Conrotaory ring opening of cyclobutene —itadiene —C symmetry. From the
correlation diagram two conclusions can be drawn:
1. since there are correlation between the ground state orbitals of cyclobutene and butadiene.

A thermal conrotatory process is symmetipwed.
2. The first excited state of cyclobutete(ti, n*1) correlates with not first excited state but an
upper excited state of butadienethe process is ggrgrforbidden.

2 2 2 1 .
g .n,n* g T, My |

Similarly the first excited state of butadienedsrelating with a higher energy upper excited
state of cyclobutene .i.e., a photochemical cotwoggprocess in either direction is symmetry
forbidden.
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Product
Reactants CZ symmetry =

: A

=

L H

Orbital correlation diagram for

conrotatory interconversion of cyclobutene- butadiene
{'C2 symmetry)

On similar grounds we can work out the disrotasomg conrotatory modes interconversion of
hexatriene — cyclohexadiene. It can be noted twathtermal disrotatory and photochemical
conrotatory processes are symmetry allowed.

These generalizations are Woodward —Hoffmann ffieleslectro cyclic reactions which can be
summarized as

3.4 Frontier Molecular Orbital Theory

Frontier Molecular Orbital Theory was developedtive 1960s by Kenichi Fukui who
recognized that chemical reactivity can often bpla&xed in terms of interacting Highest
Occupied MOs (HOMOSs), Lowest Unoccupied MOs (LUMQ@s)d Singly Occupied MOs
(SOMOs).

+ HOMO + LUMO -> bonding MO
+ HOMO + HOMO -> antibonding MO
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+  LUMO + LUMO -> null interaction (no electrons)
+  SOMO + SOMO -> bonding MO

The FMO approach was developed by Woodward & Hoffman the late nineteen sixties
who used it to explain an apparently diverse setattions involvinget-systems, including

Diels-Alder cycloaddition. Hoffmann used the apmivato explore transition metal
complexes.

According to Frontier Orbital Theory it is possilie determine if a pericyclic reaction is
allowed or forbidden by simply considering the syatm relationship of the frontier orbitals
of the reactants. The frontier orbitals are thénbgj occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO). Tingeraction between these orbitals, a
so-called HOMO-LUMO interaction, is a concept thatsimilar to Lewis acid-Lewis base
chemistry which involves the interaction of a fillerbital of the base with an empty orbital
of the acid. According to Frontier Orbital Theogy pericyclic reaction is allowed when the
HOMO of one reactant has the same symmetry as thdQ of the other. The bonding or
antibonding interactions of the frontier molecutebital(s) determine whether the reactions
are thermally or photochemically allowed or forlead

Cycloaddition can be explained using frontier malac orbital (FMO) theory. The alkene

(dienophile) component has two electrons is a 'lelhg-bond. FMO theory, here, identifies
the HOMO and LUMO components of this system:

energy

[
Lowest Unoccupied
i, Muolecular Orbital
’ LUMO
W | Highest Occupiced
I 1' Molecular Orbital
HOMO

Figure 3: HOMO/LUMO components of a dienophile

Likewise, the diene which has four electrons incisjugatedt-system can have its HOMO
and LUMO identified within FMO theory:
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Figure 4: HOMO/LUMO components of a diene

=4

w,

If we examine the phases at the ends (terminihefdiene and dieneophile we find that the
LUMO/HOMO interactions are phase matched:

%= -

phuse phise
mas{'hrd n1.-1!-.h=:| IJ'M‘-L |'.|h.t-:.
matched 4 F matched

e e

Figure 5: LUMO/HOMO interactions of diene and dienghile

Notice that the phases match whichever speciesfipetl as the HOMO or LUMO. In
reality, the electron rich species reacts via IBMD and the electron poor species via its

LUMO.

In the FMO diagrams above, the sizesoefficientsare all the same size, but usually they
are of different sizes. The rule is that the ceaffits match as well: small with small and

large with large:
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Figure 6: Coefficient and phase matched HOMO/LUMO

We can use Hickel MO theory to calculate the sifetbe coefficients at each of the atoms.
(There is a web based HMO calculator, here, alth@igneta-synthesig/e use a stand alone
package: HMO by Allan Wissner.)

If the coefficients are calculated for 1-methox@-butadiene the termini are +0.3 and —0.58
(or —0.3 and and +0.58). For acrylonitrile the ¢oednts are +0.2 and —0.66 (or —0.2 and
+0.66).

The cycloaddition reaction proceeds so the coeffits "match”, both in in terms of phase
(essentidland in terms of coefficient magnitude: +0.3 with 2 and —0.58 with —0.66.

Thus, the regioselectivity of the cycloaddition ¢snexplained:

Fukui realized that a good approximation for reagticould be found by looking at the
frontier orbitals (HOMO/LUMO). This was based omdé main observations of molecular
orbital theory as two molecules interact:

1. The occupied orbitals of different molecules regath other.

2. Positive charges of one molecule attract the negatiarges of the other.

3. The occupied orbitals of one molecule and the uapied orbitals of the other
(especially the HOMO and LUMO) interact with ea¢her causing attraction.

From these observations, frontier molecular orbf¥1O) theory simplifies reactivity to
interactions between the HOMO of one species ard.thMO of the other. This helps to
explain the predictions of the Woodward—Hoffmanfesufor thermal pericyclic reactions,
which are summarized in the following statement:

"A ground-state pericyclic change is symmetry-aidwvhen the total number of (4g+2nd
(4r), components is odd"
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(49+2) refers to the number of aromatic, suprafacialtebecsystems; likewise, (4ryefers
to antiaromatic, antarafacial systems. It can bewshthat if the total number of these
systems is odd then the reaction is thermally adlbw

3.4.1 Analysis of Electrocyclic reactions by FMO

Electrocyclic reactions, like all pericyclic proses, exhibit great stereoselectivity. Consider
two 1,3,5-hexatriene systems embedded into longgmolsarbon chains.

trans-cis-trans2,4,6-Octatriene will ring close to givecss ring:
b A Z

|

B ~

trans-cis-cis2,4,6-Octatriene will ring close to givetr@ansring:

= ﬁ
—_—
——
..-""'f

As with cycloaddition, this selectivity can be exipled by examining the FMOs, specifically
the HOMO:
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Figure 7: Superimposition of HOMO upon triene systen

Y

If the termini of the HOMO are superimposed upoa tifiene system, it can be seen that the
end groups must rotate in a disrotatory manners{twi opposite directions, when viewed
front-on) to form the bond:

/N
/ Dnrc‘.rl.dlm W
H(mn it
directions

\\_/ Me Nt A Me  Me

Figure 8: Disrotatory twist of HOMO
However, electrocyclic reactions can also occurt@tizemically. When photoactivated, an
electron moves from the HOMO to the next orbitag LUMO. (Now this orbital contains an
electron it is no longer unoccupied, it is eith@@MO or an excited state HOMO).

The photoexcited system will ring-close in the ogip@manner to the thermal system and the
groups conrotate (twist the same way) to form tma bond:

112



E—— —_—
\ / light \ / Conrotatorv
HOMO R R g % rotate in the. (" B¥)

same direction

Me ul\_/ Me \_/A\_/d Me H
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Figure 9: Conrotation of photoexcited System
The two products have different stereochemistryaneddiastereomers.

This thermal and photo selectivity can be exploitethe reaction sequence below in which
1,3,5-cyclononatriene is converted into bicyclisteyns, first withcis and thentrans ring
junctions.

The initial 1,3,5-cyclononatriene is alis. This is thermally ring closed in a disrotatory
manner and then photo-ring opened at -20°C in aratatry manner. The 1,3,5-
cyclononatriene now has twas and onetrans double bonds, however, the nine membered
ring is able to accommodate the strain afaasalkene. Thermal ring closure gives thens

ring junction.
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Figure 10 Conrotatory twist of 1,3,5-cyclononatriee

3.5 Reaction conditions for pericyclic reactions

It is observed that some of the pericyclic readioscur only upon heating, whereas others
are possible only under photochemical conditiors ¢he Diels-Alder reaction, a [4+2]
cycloaddition occurs under thermochemical condgioand is not possible under
photochemical conditions.
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Diels Alder reaction
Allowed Thermally
but forbidden photachemically

Whereas the following [2+2] cycloaddition is forbieh under thermal conditions. But the
reaction is possible under photochemical conditions

|| + || —'?ﬂf—?" : Thermally forbidden
|| <+ || L : Phaotachemically allowed

3.6 Woodward-Hoffmann rules

To predict whether a pericyclic reaction is allowsdnot under given condition, Woodward
and Hoffmann proposed following set of rules WoordWwdoffmann rules concept.

A thermal pericyclic reaction is allowed in the ground state, when the total number of (4q +
2)s and (4r), components is odd.Otherwise, if the total of (4q + 2)s and (4r), components is
even, the pericyclic reaction is allowed in the excited state i.e.,, under photochemical
conditions.

Table 2Woodward-Hoffmann rules for predicting allowed pgdlic reaction

Number of (4q + 2) and (4r), components | The condition under which the reactioiis
allowed

odd Thermal

even Photochemical

Component: A bond(s) or an orbital(s) taking part in the pgciec reaction as a single unit
can be considered as a component. It can have amyper of electrons but may not have
mixtures ofr ando electrons. E.g. A double bond is considered @& eomponent, since
there are twar electrons. A conjugated diene can be considergd esmponent, since there
are fourn electrons's' represents suprafacial. A suprafacial componemigaew bonds on
the same face at its both ents. represents antarafacial. An antarafacial compofens
new bonds on the opposite faces of its both ends.Z represents a component containing
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two n electrons and forming new bonds in suprafacial mean;4, represents a component
containing fourr electrons and is going to form new bonds in afé&ral manner.

g & r: These are integers.

(4q + 2), component: The suprafacial component which may have eith@r@or 10 or _
electrons of same type. These numbers are obthyedbstituting 'q' by Oor1or2 or

(4r), component: The antarafacial component which may have either @ or 12 or _
electrons of same type. These numbers are obthyedbstituting 'rby 1 or2 or3or

Likewise the meanings @¢fiq + 2), & (4r) s can be understood.

Application: Let us assume the diene and dienophile in Diel®Aldeaction are
approaching suprafacially as shown below.

thermally allowed
suprafacial addition

Since there are # electrons in diene, which is making bonds in sfgmial manner it is §4q

+ 2)s componenti.e, there is one (4q + 2somponent. And the alkene ig4r)s component,
since it has zt electrons and is approaching the diene suparfadial, there areo (4r),
components. Hence, the total number of (4qstaByl (4r) components =1 + 0 = 1, an odd
number. Therefore Diels-Alder reaction is thermallipwed in ground state when both the
components are approaching suprafacially. Hende fermed as4s + .25 cycloaddition.
Antarafacial addition is not allowed under therncahditions but is theoretically allowed
under photochemical conditions in the excited stdtevever, the strain in the transition state
while doing so forbids to do so.

44\?‘%

photachemically allowed
antarafacial addition
but never takes place

under these conditions

Note: The orbitals shown in above diagrams are simplertptals and are not the frontier
molecular orbitals. Do not mix descriptions of FMl@@ory with Woodward-Hoffmann rules.
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3.6.1 Simplified Woodward-Hoffmann rules

Application of above Woodward-Hoffmann rules to ipgelic reactions is tedious and
cumbersome; following simplified rules can be usegredict theoretically allowed modes of

pericyclic reactions under given conditions.

Table 3 Simplified Woodward-Hoffmann rules

No. of & electrons

(4n+2)
A Huckel number

Photochemical

(4n) Thermal

A non Huckel numbe

Thermal

E’hotochemical

Reaction conditions Allowed mode

Supra (or) Dis
Antara (or) Con
Antara (or) Con

Supra (or) Dis

Remember that even though the pericyclic reactioesallowed theoretically under both the
conditions in either of the modes, sometimes tkéofa like steric hindrance and strain in the

transition state may forbid the reaction to occur.

Table 4 Pericyclic Reaction Rules

Designation Thermal
n2s +n2s forbidden
n2s +n4s allowed
n2s +n2a allowed
n2s +nda forbidden
n2a +n2a forbidden
n2a +nda allowed
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Before we move on, it is worthwhile to clarify th@plications of the words allowed and
forbidden. An allowed reaction is simply one witHoav activation relative to some other
pathway, while a forbidden reaction is a processwhich there is significant activation
energy. In terms of transition states, an alloweattion proceeds via an aromatic transition
state, while a forbidden reaction does not occwabse the transition state would be "anti-
aromatic.”

4.0 SUMMARY

In this unit you have learnt the various rules efigyclic reactions. All of the theories just
described involve two basic assumptions

1. The orbitals overlap suprafacially on batlsystems.
2. The reaction is thermally induced.

Given these assumptions, we can state the follawing

+ A thermally inducedi2s +n4s cycloaddition reaction is allowed.
+ Athermally inducedi2s +n2s cycloaddition reaction is forbidden.

The rules are reversed when the reaction is phetoatally induced:

« A photochemically induced2s +n4s cycloaddition reaction is forbidden.
+ A photochemically induced2s +xn2s reaction is allowed.

These rules are summarized in Table 4.4. Notedhahging just one of the variables, i.e.
faciality, energy source, or number of electromg(electrons at a time), changes an allowed
reaction to a forbidden one and vice versa. Belmwsame other fine points:

* A cycloaddition reactions a reaction in which two unsaturated moleculit a
to one another, yielding a cyclic product

» It is controlled by orbital symmetry; it takes ptawhen a bonding interaction
occurs between the HOMO of one reactant and the OWi¥ithe other.

e Major examples: 1) Diels-Alder reaction (therma); [2+2] cycloaddition
(photochemical)

*  Woodward-Hoffman Rulegericyclic reactions can only take place if the
symmetries of theeactant molecular orbitals are the same symmedsethe
product molecular orbitaldopes of reactant MO’s must be of therrect
algebraic sign for bonding to occur in the tranaiii stateleading to the
produc).

« Frontier Orbital Theory:we need to consider ontwo molecular orbitals, the
HOMO and LUMO, to predict the structure of the product; edllfrontier
MO's.

e Conservation of Orbital Symmetry Theomxplains the relationship among
the structure and configuration of the reactang ¢londitions (thermal or
photochemical) under which the reaction takes phawd the configuration of
the products and states that in-phase orbitalslajveturing the course of a
pericyclic reaction.
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5.0 TUTOR-MARKED ASSIGNMENTS

1 Show the formation of Cyclohexa-1,3-diene fronx&d,3,5-triene in an electrocyclic
reaction.

2(a) State the Woodward-Hoffmann’s rule for perlzyoeactions
(b) Explain the terms allowed and forbidden reaio
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SOLUTIONS TO SELF ASSESSMENT EXERCISES

1). Photochemical equivalence law or photoequivaleaee |

2). Return of an excited molecule to the groundestyy emission of light (luminescence,
fluorescence, phosphorescence).

3).Photodissociation results when the excited miéedreaks apart into atomic and/or
molecular fragments A and B.

4). Fluorescence, phosphorescence, internal conwveasid intersystem crossing.
5). Internal conversion and intersystem crossing.
6). Phototropism.

7).Pericyclic reactions are concerted and involyglic transition state without any
intermediate formed during the reaction.

8). Three types of pericyclic reactions: 1) electromycR) cycloaddition, 3) sigmatropic
rearrangement.

Course Developer: Mr O. I. Adeniran
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