Physics Essentials

For this chapter atomic structure, it has been found that to understand some of the equations that arg
student must be familiar with certain concepts in physics. These have been included here.

Dynamics and Energy
Energy can neither be created nor destroyed it just changes form
I. Total energy =Kinetic energy + Potential energy

ii. Kinetic energy of a particle of massmnoving at a velocity v i¥ .E.= % mv?

. : L. ! !
iii. The momentum of a particle of mass m moving at a veloasgygiven byP = mv .

iv. The angular momenturh)of a particle of massmoving at a velocity v in a circle of radiuis
given byL =mvr

v. Einstein’s mass energy equivaleicemc

vi. Centripetal force required to keep a particle of mass m moving at a velocity v in a circular orb

! 2
radiusr is given byF = ™" towards the centre of the circle
r

Electrostatics

I.  The force on a particle of chargedue to the presence of a chagget a distancdfrom it is given

by F = 310'2 along the line joining, & g, and away frongl,. Wherek =9x10° Nnt / coulomB

F
< @ @
ql q2

ii. The potential energy of a system of two charge® q, separated by a distandés given by

pE=X1%
d

Note: Whendis infinite i.e. the charges are not interactingie = 0

used

t of
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Waves:
Waves have three important properties

I. Wavelength ():

The distance after which a wave pattern repeats itself or the distance between two conseculti
or troughs is defined as the wavelength of a wave.

(N 7T\ ¢
J o\ ]/

ii. Frequency (v):
The number of wavelengths crossing a given cross-section in unit time

lii. Amplitude (A):
The maximum displacement from the mean position in the wave.

Velocity:
The velocity of a wave is the distance traveled by the wave in a unit time. The velocity v of the wave is re
it's frequencyY) and wavelength( asv= x v

Wave number (V):

The wave number is mathematically defined &=1/

Intensity:
Intensity is defined as the amount of energy crossing a unit cross-section in unit time.
| (Amplitudey power = energy/time
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Atomic Structure

1. Introduction

The goal of science is to understand nature. This is the first step to be taken by any individual or group befor
anything significant can be developed. Itis this understanding that is used to produce all of man’s creations. |
chemistry we try and understand how matter interacts with other matter. The essential focus of a higl scho
student’s course in chemistry is to broadly learn about the several possible chemical transformations that occ
commonly in nature, or are used to produce substances considered valuable by humanity. Man in hi$ infinit
curiousity and with his insatiable desire to understand the universe has learnt a very valuable strategy. WWhene\
we need to explain something complex, we find that the best approach is to break it down into a set of|simple
problems which either are previously understood or are easy to analyse. In chemistry, the most basic concej
which are used to understand the behaviour of matter are concepts which involve the behaviour of the atoms whi
constitute matter. All matter is a collection of atoms. If the science of the atom is understood and if the rulgs whic
define the way atoms interact with each other are learnt, we are well on our way to understanding arjd hen
predicting the behaviour of matter as a whole.

In 300 BC a greek philosopher by the name of Demokritus conceived the idea that matter consistedl of tin
fundamental units. This idea however did not stand the test of time was soon forgotten and replaced by Ayistotle
(another greek philosopher) theory that all matter was made of five elements (earth, water, wind, fire an¢l spirit
This theory may seem absurd to us now, but it was the most widely accepted concept for a very long period ¢
time. A 11" standard student must have as a part of his prior education learnt about a one John Dalton whose I
of constant proportion tells us that matter interacts with other matter and is transformed into a third form of matte
in a constant ratio of masses. For example 12 grams of carbon and 32 grams of oxygen combine and give us
grams of carbondioxide. Carbon and oxygen always combine in the same ratio. Any tiny fraction of a carbor
sample will react with a proportional tiny fraction of oxygen to give a tiny fraction of carbondioxide.

Dalton observed this behaviour of matter and came to the conclusion that there were fundamental and tinly units
both carbon and oxygen which had a similar weight ratio. These fundamental units he called atoms. Anlatom «
carbon is different from an atom of oxygen. Each element has a different atom. There are approximately 11
elements and hence there exist 118 unique types of atoms. Dalton is credited with the discovery of atomg. Dalt
however believed that atoms where indestructible. This is not true. The discovery of sub atomic particles refute
this idea. We will now first discuss the discovery of these sub atomic particles, then talk about the varioug atomi
phenomenon and finally try and explain these phenomenon based on abstract theories.
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2. The Discovery and Characterisation of Sub-atomic Particles.

Electrons, protons and neutrons are the three sub-atomic particles. These too are not indestructible byt as th
particles are never broken down in nature we will not be discussing about their constitution.

Electrons are the most active ingredients in a chemical reaction. A crude metaphor would be to call them t
currency that atoms use when they interact with each other. When atoms form molecules, the bonds that hold t
atoms together are always either due to an exchange of electrons or due to a sharing of electrons. Prptons
neutrons are heavier than electrons and behave as hosts to the electrons. Neutrons are seldom liberatgd fron
atomic system and when they are the process involveanagancontrollable amounts of energy. Let us ngw

study a little bit about each of these patrticles:

2.1 Electrons
Electrons were the first of the sub-atomic particles to be discovered. In 1897 J.J. Thompson observed the|electri
discharge in low pressure tubes filled with various gases. He found that the cathode ray stream (so calle¢l beca
it flowed from the negatively charged cathode to the positively charged anode) had the same charagteristi
independent of the gas that was used. He also found the cathode rays to be negative in charge becausg they
deflected by introducing negative charges in their vicinity. He concluded that the cathode rays consisted of negative
charged particles moving at high velocities which he called electrons. The electrons were thought to be gresent
all atoms because their origin in the cathode ray tubes cannot be explained otherwise.

Electrons and protons are the two basic entities which are said to possess the property called charge.|A bod
said to possess a charge when it either has an excess of electrons or an excess of protons in it. Electrons he
negative charge df.6x 16" coulombs and a mass of 9.1>Ryg.

2.2 Protons
Atoms are electrically neutral. J.J. Thompson discovered electrons which are negatively charged to be gresent
all atoms. For neutrality to exist there have to be positive charges inside atoms which balance the negative charg
Thompson proposed that these positive charges were evenly distributed throughout the volume of an atorp and t
the electrons were embedded in this positive charge. This is cal@drthpudding model of the atom The
cream of the pudding represents the positive charge and the plums suspended in it represent the negatiyve cha
(the electrons).

Rutherford discovered protonsin 1919. In 1909 he propos&iitherford model of the atomand in 1911
Neils Bohr proposed tiigohr model of the hydrogen atonmwhich explained several phenomenon related to fhe

hydrogen atom. From this information we realise the fact that we do not always need to completely undgrstand
system for us to arrive at the rules that it obeys. Since chronologically this event occurred first it is fitting to discus
the Rutherford model of the atom before we talk about the discovery of protons. This discussion willnot be
repeated in the section on the models of the atom. Rutherford developed his model of the atom based on olfservati
he made when he conducted theparticle scattered experiment -particles are fast moving helium iong
which have &2e charge (e = 1.6 x #&oulombs) and are much heavier than electrons (nearly 4000 times). The
experimental set up was as shown in the diagram given below:
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Rutherford's scattering experiment
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Trajectories of alpha-particles through an atom

Fig-2

The photographic plate was such that one could record the locations wherpdiigcles struck the screen an
thus get an idea about the trajectories of thparticles. The observations that Rutherford noted are (a) Mo
the -particles are not affected at all by the presence of the gold foil in their path, they pass right through
large bright spot is observed on the screen at a location directly opposite the source. (b) A small percents

-particles are deflected and tiny bright spots are seen randomly at various locations on the screen. (
small percentage of the-particles are reflected off the gold foil and bright spots are seen on the region
screen which is on the same side of the gold leaf as the incidpaitticle stream.

Before we proceed to analyse these observations as Rutherford did, let us rule out the possibility
-particles are deflected due to the influence of the negatively charged electrons. Electrons have a —1
and -particles have #2e charge, the force between them is attractive. If a fast mowpaticle was to come
close to an electron in the gold foll, it would be the electron (being much lighter tharpiugicle) that would be
deflected and the -particle would continue to travel along it's path being negligibly effected. An analogy w
be the collision between a sumo wrestler and an ordinary man. The man would be thrown away and most
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to the ground while the sumo wrestler would not even feel a thing. The observations that Rutherford mad
interpreted as listed below:

(a) Assome ofthe -particles are deflected the distribution of the positive charge can not be unifo
hypothesised by Thompson in the plum pudding model

(b) Asheavy -particles are deflected the positive charge in the atom has to be much heavier
-particles.

(c) Since only a small fraction of the-particles are deflected this meant that the chance of interactiq
the -particles with the positive charge was also a very small fraction. This further means th
positive charge occupies a very tiny fraction of the volume of the atom. Rutherford called the pog
charged region the nucleus of the atom.

Based on the above three deductions Rutherford concluded that an atom had a tiny positive nucleus arou
the electrons revolved in large circular orbits. By noting the percentagepatticles which were deflected
Rutherford calculated the approximate size of the nucleus®dsris the size of the atom. As atoms have siz
of the order of 168°m, atomic nuclei have dimensions of the order of i@

Scientist soon discovered that the atoms of each element had a uniqgue amount of charge in it's nucleus.

assigned a number called #temic numberto each element. This number was represented by Z and was

to the number of multiples of the basic unit of charge (e = 1.6'cbdlombs) that the nucleus had. For a neut
atom the atomic number is also equal to the number of electrons presentin it.

In 1919 Rutherford discovered that he could change the charge in a nucleus and hence convert one ele
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another by bombarding the nucleus withparticles. In every case he noted that hydrogen nuclei were emitted.

The charge of a hydrogen nucleus is +le and the charge of any nucleus can be accounted for by a natur
multiple of the charge on the hydrogen nucleus. From these two facts it becomes apparent that nuclei of
contained several hydrogen nuclei. By the late 1920’s scientists began referring to the hydrogen nuc
proton. The mass of a proton is 1.67 *1ky and as mentioned earlier it has a charge of 1.6%cbdlombs.
Thus the atomic number Z is most commonly defined as the number of protons in it’s nucleus.

2.3 Neutrons

Protons are nearly 1900 times heavier than electrons, so logically the mass of an atom should be equal t
of all the protons in it’s nucleus. Each element had a unigue atomic number and hence a unique number ¢
in it's nucleus. Therefore if only the mass of the protons in the nucleus was considered all the atoms of an
should have the same mass. This was not found to be true. Many elements were found to have atleast tw
atoms which differed in their atomic weights. These atoms were found to have identical chemical prope
were unique in their masses. These different forms of an element are caBetbipss Two isotopes of an
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element have the same number of protons in their nuclei but different differ in their weights. Hydrogen has thre

Isotopesprotium , deuterium andtritium . Among these protium has an atomic weight equal to the weight
proton and hence we infer that it has only a proton in it's nucleus. In fact it is this protuim nucleus that is

proton. This meant that there was something else present in the nucleus which was electrically neutral and ¢
to the remaining mass of the atom. This mass is provided by neutrons which are nearly equal in mass tg
James Chadwick was the first to characterise the neutron and calculate it's mass to be approy
1.67 x 16°"kg. Neutrons were first observed in 1930 when beryllium was bombarded by alpha particles
found that they had vast amounts of kinetic energy but were non-ionizing in nature. The mass of the nucleu
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to the sum of the masses of the protons and the neutrons in it. Hence an isotope can be characteris
number of neutrons in it’s nucleus. Protium has no neutrons while deuterium and tritium have one and two
respectively. Along these lines #@mic mass numbel(A) is defined as the sum of the number of protons &
neutrons in an atom’s nucleus or the number of nucleons in an atom. Neutrons and protons are collective
nucleons. The atomic mass numbers of protium, deuterium and tritium are 1, 2 and 3 respectively.

3. Models of the Atom:
3.1 J.J. Thompson’s Plum Pudding Model:

The plum pudding model has already been handled in the section pertaining to the discovery of protons
obvious that the Rutherford’s -particle scattering experiment proves that this model is incorrect. The |
pudding model does not explain the scattering gfarticles. If the positive charge was uniformly distribute
throughout the volume of the atom theparticles would be repelled equally in all directions and the net forcg
them being zero, no deflection should be observed.

3.2 The Rutherford’s Model of the Atom:

This model of the atom too has been adequately discussed in the section on the proton and does not sol
discussion. The Rutherford model however had certain inconsistancies which could not be explained
soon replaced by the Bohr model of the atom.

3.2.1 The Deficiencies of the Rutherford Model:

(a) According to the laws of classical electromagnetism when a charge accelerates it emits light an
energy. If electrons travel around the nucleus in a circle, as the direction of their velocity cha
every instant they are continuously accelerating. So according to the classical laws of phy{
electrons should loose energy, slow down and spiral into the nucleus. This event if it were to oc
calculated to take 10sec. But we know that atoms are stable entities and that electrons do n
into the nucleus. The Rutherford model hence has no explanation for the stability of an atom:

(b) The Rutherford model does not completely characterise an atom. The radii of the electron or|
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not given in this model. In the next section we will come across several phenomenon associated wit

the atomic species which are not explained by the Rutherford model.

3.3 The Bohr Model of the Atom:

Neils Bohr proposed the Bohr model of the hydrogen in 1913. This model was able to explain several
phenomena. To appreciate the Bohr model one needs to know about certain concepts concerning the
light and also about the phenomena which were explained by the Bohr model.

atomi
nature
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3.3.1 Pre-requisite Concepts and Phenomena for the Bohr Model
3.3.1.1 The Electromagnetic Nature of Light

A Electric field
component

Direction of

ropagation
Magnetic field propag

component

The electric and magnetic field components of an electromagnetic wave. These components have the same
wavelength, frequency, speed and amplitude, but they vibrate in two mutually perpendicular planes.

Fig. -3

an electromagnetic disturbance traveling through space. The equations that he used will be explained ap a par
the physics courses in college. As of now we need only know that light is a synchronised disturbance in a
field and a magnetic field in planes perpendicular to each other.

In 1856 James Clerk Maxwell published a paper on electromagnetism in which he logically proved that Ii}ht was

electr

c
Thus light has a frequenay) @nd a wavelength () related as *V =—where c is the speed of light in free spage
and isthe refractive index of the material through which it is passing.

¢ ~3%x 10°m/s

The wavelengths between 400 nm and 700 nm consist of the visible range of light, longer wavelengths lelong
the infrared region and shorter ones to the ultra violet region.

Wavelength/m

1 10" 10° 10° 10° 10° 10° 107 10° 107 10" 10" 10" 10" 10"

g
e| gl &l = | Slss | E | | §| | |
— — — — — oo — —
= 5
. . Far g5& 2| Vacuum Cosmic
Radio | Microwave | . oS = . X-ra -ra
infrared | ZE £| ultraviolet s Ty rays
R= =
Molecular Molecular Electronic Core-electron Nuclear
rotation vibration excitation excitation excitation

Fig-4
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3.3.1.2 Max Planck’s Quantum Theory:

Some objects when heated emit light. Before the advent of electrical lighting the only way that man could ¢
light was by burning objects. When an object (usually wood or charcoal) is burnt light is emitted by the mo
that have been heated to a great temperature. When a blacksmith heats an iron rod it begins to glow 1
heats it further it becomes yellow and finally it glows white hot. From the examples given above we can m
inferences.

(&) When an object is heated it emits light

(b) Asthe temperature is gradually increased a glowing object glows more brightly and it gradually ¢
colour form red to blue.

Itis possible to draw a graph of intensity of light emitted versus the wavelength of the light at any tempg
Towards the last years of the 19th century scientists were studying such plots for the light emitted by a blg
A black body is a body which can absorb any wavelength of light incident on it and hence when heated,

wavelengths. Conventional objects always reflect some wavelength or the other and hence they are seg
that particular colour they reflect (a leaf is green because it reflects the wavelength corresponding to tk
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the glowing object is percieved to have that particular colour (note that the colour of a glowing objectis of a

colour). Now at any temperature there is always a particular wavelength which has the greatest intensity Id her

different origin than the colour of an object that is not heated). The diagrams given below show an exa
black body and the intensity-wavelenght plots at various temperatures.

Frequency (S€t )

3x10° 1x10* 0.5x10"
] | |
> 6 T=2000K
5
o)
c4
g3
Detected % 2
radiation o L
Pinhole 1  iT=1500
L L 1
Container at a 2 3 4 5 6
temperature T v * Wavelength (units of 10 cm)
Example of a black body !:3 I m: L,
Fig-5a Fig-5b

From these plots we see that as the temperature is increased
(a) the intensity of all the wavelengths increases, i.e. the blackbody emits more light of all the wavel

ple of

engths

(b) the value of the wavelength which has the greatest intensity decreases i.e shifts from red to blue.

Several scientists tried to logically derive the equations for the curves. You will learn about some of these
while studying modern physics in Xllth standard. Planck came up with a formula that agreed very close
experimental data but the formula only made sense if he assumed that the energy of a vibrating molecule,
at a particular frequency was quantised, i.e the energy could only have certain discrete values and is not ¢

httemp
ly with
vibrati
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as previously believed. Any quantity which can only take discrete values is said to be quantised . Charge is
common example of a quantity which is quantised. An object cannot have a charge which is not equal to an integi
number of electron charges (1.6 *26oulombs).

The molecules in an object are continuously vibrating. Temperature is a macroscopic measure of the amount
vibration of the molecules of a material. The exact relation between the temperature and the average frequency
vibration of the molecules in the gaseous phase will be given while studying the kinetic theory of matter Qut as c
now it is sufficient to know that the greater the temperature the greater the frequency of vibration of the constituer
molecules. The central assumption in Planck’s quantum theory was that the energy of the vibrating particleg is equ
to the frequency of their vibration multiplied by integral multiples of a certain constant. This constant carrje to be
know as the Planck’s constarit) &nd it has a value= 6.625 x 16 J.s.

Therefore the enerdyis writtenaE=nhv. (v—Frequency of vibration)

(E— Energy of the patrticle)

If we draw horizontal lines to represent energy the above assumption can be shown as :

——————— E==hv

; E=3hv
E=2hv
E=hv
Fig-6
For a molecule vibrating a&tall energies between these levels are not permissible. This is a very non intuitive
assumption but it has wide applications and the entire field of guantum physics is based on this assumptfon abc
energy being quantised. Several theories which are based on this assumption have been experimentally justif

and the assumption itself has been used to explain experimental observations. It has to be accepted as a fyndam
property of matter.

If a vibrating molecule gains energy it goes from one level of energy to another. The change in energy s also
natural number multiple div. When the molecule looses energy in the form of light the energy of the light enpitted
Is also a natural number multipletof Therefore the energy of the light emitted is also quantised. Look af the
diagram given below for a better idea about what we are referring to.

X E =n,hv say
Energy lost
energy ~~ B, =nhv-nhv=(n,-n)hv=nhv
gained

¥ — E =n,hv say

Fig-7
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The energy of the light emitted by a vibrating body is quantised. This assumption however does not qualltativel
explain the shape of the graph of intensity versus wavelength. How is it possible that (1) all wavelengths ar
emitted? (2) there is a particular wavelength which has maximum intensity ?

To answer these questions we consider the following facts
(&) Allmolecules in an object are continuously vibrating.
(b) Allmolecules do not vibrate at the same frequency

(c) Atany given temperature there is a particular frequency at which most of the molecules vibrat¢. If we
draw a graph of the number of molecules versus the frequency of their vibration we get plots which are
very similar to the onesinfig- 5 b.

From these facts we go on and say that, as there is a particular frequency of vibration which is dominant apong t
molecules, the light emitted by the molecules vibrating at the dominant frequency will be the most intensg. Henc
there is a maximum in the intensity-wavelength plot. Since there is no frequency at which not even one mqglecule
vibrating, every wavelength of light emitted has a non zero intensity.

3.3.1.3 Einstein’s Explanation of the Photoelectric Effect:
Light

Anode

/
S s : 3./)

Metal surface, cathode

(
Ammeter \ J}

Vaccum chamber
— [ 1]1] =
+ =

Battery

Equipment for studying the photoelectric effect. Light of a particular frequency
strikes a clean metal surface inside a vacuum chamber. Electrons are ejected from
the metal and are counted by measuring the current.

Fig-8

The photoelectric effect was first observed in 1980 by Iteriz and Lenord. They found that when light was ipciden
on a cathode in an evacuated tube electrons were emitted. Since electrons are emitted when light is incident on
surface and light energy is being transformed into electrical energy this phenomenon is called the photq electr
effect and the ejected electrons are called photo electrons. In a given experiment there are only three paramet
which can be altered. These are (a) The intensity of the beam (b) The frequency of the light which constifutes tt
beam. Note that if one defines the wavelength of an electromagnetic wave then the frequency is automaticglly fixe

c
because all electromagnetic radiation travels at ¢ =8m/$0n vacuum vV =—(c) The material of the metal

cathode. The observable that is measured in this experiment is the current flowing through the circuit, yhich i
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measured by the ammeter. It is also a common practice to include a battery in the circuit. The purpode of th
battery is just to make sure that the electrons ejected from the metal surface travel towards the electrgde at 1
other end of the tube. The polarity of the battery is set such that the metal surface has a negative charge and
other electrode which has to collect the electrons has a positive charge. The reasons for this are very obvious

The following are the approximate graphs of the observable current versus each of the two light parameters.

14

1, (1>1,>1)

Current T
(note: these graphs have

] been drawn assuming that
all the electrons emitted
reach the anode)

v

r

Frequency

The plot of current versus frequency at three different intensities (1, 1,, 1,)

Fig-9a

Current

Intensity
Fig-9b
From these plots we can note the following
(a) Below a certain frequency (called theeshold frequency) no current is observed and is immune {o
any change in the intensity.
(b) Above the threshold frequency the current is proportional to the intensity.
Apart from these, two more observations were made.
I.  The threshold frequency was uniquely dependent on the material of the cathode.
i. Anincrease in the voltage of the battery did not increase the ejection rate it just improved the
chances of all the electrons which were emitted reaching the positive anode.

These observations can not be explained by considering light energy to be a wave. If light was a wave, as tl
intensity of light is increased, the energy transferred to the electron should be built up until it is ejected.But a

asserted by observation (a), this does not happen.
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Einstein extended Max Planck’s quantum theory for the energies of vibrating bodies to the energy of light. He
proposed that light was a stream of particles of energy called photons. The truth is, even today we can nqgt say tl
lightis a particle, or that light is a wave and it really does not make sense if we say that light both consists c
particles and is also a wave at the same time. Light is energy. We consider light as a wave to explai certa
phenomenon and consider light as a set of photonic particles to explain certain other phenomenon which ¢annot
explained by assuming that it is a wave. Einstein said that light of a given frequensisted of discrete photong
each having an energylof.

When we try to understand the photo electric effect now, we see that an electron is emitted if and only if the enert
of an individual photon is enough to knock the electron out. The interaction between a photon and anjatom|
always a complete one i.e the photon either completely transfers it's energy to the atom or does not intefact wi
it at all. It can never happen that the photon transfers only a part of it's energy to the atom. As soon af it doe
interact with the atom, it seizes to exist. If a photon has excess energy, then the photoelectron emitted will hay
more kinetic energy. Now If a light beam is said to be more intense this only means that there are more|photoi
presentin it. One could have a very intense beam with a gargantuan number of photons in it but each of tho
photons could have very little energy and photo electrons are not generated. Now we can do more analysis he

If v, is threshold frequency and below this no photo electrons are emitted, then this means that each phofon has

energyhy, . This means a minimum energyhef is required to eject a photoelectron. This impliesthyanergy

is consumed just to release an electron. Now suppose the incident photon has a fvequiefibg means that
the incident photon has excess energy amountimg-iav,. This energy is in the form of kinetic energy of thie

electron, given as;, mv? (where v is the observed velocity of the electron). Hence we car%vm'ré = hvS hy.

The quantityy, (the minimum energy required to eject the electron) is calleddhefunction of the metal.As
mentioned earlier, each metal has a characteristic threshold frequency and hence must have a characteyistic w
function.

The total energy of a beam of light consisting photons is given by x hv(wherev s the frequency of all the

photons). Intensity is energy crossing a unit area per unittimex V. If intensity is to be kept constant while
increasing the frequency, then we have to reduce the number of photons. For example 10 photons ofifrgquenc
would have same intensity as 5 photons of frequendy&ry photon with frequency greater than threshold
frequency would generate one photoelectron. When intensity is kept constant above threshold frequgncy, tf
number of photons is reduced and hence the number of photoelectrons emitted is reduced (but their kinetic enet
Is increased). As current is only a measure of the number of electrons emitted per unit time the current shou
decrease linearly as seen in the graph.

Now since light consists of particles of energy let us try to get a better feel of what they are. Einstein received th
Nobel Prize in physics for his explanation of the photo electric effect but one of the equations he is most rgnowne
forisE =mc. The concept of the equivalence of mass and energy was a revolutionary one and will be understoc
while talking about energy in physics. We regret to leave the student with so little information at this stage alpout thi
truly marvelous concept but the concepts of relativity from which this equation arises are best understpod in
context of physics. As of now, since we will be using this concept elsewhere in this chapter we ask you tp acce
it as a equation that is consistent with all matter and wait till you study relativity. Now since the energy of ajphotor

ishvand alsanc this means that the mass of a photon of frequeisn(;g;. This is the mass that the photon has
C
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when it travels at the speed of light wheremc is applicable. However there is no such thing as a photon af rest
or a photon traveling at a velocity v. This is the mass that it has as a virtue of it moving at acv@loeitgass of
a photon depends on the frequency. A blue photon has more mass than a red photon. Photons can exgrt a fo
If a stream of photons (a light beam) collides with a stationary object freely floating in space, the object will begin
to accelerate.

3.3.1.4 Atomic Spectra & Series
Issac Newton proved with his prism experiments that white light consisted of several colours. The colours actuall
represent different wavelengths. The blue region having a lower value and the red region having a higherfone. T
spectrum is the set of wavelengths that constitutes a given light sample. Thus it is obvious that the spectrum o
bulb would be different from that of a tube light.
Atomic absorption spectra are the set of wavelengths that seem to be absorbed by a set of atoms when gontinu
white light which contains all the wavelengths is incident on the sample. This means that the atoms are aﬁsorbil
these specific wavelengths of energy. They later loose this energy in the form of photons. The set of photons lat
collected constitute the emission spectrum. The spectrum is commonly represented as a set of vertical lines
various intervals along a horizontal axis ranging in wavelength from the ultraviolet to the infrared.

Increasing wavelength Increasing wavelength
Absorption spectrum Emission spectrum

Fig - 10
In 1885 a Swiss school teacher Johans Balmer noticed that there was a unique relationship between thg locatis
(by location we mean the value of wave number) at which these several lines occurred in the spectfum of
hydrogen atom. There was no concrete derivation for his relation but it was found give accurate results.
= 11 .
V=R = SF (whereRis called the Rydberg’s constant and has a value of 109, 6%7 cm
wheren was a natural number greater than 2. A few years later a Swedish spectrologist proposed that the wa:
numbers of all the lines were given by the general expression

_ 11
V=R —S— wheren=1,2,3...anth, =n+1,n+2,n+3,...
LT
Depending on the valuesmfseveral series of lines were defined. These have been listed in the table givenfbelow.
Series n, n, Spectral Region
Lyman 1 2,3... Ultraviolet
Balmer 2 3, 4... Visible
Paschen 3 4,5... Infrared
Brackett 4 5, 6... Infrared
Pfund 5 6,7.. Infrared
Fig - 11
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Now if we were to take a vertical line which represents energy and draw horizontal lines across it at points whicl

had an energy hex v, wherev, =109, 677i2 we would get lines at various spacing each corresponding|to a
n

value ofn.
Now when we defin€_ asg, = Shcw, = Sth
n
we see that:

(a) Allenergies are negative

(b) Energy increases as the valugiotreases (hence the lowest value of energyisShcR= 93.6 eV
and the highest value of energyds =0). (1eV (electron volt) = 1.6 x 18J).
One might wonder why, here we have defined energy as a negative quantity. The reasongfor thi
definition are given below.
I Inthe photo electric effect experiment we saw that we had to give energy to the atomic system in

the form of a light photon for the electron to get liberated. This means that the atomic system is a
configuration which has lower energy than when the electrons and nuclei are floating aroundl freely

without interacting with each other.

i. Since we need to assign a zero for energy it is best to define the zero as the state when thg electr
and nuclei are not interacting with each other. This state corresponds tn when

0 n=o
n=>6
n=>5
n=4

Paschen|series (infrared)
\A A4 n=3
Balmer series (visible)
E=-13.6/2eV LT n=2
I Lyman series (ultraviolet)

>
5
=i
23]

E=-13.6¢eV VVYVVYY n=1

Transitions of the electron in the hydrogen atom.
(The diagram shows the Lyman, Balmer and Paschen series of transitions)

Fig- 12
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Now we know that an atom absorbs unique wavelengths and when it does so it is said to be excited and|exist il
state of higher energy. When this energy is lost it is seen as a photon in the emission spectrum. So the lines in
energy diagram we have made must signify the various levels of energy possible in the hydrogen atom. The dlifferen
of energy between any two of these levels corresponds to the energy of a photon in the spectrum . It must be no
that all transitions which involve the levet 1 are called the Lyman series of lines in the hydrogen spectrun and
those involvingh = 2 and all the ones above it are called the Balmer series. The Paschen, Brackett and Pfupd seri
are defined similarly corresponding to the levets3, 4 & 5 respectively. The lines in the series are numbered
from 1 onwards according to the order of energies of the transitions. For example the first line in the Lymgn serie
corresponds to the= 2 ton = 1 transition and the fifth line of the Pfund series corresponds to-thié to
n=>5 transition.

Example — 1

Calculate the number of photons having a wavelength of 500 nm which would provide 1.2 J of énergy
[h=6.63 x Js, c=3.0 x mp

Solution: The total energy of the photons =1.2 J
h
The energy of the each photomw= e

1.2x 500% 16°
6.63x 16* x 3x 16

=3.02x 10° photons

E
The number of photonSﬁ

Example — 2

For silver metal, the threshold frequengys 1.13x 10" Hz. What is the maximum kinetic energy of th
photoelectrons produced by shining ultraviolet light of wavelength 15.0 A on the metal?

D

Solution: Since the threshold frequency has been given itis best to calculate the frequency of the ipciden
photon to check first if itis greater thgn

=2 x10"Hz

V_V _3x10m/s_ 0.2 10m/s
15A 10"°m

The frequency of the incident photon is greaterghamthe excess energy it possesses is converted
into the kinetic energy of the electron.

Upon conserving energy we get.
K.E.=hv—hv,= (6.63x107"J 5 )[(2.00-1.13) x 10" s | =5.8x10""J
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Example — 3

When a certain metal was irradiated with light of frequesi@y 13° Hz ,the photoelectrons emitted had twic
the kinetic energy as did photoelectrons emitted when the same metal was irradiated with light of fre

2.0x 10° Hz Calculatey, for the metal.

Solution:  Since photoelectrons are emitted in both cases the threshold frequeascio be less than the lowe
of the two incident frequencies.

Sov, <2x10°Hz

Like we did in the previous problem here too we can use the principle of conservation of ener

write Kinetic energy of photoelectrons when 2 ¥ Hx photons were incident (K Bay)
=hx2x10°~hy = h(2x10°-v)

and the kinetic energy of photons electrons when 3.2°Hk(hotons were incident (KE
=hx3.2x10-hv,=h (3.2 x 10>~v)

In the statement of the problem we are told that these two quantities are relateg=a2 K.E,

h(32 168 vk (2 168 y)

% 8 10°Hz

Example — 4

In a photoelectric effect experiment, irradiation of a metal with light of frequeiogx 16° Hz yields electrons

with kinetic energy7.5x 10%'8J . Calculatey, for the metal.

Solution: In this problem the kinetic energy of the electrons is given i. e the excess energy that the phg
frequency 2 x 19 Hz possessed is given.
We can write the same expression as the one we wrote in example 2. Upon conserving en

getK.E.=h(vSy)
75 10°F (6.626 16°1(x2 1653 y)

% 8% 10°Hz

Example - 5

guenc

=

gy and

tons C

ergy w

The critical wavelength for producing the photoelectric effect in tungsten is 2600 A. (a) What is the enellgy of &

gquantum at this wavelength in J and in eV? (b) What wavelength would be necessary to produce photog
from tungsten having twice the kinetic energy of those produced at 2200 A?

Chemistry/Atomic Structure

blectro



Arbind
Highlight


[ ) 18]

Solutions: (a) The problem states that the critical wavelength for producing photo electrons is 2600 A. Frq
value we can determine the threshold frequency of the metal but since we have been ask
determine the energy of a photon of this wave length we write

he _(6.626¢ 16*J s)x( 3 10m A
E=hy=—= Al
2600x 16°m
=7.7 x 18J.
To convert this value into electron volts we divide it by the conversion factor 1:6 x 10

(# 1eV = 1.6x 16 J)

E 4.812%V
(b) This partis similar to example 3. If we say thas the frequency corresponding to a 2200 A
photon and, and , are the respective frequency and wavelength of the photon which geng
photo electrons with twice the kinetic energy we can write

h(v, Sv) =2h(y Sy)

% C 2 C x c

> 26008 © 2208 2606

> 19007

m this
edto

prates
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TRY YOURSELF -1

1. Compare the following quantities for a photon of 400 nm and 600 nm :
(a) Frequency (b) Wave number (c) Velocity (d) Mass
2. The molecules in a heated metal block are vibrating at a frequency of 23418 ow many

levels of energy are possible for the molecules between-2xafd 13.6x10J ?
(h =6.626 x10%*J.s)
3. A system has four levels of energy given by E = 121 eV, wheren takes natural number
n

values from 5 to 8. How many unique photons can be emitted or absorbed by this systen
would this value change if the energy was given by Ere¥2n taking the same values) ?

4, In a photoelectric tube the cathode is such that it's upper half is a metal of work function 1.

and it's lower half is a metal of work function 1.6 eV as shown in the figure below.

e

— 1.6 eV

Fig - 13

The entire cathode is bathed in a beam of light of variable intensity and frequency. Unc
assumption that all the electrons that are emitted are collected by the anode, draw the
current versus frequency and current versus intensity.

? How

2eV

er the
plots @

5. The metal in a photoelectric tube has a workfunction of 0.5 eV. The source of the light {hat is

incident on the metal has four energy levels whose energy is gigeriy 1§l eV(n=5,6,7,8.
n

How many and what are the possible velocities of the emitted photo electrons ?
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3.3.2 The Bohr Model of the Hydrogen Atom

The Bohr model of the atom was designed to explain the phenomenon associated with the hydrogen atom. T
results obtained in this model cannot be applied to larger multielectron systems. The reason for this i that tt
analysis of the hydrogen atom which has only one electron is very simple. In a multielectron system as glectror
interact and are influenced by each other’s presence the analysis becomes very complex and is seldom darried
By this logic any system which only has one electron can be easily analysed. The truth is the results we will b
deriving in the Bohr model are arrived at by assuming the charge an the nucleus in +Ze. Systems which have or
one electron are H, HeLi #*, Be*, B#"...The values of Z for these systems are 1, 2, 3, 4... respectively.

Note: 1. Two systems which have the same number of electrons arasadiedtronic.
Example’’C, ¥N*, Y0%, ¥F?
2. Two systems which have the same number of neutrons are satiteic.
Examplec, o0

Neils Bohr based his atomic model on the following postulates. (A postulate is a statement that is assumed to |
true, that forms the basis of a theory.)

1. The electron in the hydrogen atom can move around the nucleus in a circular path of fixed radjus an
energy. These paths are called orbits, stationary states or allowed energy states. These orbits are arran
concentrically around the nucleus.

2. The energy of an electron in the orbit does not change with time. However, the electron will movelfrom a
lower stationary state to a higher stationary state when required amount of energy is absorbefd by th
electron or energy is emitted when electron moves from higher stationary state to lower stationafy state
The energy change does not take place in a continuous manner.

3. The frequency of the photon of radiation absorbed or emitted when transition occurs between two stationat
states is determined by equating the difference in energies of the two stationary states to the energy of tl
photon.

4, The angular momentum of an electron in a given stationary state can be expressed as:

h
nvr= n2— where n=1, 2, 3........

Thus an electron can move only in those orbits for which it's angular momentum is an integral mulfiple of
h/2 and hence it's angular momentum is said to be quantised.

Bohr obtained the expressions for the energies and radii of the orbits which are derived here:
h .
V= 2n_m from the fourth assumptiaf Bohr. (1.1)
. . . mv’  kZé
Now by balancing the electrostatic force and the centrifugal force on the electrom\rfege{r—z, Z

depending on the chargkthenucleus (1.2)
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from (1.1) & (1.2)

(= n2h2>< m _rf H
4 ’m* kzé Z 4 *mké

2 -~
= 0.529% x16"m
n2
= 0.529&7 A Angstrom 1.3

2
The radius of the orbits are giveniby 0.529%/3\ wheren=1,2,3,..... and is the atomic number
of the single electron species (for hydrogerd, for He" Z=2, for Li* Z=3....)

The total energy of the system = The kinetic energy of the electron + the potential energy of the
(As the nucleus is at rest it does not have kinetic energy)

E :1 mv2 + kql
2 r
kineticenergy Potentialenergy

k(S Z
el KEIK(ZY
2 r
Substituting the value afiv? using equation (1. 2) we get
1 kZ€ « kzé

E==——S——
2 r r

S1 kz€
= X—

2 r
Substituting the value ofrom equatior(1.3)
Z? 2 *k’m¢e
ST T
S(13.6eV) 7
—

n

(1.4) where EV=1.6x10'°Joules

2

z
=- (2178 x18J)

We can see thaE, S iz andr n?. Thus lower the value oflower the energy and lesser the radius.
n
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The Bohr’s model explains that the various levels of energy of an atom correspond to the various radii of th
electronic orbits. We can also note the following from the above formulae:

1. When electrons are closer to the nucleus the system has a more negative net energy and thus he
lower energy than a system where the electrons are farther away.

2. When an electron is so distant from the nucleus that it is no longer influenced by if and
radius(r) =, velocity(v) $ O the net energy of the atomic system is zero.

From the Bohr model of the atom the formulae of the several series of spectral lines can be derived. If a tfansitic
resulted in an emission of light this means the energy of the final level is less than that of the initiad lswa If

number of the initial state andis the number of the final state we canrsayn,. If we consider cases when th
transitions occur to the levek 2 this implies that, = 2. The energy lost by the systera =E,

11%

1 1

=S813.&° = S~
nn
=13.8vZ2 £ 51 =136vZ 151
nf n 2
The energy of the resultant photon is related to it's frequency as
E= hvzm = heév

The energy of the photon is equal to the energy lost by the system.

hcw 13.6eVZ ? iz
n

13.6eV 1 1
V= zZ = S—=
h.c 2
. 136V 1.1 .. .
If the system is a hydrogen atom tiZen1 andv = e 2 SF . This is the same as the expression of the
Balmer series.
_ 1.1
V= ? S_Z

The value of the Rydberg’s constant can thus also be calculateﬁzto}g?lﬁs;v. Itis easy to see that for g

Balmer series transition of any other hydrogen like species the formula for the wave number wqduld be
=RZ’ ? st ~z . Thus Balmer series lines occur when the system looses energy and fafist@ state.

By using a similar logic we can say that Lyman series lines occur when the system looses energy angd falls

n= 1 state. This can be extended to all the series of lines. Thus the Bohr model can explain atomic spegtra.
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The energy transitions can also be represented as given in the figure below:

Hg- 14

The state witlm= 1 has the lowest energy and is called the ground state of the system. The next higher I¢vel of
energy hasa= 2 and is called the first excited state, 3 is called second excited state and so on.

3.3.3 TheDeficiencies of the Bohr Model
The results obtained in Bohr model were used to explain atomic spectra etc. but the assumptions made to obt.
the results were not justified. Bohr never explained why the angular momentum of an electron was quantised ¢
why the electron could not loose energy continuously (this same issue came up with the Rutherford model). Yo
will soon learn as you read section 3.4 that there were certain observations the Bohr model could notjexplail
When you reach section 3.5 you will realise that if we go by the quantum mechanical model of the atom the ver
analysis and classical logic that Bohr used is not valid for atomic systems.

3.4 The Electronic Configuration of Multielectron Systems

3.4.1 EnergySub-shell and Orbitals
Bohr’s model of an atom was capable of explaining the simple hydrogen atom but it was soon found that {he ato
had many more mysteries to be solved. The hydrogen spectrum upon finer resolution with better spectfoscor:
technigues was found to have more lines than known before, infact it was clusters of these finer lineg whic
constituted the lines previously known. This meant that each energy level consisted of several sub-levels gf ener
It was also observed that when the sample was in an electric field more lines appeared. This was called|the St:
effect. A similar phenomenon was noted in a magnetic field and was called the Zeeman effect. Since thgese lin
appeared only under the influence of electromagnetic fields it was believed that the sublevels consisted of wh
were defined as orbitals which were equal in energy but differed in their electro magnetic behaviour. It should her
be noted that these sub-levels and orbitals will be re-visited from a quantum mechanical perspective pnce tt
Schrodinger equation has been dealt with. Since each level had it's own set of sub-levels and orbitals, ja syste
was developed such that they all could be labeled.
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The energy levels were labelédL,M, Nin increasing order of energy (These are also referred tolasiied,
L shell........ ). They are labeled from 1 to infinity

For example thBl shell has a numbar=4

It was found that theth shell hadsubshells. For example the second shellmitt2 has 2 subshells. Now thée

subshells were labeled g9, d, f, g. .. and were assigned numbers fromi@+d. in an increasing sub-leve
energy order. The number was called traue of the subshell. Thus for a given shell with numb®s maximum
| value for asub levelinitiss n—1.

The orbitals were not alphabetically labeled but were assigned a nanibesras also observed that a subshé

with a numbet has 2 ¥ x 1 orbitals. This meant thathad to take |2 1 values for thé'" sub shellmwas

assigned values from #ol. Thus for example tHesubshell has thavalues of it’s orbitals ranging from —4 to 4
The orbtials in a sub shell all have equal energy in the absence of electrical and magnetic fields and are
degenerate A subshell was represented as a rectangle which was divided into as many square boxes

orbitals. For example tfissubshell with = 2 has 2x2+1=5 orbitals and is representedas | | | |[.The

order in which the subshells were filled is described by the rules given in the sections that follow.

3.4.2 The Filling of Atomic Orbitals

The rules for the way in which the electrons were arranged around the nucleus were empirically defined |
experimental observations of the locations of the ground states (lowest energy states) of multi electron
The ground state (state of lowest energy) of a multi electron system can be identified by observing it's sp

3.4.2.1 The Pauli’'s Exclusion Principle

The Pauli’'s exclusion principle states that each orbital can harbour a maximum of two electrons.
As a consequence of this rule the maximum number of electrondtimshbé shell = [+ 1) x 2.
Hence the maximum number of electrons imtheshell

=2x (2% 0 +1) +2(2x 1 +1) +2x (2% 2 +1) +.... 2((n- 1)1 +)
L S } P ’ d 3 k nthsubshell

=2x2x0+1+2..n-1) +2xn

_4x(n><(n—])) +on =2
2

3.4.2.2 The Hund’'s Rule
The Hund’s rule states that electrons in order to minimize the repulsions between each other first occuy
empty orbitals in a sub-level before they pair up. So if for example a subshell has five orbitals and five eleg
it, each electron occupies one orbital.

3.4.2.3 The Aufbau Principle
The number of electrons in an energy level is limited as consequence of the Pauli’s exclusion principle. The
principle says that the electrons fill the subshell in an increasing order of energy, ie. they fill a lower energy
firstand only after it is completely filled do they begin to fill the subshell with next higher energy. Note that
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not talk about the order in which the orbitals are filled because in the absence of electromagnetic fields tiey ha

the same energy and are said to be degenerate.
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The order of energies between the sub levels of all the energy levels is given by the sum of the two numbe
n& | which uniquely define each sub level. Sub levels with highénmatues have higher energies. In the case
when two sub levels have the samd tevel then the subshell with the loweralue will be lower in energy.

3.4.3.1 Writing the Electronic Configuration
The orbitals are not taken into consideration while writing the electronic configuration of atoms becausg unde
general conditions (in the absence of an electron magnetic field) they have the same energy and are gaid to
degenerate.

The electronic configuration of a multi electronic system (atom or ion) is the systemised representatiop of th
distribution of electrons in the levels of the said system. While writing the electronic configuration the main gnergy
shells are denoted numerically2]1 3 .....) and the sub shells are denoted alphabetisghlyd;f ......). The sub
shells are written in a sequence according to their energy (1s, 2s, 2p, 3s, 8p) 48h8n the number of
electrons present in each sub shell is written as a superscript to the said sub2si&bt13. The order in which
the electrons fill the sub shells in the ground state configuration are defined by the rules given above. To write tf
electronic configuration of a given system we first see how many electrons it has (for a neutral atom this nimber
equal to the atomic numhb&r. Now while writing the electronic configuration we start filling the sub levels injan

increasing order of energy. We fill as many electrons as possible in a lower energy sub shell and then place t
remaining in the next higher sub shell and go on doing this till we run out of electrons.

Let us arrange the atomic sub levels in a increasing order of energy

n+9%=1 2 3 3 4 4 5 5 5
1s<2s<2p<3s<3p<4x< 3k 4 < 5s....
maximum no. of 2 2 6 2 6 2 10 6 2
electrons possible

For example the electronic configuration of carbon (Z = §42<* 2 ¢ while that of Potassium (Z = 19) is

15’22 g 3¢ 3 § 4. Try writing the configuration for other systems for practice.

3.4.3.2 Rules for lons
When we need to write the electronic configuration of an ion we must first write the electronic configuration of the
parent neutral atom. If it is a positive ion we need to remove as many electrons from the outermost sub shell as't
charge of the ion. The outermost subshell need not be the sub shell of highest energy. For example between 3 d
4s the 4s is the outer subshell and electrons are removed from 4s first.

If the ion is negatively charged, again we first write the electronic configuration of the parent atom. We thgn place
as many electrons as the negative charge of the ion in the innermost unfilled subshell. Between an unfilled s and
unfilled 3d the 3d is the inner subshell and the electrons are placed there first.

3.4.4 The Anamalous Stability of Half-filled and Completely Filled Outer Most Sub-shells.
It was observed that in some cases if an electronic configuration was possible in which either the outer mo:
subshells (those of highest energy) were fully filled or half filled then this configuration was the preferred configuration
and had a lower energy. For example the expected electronic configuration of chromium (Cr) (£=24)
123p°P3g3pP3d 4 but by the above rule it has a configuratiot2#2p° 38 3P 3dP4<. Here the 4s sub shel
and the 3d sub shell are half filled and the system is said to be more stable in this configuration. Another examg
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is the electronic configuration of copper (Z = 29) which is expected t62#2183s3P3dP4< but is found to be
1£22p°333p°P3d%4<. In this configuration the 3d sub shell is fully filled and the 4s sub shell is half filled. Th
more stable than when 4s is fully filled and 3d is neither fully nor half filled. These are the only two cases

around the nucleus.

Example — 6

Calculate the energy required to cause the ionisation of one mole of hydrogen atoms.

Solution: The word ionisation is self explanative. It means that in the process i9as€Heing formed. This
would mean that we have to remove the electrons from the system (off course ions are formec
electrons are added to the system) @it given the context and the fact that we cannot han
systems with more than one electron it is obvious that we are talking about the formationofridm

to take an hydrogen atom from it’s initial ground state {,E