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Basic Principle of Quantum Chemistry

Introduction (Philosophical View)

Unlike Newton’s mechanics, or Maxwell’s electrodynamics, or Eingtein’s relativity, quantum theory was
not created or even definitively packaged and it retains to this day some of the scars of its exhilaranting but
traumatic youth. Thereisno general consensus asto what its fundamenta principles are, how it should be
taught, or what it really “means’. Niels Bohr said, “If you are not confused by quantum physics then you
haven't redlly understood it”, Richard Feynman remarked, “1 think | can safely say that nobody understands
guantum mechanics.”

Teaching quantum mechanics without the appropriate mathematical equipment is like asking the student
to dig afoundation with a screwdriver.

The first step in the development of a logically consistent theory of non-relativistic quantum mechanics
is to devise a wave equation which can describe the covert, wave-like behaviour of a quantum particle.
This equation is called the Schrodinger equation. The role of the Schrodinger equation in quantum
mechanics is analogous to that of Newton’s Laws in classical mechanics. Both describe motion.
Newton’s Second Law is a differential equation which describes how a classical particle moves,
whereas the Schrodinger equation is a partial differential equation which describes how the wave
function representing a quantum particle ebbs and flows. In addition, both were postulated and then
tested by experiment.

In classical physics, fundamental laws of physics are used to derive the wave equations which describe
wave-like phenomena; for example, Maxwell’s laws of electromagnetism can be used to derive the
classical wave equation which governs electromagnetic waves in the vacuum. In contrast, we shall view
the equation governing the wave-like properties of a quantum particle as a fundamental equation which
cannot be derived from underlying basic physical principles. We, like the inventors of quantum theory,
can only guess the form of this wave equation and then test for consistency and agreement with
experiment.

According to de-Broglie:

It was possible to associate waves with every moving particles in nature. This relation should hold also

for heavier particles which we are able to see. But, on account of heavier mass, A becomes so small
that there is a great difficulty in discovering the wave phenomenon associated with heavier particles.
This concept of the wave-particle duality of matter was subjected to experiment test by Davisson and
Germer in 1927 and independently by Thompson in 1928 who showed that a beam of electrons did
indeed behave as if it were waves and underwent diffraction from a suitable grating.

If electrons have the wave properties then there must be a wave equation and a wave function to
describe the electron waves just as the waves of light, sound and strings are described.

New Discoveries Prompted the Need for a better theory to describe the behaviour of matter at the
atomic level. This better theory, called quantum mechanics, represented a completely new way of
modeling nature. Quantum mechanics ultimately showed that it provides a better basis for describing,
explaining, and predicting, behaviour at the atomic and molecular level. As with any theory in science,
guantum mechanics is accepted by scientists because it works. (It is, quite frankly, one of the most
successfully tested theories devised by science.) That is, it provides a theoretical background that
makes predictions that agree with experiment. There may be certain conceptual difficulties at
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first. A common question from a student is “Why is quantum mechanics this way?” The
philosophy of quantum mechanicsisleft to the philosopher. Here, we want to see how quantum
mechanics is defined and how to apply it to atomic and molecular systems.

Quantum mechanics is based on several statements called postulates. These postulates are
assumed, not proven. It may seem difficult to understand why an entire model of electrons, atoms,
and molecules is based on assumptions, but the reasons is simply because the statements based on
these assumptions lead to predictions about atoms and molecules that agree with our
observations. Not just a few isolated observations over decades, millions of measurements on atoms
and molecules have yielded data that agree with the conclusions based on the few postulates of
guantum mechanics. With agreement between theory and experiment so abundant, the unproven postulates
are accepted and no longer questioned. In the following discussion of the fundamentals of quantum
mechanics, same of the statements may seem unusual or even contrary. However questionable they
may seem at first, realize that statements and equations based on these postulates agree with
experiment and so constitute an appropriate model for the description of subatomic matter,
especially electrons.

Quantum mechanics is sometimes difficult at first glance, partly because some new ideas and some
new ways of thinking about matter are involved. Remember that the ultimate goal isto have
a theory that proposes how matter behaves, and that predicts events that agree with
observation; that is, to have theory and experiment agree. Otherwise, a different theory is necessary
to understand the experiment.

The main ideas are:

The behaviour of electrons, by now known to have wavelike properties can be described by
a mathematical expression called a wavefunction.

The wavefunction containswithin it all possible information that can be known about a system.

Wavefunctions are not arbitrary mathematical functions, but must satisfy certain simple
conditions. For example, they must be continuous.

The most important condition is that the wavefunction must satisfy the time-dependent Schrodinger
equation. With certain assumptions, time can be separated from the wavefunction, and what remains
is a time-independent Schrodinger equation. We focus mainly on the time-independent Schrodinger
equation. We focus mainly on the time-independent Schrodinger equation.

In the application of these conditions to real systems, wavefunctions are found that do indeed yield
information that agrees with'experimental-observations of these systems. guantum mechanics predicts
values that agree with experimentally determined measurements. To the extent that quantum
mechanics not only reproduces their success but also extends it, quantum mechanics is superior to their
theories trying to describe the behaviour of subatomic particles. A proper understanding of
guantum mechanics requires an understanding of the principlesthat it uses.

On the basis of above discussion we may conclude that quantum mechanics properly, describes the
behaviour of matter, as determined by observation.
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Uncertainty principle:

Heisenberg'suncertainty principle statesthat product of the uncertainty in determining the position and mo-

h
mentum of the particleis approximately equal to anumber of the other 7 , where 71 = o h being Planck’s

congtant, i.e.

ApAQ=h (D)
where Ap istheuncertainty in determining themomentumand Aq istheuncertainty in determining the position
of theparticle. According to abovereation thesmaller isthevalue of Aq, i.e. more, exactly wecan determine

the pogition, thelarger isthevalueof Ap, i.e. lessexcatly we can determine the momentumand vice-versa.
Therelation showsthat it isimpossble to determine simultaneoudy both the position and momentumof the
particle accurately. Clearly thisrelation isfundamenta sinceit setsalimit to the accurate and simultaneous
measurements of position and momentum.

Therelationisuniversal and holdsfor al the canonically conjugate physical quantitieslike position and
momentum, eneryg and time, angular momentum and angle, etc. whose product has dimensions of action
(joule-s=c). Thus, if AE isthe uncertainty in determining the energy of thesyssemand At istheuncertainty in
determining thetimeto which thisdetermination refers, thenwe must have

AEAt =Hh ..(2)
Smilarly AJAO =h .. (3)
where AJ istheuncertainty indetermining theangular momentumand A isthe uncertainty indetermining the
angle. Theexact statement of uncertainty principleis

Theproduct of the uncertaintiesin determining the position and momentum of theparticle

1
can never besmaller than thenumber of order Eh'

So, theequation (1) takestheform

1
ApAG= 7 (4
Similarly equation (2) and (3) taketheform
AEAtZ%h (5
And AJA@Z%h ... (6)

Dual Nature of Light and matter :

It iswell known that light exhibitsthe phenomenaof interference, diffraction, polarisation, photoelectric effect,
Compton effect and discrete emission and absorption of radiation. The phenomenaof interference, diffraction
and polarisation canonly be explained onthe basis of wave theory of light. These phenomenashow thet light
possesseswave nature, onthe other hand the phenomenaof photod ectric effect, Compton effect and dscrete
emission and absorption of radiation can only be explained on the basis of quantum theory of light, according
to thewhichlight ispropagated in small packets or bundlesof energy 7w or hv - These packetesare called
photons or quanta and behave like corpuscles. Thusthese latter phenomenaindicate that light possesses
corpuscular (or particle) nature. Thuswe can say that light possesses dual nature. In some experimentsit
behaves aswaveswhilein other experimentsit behavesas particles.

IN 1923-24, de-Broglie proposed that the ideaof dual nature (i.e. wave-particle duality) should be
extended to all micro-particles, associating both waveand corpuscular characteristicswith every paticle. The
experiments such asthe those in whiche/m of the materia particles (electron, ¢ -particle etc) ismeasured,
indicatethat thematter (i.e. material particles) possessesparticle nature.
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Matter wave:
Upto 1923 themeatter was considered to be completely corpuscular innature: but inthat year Louisde-Broglie
proposed that amaterial particle such asan electron, proton etc. might have adual nature, just asligh does.
According to de-Broglieamoving particle, whatever itsnature, haswave properties associated withit. de-
Broglie proposed that the wavelength ; associated with any moving particle of momentump (massmand
velocity v) isgiven by
h h
A= o v (D)
where, hisPlanck’scongtant.
Thewave assocaited with material particlesare called the matter wavesor de-Broglie waves.
Ontheanaogy of radiation the expresson for thewavelenght ,; canbe easily derived.

hc h
The momentum of the photon P = Py
h
or, A=— .. (6
n ©)
Similarly, thewavelength of the waves associated with materia particleis given by
PN
p mv

The expressonfor the wavelength of the matter waves, asde-Broglie did, can aso bederived usingthe general
equation of astanding wave systemand the principles of relativity.

Other expressions for de-Broglie wavelength:
Thede-Broglie wavelength associated with ameateria particle of massmand velocity v.

PN
p mv
|F E, isthekinetic energy of the materia particle, thenin non-relativistic (v <<< c) cases
p=1/(2mE,)
Therefore, de-Broglie wavelength of particle of K.E. = E, _isgiven by
B h
~J(2mE,)

If acharged particle carrying charge q is assocaited through apotential difference V volts, then kinetic
energy E, =qV .

Therefore, de-Broglie wavelength for charged particle of charge g and accelerated through a
potential difference of V votlsis

__h
(2mqv)
When amateria particle like neutronisinthermal equilibriumat temperatureT, thenthey possess Maxwellian
distribution of velocities and so the kinetic energy of most of material isgiven by
E, =KkT

where k isBoltzmann’s constant (k =1.38x10* joule/K )
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Therefore, thede-Broglie wavelength of amaterial particleat temperatureT is
h h

J(2mE) J(2mkT)

Photoelctric Effect:

During hisexperimentson e.m. wavesin 1887, Hertz noticed that sparks occurred morerapidly in theair
gap of the transmitter when an ultraviolet light isdirected at one of the metal ballsused in that experiment.
Phillip Lenard, astudent of Hertz studied the phenomena. He soon discovered that when the frequency of
light issufficiently high, electrons are emitted fromthe metal surface.

The phenomenain which electrons are emitted from the metal surface(e.g. Na, K, Csetc.) when irradated
with light (photon) is called “ Photo-electric effect”. The metals which exhibitsthis phenomena arecalled
“Photo-sengitive materials’ and the emitted electronsare called “ Photo-electrons’. The existence of photo
electric effect isnot surprising. Light waves carry energy and some of the energy absorbed by the metal
gets concentrated on a particular electron and reappear astheir kinetic energy.

Lenard’s Experiment :

Lenard’s experimental arrangement is as shown in figure above. Two plane metal plates C and D are
mounted in an evacuated tube. Plate G is coated with photosensitive metal and maintained at a negative
whereasA another metal plate and kept at zero potential. The beam of negative ions emitted from C can
passthroughaholeinA. UV-radiation isincident on C through the quartz window W fitted to the side
tube G and negativeionsare emitted. These are attracted to A and apart of it passing through theholein
Aiscollated at D. Theresulting electric current can be detected by an electrometer E.

B
=i |

Figure: Experimental setup of Lenard’s experiment on photoel ectric effect
If V be the potential difference between C and A, then the K.E. of the emitted negative ionsis,

E, ey
2

where, misthe mass of theionand v isitsvelocity.

Further, if apositive potential isapplied to C, the electric current isfound to decrease with theincrease of
positive potential. Ultimately astage comeswhen in aparticular p.d. (V) the current becomes zero.
Then, thisV _is called stopping potential. Electrons of all velocities up to the maximumv_ are stopped
fromreaching A. Then

1 2

Ek, max — Emvmax = eVs




(6)
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Some experimental observations:

T
l,
T |
o — 1
@) |- Vs O V>
Figure: Variation of photo current Figure: Variation of photo current
(i) with the intensity of radiation (1) (i) with Potential difference (V)
I V>V, > Y,
— T
Ek, max
VS
V. v,
Vo, Vg Ve V. — Vou Vo, Vo ¥V >
Figure: Plot of photocurrent (i) against Potential _ _ .
difference V showing the variation of stopping Figure: Plotof E,,,, against v.

potentia (V) with frequency (V) of radiation.
() Thereisacertain minimum frequency v, of incident radiation below which there is no emission of

photo-electrons regardless of the intensity of the incident radiation. This frequency is known as
threshold frequency which depends on the material and the nature of the emitting surface.

(i) Themaximum velocity or kinetic energy of the emitted photoelectrons depends on the frequency of
theincident light, not onit’sintensity i.e. bluelight resultsinfaster electronsthanred light. Thekinetic
energy of the gected electron increases linearly with incident frequency.

(iii) The emission of photo-electronsis instantaneousi.e. no time interval between arrival of light at the
metal surface and emission of photo-electrons, no matter how feeble theincident light is.

(iv) At afixed frequency, the number of glected electronsincreaseswith theintensity of thelight  but
does not depend on itsfrequency.

Failuresof Classical E.M. theory:

(i) According to wavetheory, photo-electric emission should occur for any frequency of light, no concept
of threshold frequency.

(i) According to wavetheory; theenergy of the inecident ight is distributed over the entirewave front.
So, electronswill take sometimeto gect from the surfacei.e. no concept of instantaneous emission.

(iii) The electric field and magnetic field of theincident light wave exert forcesto liberate electronsfrom
the metal surface. So, the light of higher intensity consists of stronger fields and should give higher
velocity to the photoelectrons.

Einstein’shypothesis:

(i) The emission and absorption of radiation takes place in descrete quantaof energy ¢ =hv .

(i1) Energy inlight isnot spread out over the entire wavefront but is concentrated in small packets known
as‘ photons’. The incident photon onthe metal surface cantransfer the whole energy to one electron
without any timelag.

(iif) A certain minimum energy called thework function W, isrequired to release an electron fromthe
metal surface.
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Soin.

Soin.

Photo-electric equation:

When aradiation of frequency v isincident on the metal surfacein vaccum, it can be either bereflected
from the metal surface or it can be completely absorbed by an electron. Inthe second case, the electron
can be knocked out of the surface. The emission of electron from the metal surface ispossible only if

hv >W, . Theremaining energy (hv —WO) canbe utilized to impart kinetic energy of the emitted electrons.

© ©6 6
CACESIES)

Figure: Mechanism of Photoel ectric effect.

So, themaximum kinetic energy of theemitted electronsis

1

where‘m’ istherest mass of theelectron, v, isthe maximumvelocity of the emitted electrons and v, isthe

7 T max

threshold frequency. Thisisthe well-known Einstein’s photo-electric equation.

Explaination of Photoelectric effect:

(i) If v <v,, the maximum Kinetic energy of the emitted photo-elctron is negative. Thismeansthat no
electrons could be emiited if the frequency of theincident photon v islessthan thethreshold frequency
Vo

(ii) Above the threshold frequency, the maximum kinetic energy of the emitted photoelectrons varies
linearly with v , it does not depend on the intensity of the incident radiation.

(iif) Anincrease in the frequency of the incident radiation for afixed frequency v , isequivalent to the
increase in the number of photon and not energy.

(iv) Above the threshold frequency, the incident photon is absorbed at an instant by the electronand is
emitted instantaneously.

SOLVED PROBLEMS

Electron areaccelerated through 344 voltsand are reflected from acrystal thefirst reflection maximum occur
when glancing angle 60°C.\Determine the spacing of thecrystal.:

nA=2dsin®
-34
__h 6.6x10 —6.6x101
V2meV  /2x9.1x10% x1.6x107%° x 344
nl=2dsné@

1x 6.6x10_11:2><dx§ = d=05A
A beam of mono energestic neutronscorresponding 207°C falsonacrystal. First order reflectionisobserved
at aglancy angle 30°. What isinterplanar space.

__h 6.6x10 %
V2mKT  \/2x1.6x102" x1.38x10° 2 x 48

=1.4A

2dsin30=1 :>2d><%:1.4A = d=14A
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Soin.

Soin.

Soin.

Soin.

Soin.

Calculate thewavelength of therma neutronat 27°C
6.6x10°*

A= =1.7A

J2x1.6x10% x1.38x10 2 x 300
Show that thede-Brogliewavelength ), associated with moving electronisthe 4 = 13'%8.

\%

wo__h 6.6x10™ _12284

J2mxedv  2x9.1x10%x1.6x102 v Vv
Heisenber g uncertainty Principle:
AXApX_E; AXADXZL;AEAIZE;AEAIZL;AJA¢ZE;AJA¢ZL

2 4 2 A 2 4r

AJ istheuncertainty angular movement A¢ istheuncertainty inthecorresponding angle.
An adectron hasaspeed of 50 crmy/sec withan accuracy of 0.005%. Calculate the uncertainty withwhichwe
canlocate the position of electron.

Since, weknow that, Ax Ap, :L — Axxm\,zl
4 4

6.6x10°*

= AX= =
drmv 4x3.14x9.1x10~* x50x 0.005

= 2.3x10°m ( h= 6.6><10‘34)

Theaveragetimethat an atomretains before re-emiting in theform of electromagnetic radiationis10-® second.
Cdculatethelimit of accuracy of excitation energy.

AE At=1
4
—34 27
= 6'6#0_8 =0.54x10 Joule = % Joule=3x10"°eV
4x3.14x10 1.6x10

If acomponent of aangular momentum of the electronin aH atomisknownto be 27 with 5% energy, the
angular orbitalsinthetermsof angle.

A A¢=41
T

_21x5 _10n _h _ h

Ad = = = =—
100 100 10 20z
A=
207
h ><A¢:L
207 4r
Ap=5°

Calculate the de-Brogliewavelength of an electron having akinetic energy of 1000eV. Comparetheresult with
the wavelength of x-rays having the same energy.
Thekinetic energy,

2

T=" 10008V =1.6x10J
2m
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Soin.

10.

Soin.

1n.

Soin.

6.626x10* js
[2><(9.11><10‘31kg)><(1.6><10‘16J )”2}

A{:D:
p

=0.39x10"°m=0.39A

For x-rays, energy = %
B (6.626><10‘34 Js)><(3><108 m/ s)

= =12.42x10"°m=12.42A
1.6x107°J

wavelength of x-rays _12.42A
de-Broglie wavelength of electron  0.39A

What isthe de-Broglie wavelength of an electron that hasbeen accelerated through apotential difference of
100V ? [TIFR 2014]

(& 0.123nm (b) 0.123A (c) 1.23x10* cm  (d) noneof the above

The energy gained by the electron= 100 eV. Then,

=31.85

2

P _100ev = (100eV)(1.6x107 J/ev)
2m

p=[2(9.1x10™kg)(16x10 )" = 5306 x10 kg ms™*
h

A=—=200eV =32x10"J - 1.23x10°m=1.13A=0.123nm

p
Correct answer is(a)

Determinethe de-Broglie wavelength of an electron that has been accelerated through apotential difference of
200 V.

The energy gained by the electron=200eV. Then,

2

P 200ev =32x10773
2m

p=[2(9.1x10%g)(32x10 )] =7.632x10* kgms*

_h_ 6626x10%Js

ERET ST ——— 0.868x10°m=0.868A
. X

Estimate the velocity of neutrons needed for the study of neutron diffraction of crystal structuresif theinter-
aomic spacinginthe crystal isof theorder of 2A. Also estimate thekinetic energy of the neutrons correspond-
ing to thisvelocity. Mass of neutron = 1.6749x10 kg.
de-Brogliewavelength
A=2x10"m
h h

— A=— 0OF V=—r
mv

6.626x10™* Js

— ~ ; )
= V= (16749X10_27 kg)(2><10‘1°m/ S) =1.978x10° ms
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12.

Soin.

13.

Soin.

14.

Soin.

15.

Soin.

Kineticenergy, T :%m\/2 :%(1.6749><10"27 kg)(1.978x10° rns:l)2

=3.2765x10%J = 20.478x107 eV

What is theratio of thekinetic energy of an electronto that of aprotonif their de-Broglie wavdength are
equal?

m, = mass of electron, m, =mass of proton
v, = Vvelocity of electron, v, = Velocity of proton.
h h
A= = or myv, =myv,
mv, mVv,
Lo
m(lmvzj—mz(lmzvz] = £ —=
o 1| o 2
2 2 5 myv: M

kinetic energy of electron _ m, 1836

Kinetic energy of proton m

An electron has aspeed of 500 nvVswith anaccuracy of 0.004%. Calculatethe certainty with whichwecan
locatethe position of the electron.
Momentump = mv = (9.11x10-3%kg) x (500 n/s)

Ap

—F x100=0.004
p
0.004(9.11x10*kg )(500m/ s
Ap = ( g)( ) =182.2x10*kgms™
100
34
h 6.626x10*Js o

X2 —=
Ap 182.2x10*kgms™
The position of electron cannot bemeasured to accuracy lessthan 0.036m.

Theaveragelifetime of an excited atomic stateis 10-%s. | f the spectral line associated with the decay of this
stateis6000A, estimate thewidth of theline.

At=10"s, 1 =6000%10"9m5E6x107m

E=TC or aE=DCA1 L aEAt=TCazat=2
A A 2

he h

22 A

A= A2 36x10
4rcAt  Ar (3>< 10° m/ s) x (10-9 s)

Anéectroninthe n= 2 sate hydrogen remainsthere onthe average of about 102 s, before makinatransition
ton=1gsate

(i) estimate the uncertainty intheenergy of then= 2 sate

(if) wheat fraction of the trangtion energy isthis?

(ii1) what isthewavelength and width of thislinein the spectrum of hydrogen atom?

h _6.626><10_34JS_ 13.6 eV 0.527x10%J = 3.29x10° eV
ArAt 4rx10°s B el o ’

(i) Energy of n=2 — n=1 trangtion

=9.5x10"“m

(i) AE >
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=-13.6eV (Zi—lj =10.2eV

2 12

AE 3.29x10° eV

Fraction “=" =195 av

=3.23x10°

hc (6.626x10 Js)x(3x10° m/s)

(i) A=—== =1.218x10'm=122 nm
E (10.2><1.6x10-19J)
E — ﬂ or Al — A_EX /’L
E E

AL = (3.23>< 10°° ) (1.218><10‘7 m) =3.93x10*m=3.93x10" nm

16.  Ifthepostionof a5k eV electronislocated within 2A, what isthe percentage uncertainty initsmomentum?

Soln. Ax=2x10"m; Ap_Ax;L
4r

_h _(6.626><10‘34JS)
T AnAX 47 (2x10"°m)

Ap =2.635x10°kg ms™*

p=~/2mE =(2x9.11x10*'x5000x1.6x10*° )”2 = 3.818x10 *kg ms™

—25
Percentage of uncertainty = KD x100= pAssT x100=0.69

P 3.818x10 %

17.  Theuncertainty inthevelocity of aparticleisequal toitsvelocity. if Ap.Ax = h, show that theuncertainty inits
locationisits de-Brogliewavelength.
Soln.  Given Ay =v. Then,

Ap=mAv=nv=p
AXxApz=h or AX.p=h

AX = D =1
p
18.  Thework function of bariumand tungstenare 2.5 €V and 4.2 eV, respectively. Check whether these meterial
areuseful inaphotocell, whichisto be used to detect vishblelight.

Soln. Thewavelength 4 of visiblelight isinthe range 4000-7000A. Then,
he (6.626x10™ Js)(3x10°® mvs)

Energy of 40004 light = — = -3.106 eV
& g y) (4000x10‘1°m)(1.6><10‘19 J/ev)

6.626x10** x 3x 108
S _177eV
Energy of 7000A light = = 51 6x10®

Thework function of tungstenis4.2 eV, which ismorethan the energy range of visblelight. Hence bariumis
theonly material useful for the purpose.

19. Light of wavelength 2000A falls on ametallic surfac. If thework function of the surfaceis 4.2 eV, what isthe
kinetic energy of thefastest photoelectric emitted?Also calculate the stopping potentia and threshold wave-
length for themetdl.
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Soin.

20.

Soin.

Theenergy of the radiation having wavelength 2000A isobtained as

he  (6.626x10°* Js)(3x10° mis) Y
o (2000x10%°m)(1.6x10™ J /eV) moeee

Work function=4.2 eV
KE of fastest electron=6.212—-4.2=2.012 eV
Stopping potential =2.012V

hc
work function
B (6.626><10‘34Js)(3><108 m/s)
o (475x10°m)(1.6x107 J/eV )

Stopping potential =2.62—2.14=0.48V
An electron accelerated through apotentia difference of ¢ voltsimpingeson anicke surface, whose (100)

Threshold wavelength 4, =

=2.62¢eV

planes have a spacing d =351.5x10?m(351.5 pm). The de-Broglie wavelength of the electron is

12
A a
——=| — | .Thevaueof‘d involtsis [GATE 2008]
pm ¢
(a) 1.5x107" (b) 1.5x10° (©) 6.63x10° (d) 2.5x10'
2 a 12
SN @
pm ¢
A2 _a
(pm)° ¢
2
a=g
o (pm)’
Fromequation (1),

6.6x10°* (a)”

= J2x9.1x10%x1.6x10 ®p(pm) (9)”
6.6x10™ _ (a)yz *+ 351.5x10*m= 3515 pm
= 429.12x10% ( pm) 1pm=1x10"m
(66X10_34)(66X10_34) 43 56)(10_68
=a : _
= 29.12x10™ x( pm)* = 291210 x10 2x10 2 *
a=15x10°

Correct optionis(b)




21. If Ay and AP, aretheuncertaintiesinthe y-coordinate and they component of the momentumof aparticle

Basic Principle of Quantum Chemistry

h . ,
respectively, then, according to uncertainty principle AyAP, is (71 = 2—nmd his Planck's constant j
@ =h (b) >h/2 (©) >h (d>7/2  [GATE2012]
Soln.  Since, weknow that,
/]
Uncertainity principle, Ay Ap, > >
Correct optionis(d)
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Concept of Wavefunction

Quantum mechanics acknowledgesthe wave-particle duality of matter and the existence of quantizationby
supposing that, rather thantravelling ong adefinite path, aparticleis distributed through spacelike awave.
The mathematical representation of the wave that in quantum mechanics replacesthe classical concept of

trgectory is called awavefunction, (y/) (psi). The Schrodinger equationisasecond-order differential equa
tion used to calculate the wavefunction of asystem.

The Schrodinger equation:
For one-dimensiona systems.
n* dy
-————+V(X)y =E
e T (X =By
where V(X) isthe potentia energy of the particleand E isitstota energy. For three-dimensiond systems.

—h—sz/ +Vy = By

2m
where V may depend on position and 2 (del square) is
2 2 2
v 0l 0 0

=—t+t—+
ox: oy oz
Inthegenera casethe Schrodinger equationiswritten

ﬁw =Ey
where H isthe hamiltonian operator for the system:
~ 2
-ty +V
2m
For theevolution of asystemwith time, it isnecessary to solve the time-dependent Schrodinger equetion:
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A centra principle of quantum mechanicsisthat the wavefunction containsal the dynamical informetion about
thesystemit describes. Herewe concentrate onthe informetion it carriesabout the location of theparticle.

Theinterpretation of thewavefunction intermsof the location of the particle is based on asuggegion
made by Max Born. He made use of an analogy with the wave theory of light, in which the square of the
amplitude of an electromagneticwave inaregionisinterpreted asitsintensity and therefore (in quantumterms)
as ameasure of the probability of finding a photon present in the region. The Born interpretation of the
wavefunction focuses on the square of thewavefunction.

If the wavefunction of aparticle hasthevalue y ( x) a some point x, thenthe probability of finding the
particle betweenx and (x + dx) isproportional to |y/X |2 dx.
Thus, |y/X |2 isthe probability densty, and to obtain the probability it must be multiplied by the length of

theinfinitesimal region dx. Thewavefunction y ( X) itself iscalled theprobability amplitude,

For aparticle free to move in three dimensions (for example, an electron near anucleusin an atom), the
wavefunction dependsonthe point ‘1’ with coordinatesx, y and z, and theinterpretation of () isasfollows.
If thewavefunction of aparticlehasthevaue v a somepoint ‘r’, thenthe probability of finding the particlein

aninfinitesimal volume dz = dxdydz at that point isproportiona to |l//|2 dr.




The square of awavefunctionisaprobability dengity, and (in three dimensions) hasthe dimensionsof
Vlength?. It becomesa (unitless) probability when multiplied by avolume. In general, we haveto take the
account the variation of the amplitude of the wavefunction over the volume of interest, but hereweare suppos-
ing that thevolumeis so small that thevariation of w intheregion canbeignored.

Mathematical feature of the Schrodinger equationisthat, if v isasolution, thensois Ny , whereN
isany congtant. Thisfreedomto vary the wavefunction by aconstant factor meansthat it isalwayspossibleto
find anormalization constant, N, such that the proportionality of the Born interpretation becomesan equality.

Wefind thenormalization constant by noting that, for anormalized wavefunction Ny the probability
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that aparticleisintheregion dx isequal to ( Ny ) ( Ny ) dx (wearetaking N to bereal). Furthermore, thesum
over dl spaceof theseindividua probabilitiesmust be 1.
Theintegrationisover dl the pace accessbleto theparticle. For systemswith spherical symmetry it isbest to
work inspherica polar coordinatesr, and ¢ .

X=rsin@cos¢g, y=rsin@sing, z=r cosd
r, theradius, rangesfrom0to «
0, thecolatitude, rangesfromOto =

¢ , theazimuth, rangesfromOto 2z
Standard manipulationthenyield.
dr =r?sinfdrdode¢

Interpretation of the v functions:

The eigenfunction v isby natureasort of amplitude function. Inthe case of alight wave, theintensity
of thelight or energy of the electromagnetic field at any point is proportional to the square of the amplitude of
thewaveat that point. Fromthe point of view of the photon picture, the moreintensethelight at any place, the
more photonsarefdling onthat place. Thisfact can be expressed inanother way by saying that thegreater is
the probability of aphoton being within that region.

Itisthisinterpretation that ismost ussful when applied to the eigenfunctions of Schrodinger’seguation.

They aretherefore sometimes called probability amplitude functions. If v (x) isasolution of thewave
equation for an electron, then the probahility of finding the electron withinthe range fromxto x + dxisgiven

by|t//|2 dx.
The physical interpretation of the eigenfunction asaprobability amplitude functionisreflected incertain

mathematical conditionsthat it mast obey. Tt istequiredthat i (X) besingle-valued, finite, and continuous for

al physicdly possible values of x must have one and only onevalue. It cannot beinfinite at any point, for then
the dectronwould befixed at exactly that point, which would beinconsistent with thewave properties. The
requirement of continuity ishelpful inthe selection of physically reasonable solutionsfor thewave equation.

Sincethefunction v may be acomplex quantity, the probability iswritten more generaly asy* v
where y* isthecomplex conjugateof v . Thus e.g., if y =e™, y* =¢".

Theprobabiligics nature of quantummechanicsdisturbed many physicigts, induding Einstein, Schrodnger,
and de-Broglie, (Einsteinwrotein 1926: “Quantum mechanics saysalot, but doesnot really bring usany closer
to the secret of the Old One. I, at any rate, am convinced that hedoesnot throw dice.” When someore pointed
out to Eingteinthat Einstein himsdlf had introduced probability into quantumtheory when heinterpreted alight
wave sintensity in each small region of space as being proportional to the probability of finding aphotonin that
region, Einsteinreplied, “ A good joke should not repested too often”. These scientistsbelieved thet quantum
mechanics does not furnish acomplete description of physical reality. However, attemptsto replacequantum
mechanics by an underlying deterministics theory havefailed. There appearsto be afundamenta randomness
in nature at the microscopic level.




