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4.1 PRELIMINARIES: WAVE MOTION AND
LIGHT

- amplitude of the wave: the height or the displacement
- wavelength, A : the distance between two successive crests
- frequency, v : units of waves (or cycles) per second (s)

— N —>

TABLE 4.1

Kinds of Waves Distance
—_——

7\

]
Wave Oscillating Quantity /\ /\ [\ /\
Water Height of water surface \/ U U \/ U

Sound Density of air Distance _
Light Electric and magnetic P |
fields /\
Chemical Concentrations of
chemical species \/ \/ U \/ U

T1me
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Electromagnetic Radiation

- A beam of light consists of oscillating electric and magnetic fields
oriented perpendicular to one another and to the direction in which
the light is propagating.

- Amplitude of the electric field

E(x,t) = E ., COS[2n(X/A - vt)]

- The speed, c, of light passing through a vacuum,
c = Av = 2.99792458 x 108 ms™

Is a universal constant; the same for all types of radiation.
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reflected by mirrors refracted by a prism
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> Interference of waves

- When two light waves pass through the same region of space, they
interfere to create a new wave called the superposition of the two.

(a) Constructive interference (b) Destructive interference
Trough

N\
AR =V k-

Waves in phase Increased intensity Peak

(peaks on one wave (bright area) Waves out of phase Decreased intensity
match peaks on the (troughs and peaks (dark spot)

other wave) coincide)
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4.2 EVIDENCE FOR ENERGY QUANTIZATION
IN ATOMS

» Blackbody radiation

- Every objects emits energy from its surface in the form of thermal
radiation. This energy is carried by electromagnetic waves.

- The distribution of the wavelength depends on the temperature.

- The maximum in the radiation intensity
distribution moves to higher frequency
(shorter wavelength) as T increases.

- The radiation intensity falls to zero
at extremely high frequencies for
objects heated to any temperature.
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» Ultraviolet catastrophe

8rk ;Tv?
C3
pr(v): intensity at v, kg: Boltzmann constant, T: temperature (K)

- From classical theory, | p,(v) =

- Predicting an infinite intensity at very short wavelengths

< The experimental results fall to zero at short wavelengths

Frequency, v (10'2 Hz)
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» Plank’s quantum hypothesis

- The oscillator must gain and lose energy in quanta of magnitude
hv, and that the total energy can take only discrete values:

8OSC - nhV n = 1, 2, 3, 4, e

Plank’s constant h = 6.62606896(3) x 1034 J s

o . 8mhv3 1
- Radiation intensity pT(V) — R oy
When hv/kzT < 1 (or T — o0),
8mhv? 1 8k Tv? )
— = i = the classical result
,DT(V) 6'3 [1+:_1;]_1 C3 I u
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» Physical meaning of Plank’s explanation

1. The energy of a system can take only discrete values.

A
Quantized
. e = 3y
o
2 e =2hv
= e =hv
e=10

2. A quantized oscillator can gain or lose energy only in discrete
amounts AE = hv.

3. To emit energy from higher energy states, T must be sufficiently high.

KAIST
General Chemistry | CHEMISTRY "



Light from an electrical discharge




150
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> Balmer series for hydrogen atoms

v= [ - 2|x329x10s! n=3456""
4 n

n=6 n=5 n=3
4000 5000 6000 7000

4000 5000 6000 7000
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» Bohr’s explanation
The frequency of the light absorbed is connected to the energy of
the initial and final states by the expression

E_—Ei
vz—% or AE =hv

E NN B
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4.3 THE BOHR MODEL: PREDICTING
DISCRETE ENERGY LEVELS IN ATOMS

- Starting from Rutherford’s planetary model of the atom

- the assumption that an electron of mass m_, moves in a circular

orbit of radius r about a fixed nucleus

Classical theory states
are not stable.

General Chemistry |
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- The total energy of the hydrogen atom: kinetic + potential

Ze?
E = %mev2 -
4reyr
72 /2 - Coulomb force = centrifugal force
m.—
2 e
4rgyr r 72 V2
( ) - me_
l 41e,r? r

- Bohr’s postulation: angular momentum of the electron is quantized.

_ __h
L—mevr—n27t n=1,2,3, ...
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80n2h2 _ nza
nZe’m, Z°

- Radius r,, =

2
a, (Bohr radius) = n':’2hm =0.529 A

e

Velocity v = nh  Ze?
VOV T ormor, T 2e.2nh
-Z2e*m 72 7
-EnergyE,= ————= =-R=
3 C7 AN
n=1,2,3, ... o \.;
R (Rydb _ oM 2.18x10718 J [
(Rydbergs) = ge2h? = X |
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» lonization energy: the minimum energy required to remove an
electron from an atom

In the Bohr model, the n = 1 state — the n = « state
AE=Eq,,—E =0-(-2.18x1018 J) =2.18x10-18 J

initial

IE = N, x2.18x10'8 J = 1310 kd mol’

EXAMPLE 4.3

Consider the n = 2 state of Li2*. Using the Bohr model, calculate r, V,
and E of the ion relative to that of the nucleus and electron separated
by an infinite distance.

n2. 4 _nh _ 2h 6 P
r = iao —gao = 0.705 A V= 27T'mern ZTCmern = 3.28x10°m s
_ pZ _ 59 _ _
E2— -RHZ _-RZ =-4.90x10-18 J
KAIST
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» Atomic spectra: interpretation by the Bohr model

- Light is emitted to carry off the energy hv by transition from E, to E..

-Z%e*m, (1 1
o Tl

8e,2h2 ((nf n

- Lines in the emission spectrum with frequencies,

_ Ze'm, (1 1 15 o-1 2{1—1J
v = 8e.2h? {n]% nin—(3.29><1O s1)Z n]% 2

n>n=1,2,3, ... (emission)

- Lines in the absorption spectrum with frequencies,

-Z%e*m,

1 1 [ 1 1}
= — - 15 -1y 72| —5 — —
A% 8802h3 [ niz Tl]%j = (329X 10" s ) V4 niZ Tl%

n>n=1,2, 3, ... (absorption)
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4.4 EVIDENCE FOR WAVE-PARTICLE DUALITY

- The particles sometimes behave as waves, and vice versa.

Intensit

» The Photoelectron Effect y
- A beam of light shining 400 nm

onto a metal surface

(photocathode) can eject

electrons (photoelectrons)

and cause an electric |

current (photocurrent) -
to flow.

¥ R

UV

el
/

il
]

ﬂ:“l Current: 0.053
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Number of electrons
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Photoelectrons from the surface.
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- Einstein’s theory predicts that the maximum kinetic energy of
photoelectrons emitted by light of frequency v

E

max

1
=2 mug =hv-o

- Workfunction of the metal, @, represents the binding energy that electrons
must overcome to escape from the metal surface after photon absorption.

V<< Yo V= V{_)

Kinetic energy =

L
2

2
myv

] Metal

Electron not
ejected

Electron
ejected

2
muv

=1
T2

Maximum kinetic energy

<

—h v{)
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Standing Wave

|
|
|
- Standing wave under a physical ,
boundary condition

NP

n==~L n=1,2,3, ...

- n =1, fundamental or first
harmonic oscillation

- node, at certain points where
the amplitude is zero.
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De Broglie Waves

- The electron with a circular standing
wave oscillating about the nucleus
of the atom.

nA.=2nr n=1,2,3, ...

, : h h
From Bohr’s assumption, MgVr = n— 2nr =n
21 m,v
1= h _ h
m,v p

EXAMPLE 4.3

Calculate the de Broglie wavelengths of an electron moving with
velocity 1.0 x 108 m s,

7.3A
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Electron Diffraction

- An electron with kinetic energy of 50 eV has a de Broglie wave length
of 1.73 A, comparable to the spacing between atomic planes.

T=eV=imw’=ol p=Zmel  A=h//Zmel =1.73 A

R 7 7 s
) s ’
’ ’ ’
)
’ E, ’
s s -

[ e ®

E B
—e @ ® ® *— —@ ® ® ® *—

(a) (b)
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- The diffraction condition is

n.=asing

- For two dimensional surface with a along the x-axis and b along
the y-axis

nA, = asin 9, nA, = b sin 6,

7\ ‘ T
General Cnemstry 1 ' <o MISTRY
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4.5 THE SCHRODINGER EQUATION

» wave function (v, psi): mapping out the amplitude of a wave in three
dimensions; it may be a function of time.

- The origins of the Schrodinger equation:

If the wave function is described as Y (x) = Asin 2%
adP(x) 2m\% . 2mx _ (2m 2
o =—A() s = (F) v

= (Zp) we) = 2=

2

h* d*px) _ p? _ <:| _ p_

S 8mtm dx? ZmIIJ(x) - Tl/)(x) T 2m
h*  d*P(x)

8mm  dx? + V(x)llj(x) — Ellj(x) & E=T+V(E)

KAIST
General Chemistry | CHEMISTRY

168



170

> Born interpretation: probability of finding the
particle in a region is proportional to the value
of y?

Y or l,bz

» probability density (P(x)): the probability that the
particle will be found in a small region divided by
the volume of the region

P(x)dx = probability

1) Probability density must be normalized.

j_-:oP(x)dx = f+oo[1/)(x)]2dx =1

— 00

2) P(x) must be continuous at each point x.
— boundary conditions

3) Y (x) must be bounded at large values of x.

==

Y(x) > 0as x - oo

KAIST
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How can we solve the Schrodinger equation?

VO Ly (x) = Ep(x)

8mt’m dx*

» The allowed energy values E and wave functions y(x)

From the boundary conditions, energy quantization arises.
Each energy value corresponds to one or more wave functions.

The wave functions describe the distribution of particles
when the system has a specific energy value.

KAIST
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4.6 QUANTUM MECHANICS OF
PARTICLE-IN-A-BOX MODELS

- The simplest model problem for which the Schrodinger equation can be

solved, and in which energy quantization appears
» Particle in a box

- Mass m confined between two rigid walls a distance L apart

- v = 0 outside the box at the walls (boundary condition)

Particle-in-a-box

»

A

0 0<x<L _
.V(X) — J . V — O
1_-:30 otherwise
Find solutions of the form inside the box (V' = 0): @ m
0 » [
Yx)=0forx <0andx =1L
KAIST
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- Inside the box, where V =0,

h?  d*P(x)

d*y(x) _ 8m*mE
8m’m  dx?* o

dx? h?

= E(x) P(x)

- From the boundary conditions, ¥(x) = 0atx =0and x = L.
Y(x) =Asinkx; Y(L) =AsinkL =0

kL=ntr n=1,223,...

) y(x) = Asin ("Lﬂ) n=123, .. /\

0 L

KAIST
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- For the normalization,

AzfoL sin* (nnx) dx = A2 (5) =1 A= |2

L 2

P,(x) = \E sin (?) n=1,23, ..

- The second derivative of the wave function:

d? 2 8m*mE
= (1) oo = - e
E.=2% n=123,..
8mlL

Energy of the particle is quantized !

KAIST
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Y, (x) has n -1 nodes, and # of nodes increases with the energy.

A n=3 & 3

0 N A L 0 7
>
=19]
=
= ) /\ ,
%) 0 \/ I 43 0 I
_— /—\ 2 /\
Y1 1o % Ll 1o X L
V=0 '
0 X Js
(a) Energy levels (b) Wave functions (C) Probabilities
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Pd,, linear chain Pd,, linear chain probability

2D probability density density line scan Particle-in-a-box model 175
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Ui /V\ Wi
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