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WaveWaveWaveWave



生物

化學

物理
空間尺度越來越小

物理

物質 力
目的：反推回去
瞭解生物現象物質 力

表面上是粒子， 表面上是粒子。

瞭解生物現象

波 能量描述

表面上是粒子，
實際上是波動。

表面上是粒子。

波 能量描述



物質

把物質切到最小，我們知道：

它表面上是粒子，實際上是波動。



LectureLecture 

Quantum Chemistry (I)



表面上是粒子



Subatomic Particles: 表面上是粒子

• Electrons were the first subatomic
Electrons, Protons, and Neutrons

Electrons were the first subatomic 
particles to be discovered using the 
cathode ra t becathode ray tube.

Indicated that the 
particles were 
negatively charged.



Radioactive Emissions
表面上是粒子

Radioactive Emissions

The direction taken by the radioactive emissions
i di t th f 3 t f i iindicates the presence of 3 types of emissions



Rutherford’s Gold Foil Experiment
表面上是粒子

Rutherford s Gold Foil Experiment

• Most of the atom is empty spacep y p
• The majority of the mass is located in a 

small dense regionsmall, dense region



表面上是粒子



表面上是粒子



Electron Arrangement byElectron Arrangement by 
Energy Level表面上是粒子 Energy Level

的組合



Symbolic Representation of 

Ch f

an Element
表面上是粒子

Mass
b

Charge of 
particle的組合

number

CA X
Atomic 
number Symbol of 

the atom

Z X
number the atom

• Atomic number (Z) - the number of 
i hprotons in the atom

• Mass number (A) - sum of the number of ( )
protons and neutrons



表面上是粒子的組合



表面上是粒子的組合

• Dalton’s Atomic Theory the first

表面上是粒子的組合

• Dalton’s Atomic Theory - the first 
experimentally based theory of atomic 
structure of the atomstructure of the atom



Important Biological Elementsp g

表面上是粒子的組合



如何描述粒子？

描述其動能及位能描述其動能及位能



光也是粒子





Th i i t f h d l d tThe emission spectrum of hydrogen lead to 
the modern understanding of the 
electronic structure of the atom



重要區分

光的頻率 vs 光的亮度

光的頻率 = 單一光子的能量
光的亮度 所有光子的數量光的亮度 = 所有光子的數量



Electromagnetic Spectrum
high energy

short wavelength
low energy

long wavelength



E = hνO h t 光是光子E = hνOne photon

h l k’

光是光子。

h: plank’s constant



把物質切到最小，我們知道：

它表面上是粒子 實際上是?它表面上是粒子，實際上是?
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波的特性波的特性



波波
有建設性干涉及破壞性干涉



波波
可以共振可以共振



波波
可以相加減可以相加減



特定條件下，
波

形成駐波形成駐波





波波
有波動方程式有波動方程式

描述波如何波動。描述波如何波動
To describe how wave is waving.



Wave equationWave equation
• Wind wave• Wind wave
• Airy wave theory
• Wave equation

A ti ti• Acoustic wave equation
• Vibrations of a circular drum
• Standing wave

El t ti ti• Electromagnetic wave equation
• Schrödinger equationg q



光子(Photon)也是波



Tiny Particle Wave equationTiny Particle Wave equation
• Wind wave• Wind wave
• Airy wave theory
• Wave equation

A ti ti• Acoustic wave equation
• Vibrations of a circular drum
• Standing wave

El t ti ti• Electromagnetic wave equation

• Schrödinger equation• Schrödinger equation



Schröedinger equationg q



The wave nature of the electrons
電子是波。

E＝ hν＝mc2

λ＝c /ν＝ h / mc = h / pλ＝c /ν＝ h / mc = h / p
(de Broglie relation)

p: momentump: momentum
p＝mv
m: mass
v: velocityv: velocity



Davisson and GermerDavisson and Germer

電子是波。

λ h /λ＝ h / p



Schröedinger equationg q

Total energy

ψψψ EVd
=+− 2

22h
Total energy

ψψ EV
dxm

+22
Potential energy

Jsh 3410054.1 −×==h

Kinetic energy Potential energy

2π

Chapter 13, Physical Chemistry for the Life Sciences (Engel, Drobny and Reid)p , y y ( g , y )



Quantum Chemistry 的七個法則Q y

用來形成 Schröedinger equation

(也就是可用來描述電子的波動方程式)



Quantum Mechanics 的七個法則Quantum Mechanics 的七個法則

42









物理

物質 力
表面上是粒子，
實際上是波動。

表面上是粒子。

波 能量描述 ‧受到作用力

‧位能‧位能



h di iSchröedinger equation 
for hydrogen atomfor hydrogen atom

E

ψψψ EVd
=+− 2

22h ψψψ EV
dxm

+22

Chapter 13, Physical Chemistry for the Life Sciences (Engel, Drobny and Reid)



Solution of Schröedinger equationSolution of Schröedinger equation 
for hydrogen atomy g

• n, l, mll 

n = 1, 2, 3, …
l 0 1 2 3 1l = 0, 1, 2, 3, …, n-1
ml = 0, ±1, ±2, ±3, …, ±l, , , , ,

• En

• Ψn,l,ml



Th h f t i bit lThe shapes of atomic orbitals

1s1s

ψ2: electron densityψ2: electron density



1s



2s



2p



3d3d



n = 1, 2(1)2 = 2, ( )

n = 2, 2(2)2 = 8
3 2(3)2 18n = 3, 2(3)2 = 18

n = 4, 2(4)2 = 32



Orbital Energy-level DiagramOrbital Energy level Diagram



Different Systems

(Chapter 14 ~ Chapter 18)

‧不同的系統，

有不同的 Schröedinger equation 的解



Schröedinger equation 的解，
是 Orthogonal。

∫
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The Free Particle

Chapter 14.1, Physical Chemistry for the Life Sciences (Engel, Drobny and Reid)



The Heisenberg UncertaintyThe Heisenberg Uncertainty 
PrinciplePrinciple

2
h

≥ΔΔ xp
2



A ball in a box – what happened?

Potential of wall
∞=V

Potential of wall 



Th P ti l i O Di i l BThe Particle in a One-Dimensional Box









Two Dimensional BoxTwo-Dimensional Box



Three-Dimensional Box
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The Particle in the Finite Depth Boxp

Potential of wall 

VV = 0VV =



The Particle in the Finite Depth Boxp



Tunneling



TunnelingTunneling





Scanning Tunneling 
Microscopy (STM)Microscopy (STM)



Scanning Tunneling 
Microscopypy









Quantum dotsQuantum dots



Harmonic Oscillator
接 Chapter 18, Physical Chemistry for the Life Sciences (Engel, Drobny and Reid)

Harmonic Oscillator





Rotational Energy Levelsgy



CO2CO2



H2O















End of LectureEnd of Lecture
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