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Reference Books

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

* Biophysical Chemistry
(James P. Allen)
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Quantum Chemistry (I)
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Subatomic Particles:
Electrons, Protons, and Neutrons

» Electrons were the first subatomic o
particles to be discovered using the
cathode ray tube.

— High +
voltage |

== =

——— = = -
-
=

Positive
plate

Indicated that the
particles were
negatively charged. Air pumped out
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The direction taken by the radioactive emissions
indicates the presence of 3 types of emissions



Zm b AR
Piwithorfard’c (IA1A Er\;] Evv\av;monf
ANUULIIVI1I 1IUIU D UVl 1 V11 J._JAP\JL 1111110

- Beam of Detection
Lead 4 alpha screen
shield ~—_ particles Deflected
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(alpha emitter) alpha particle

* Most of the atom 1s empty space
* The majority of the mass is located in a
small, dense region



neutron electron

carbon atom

atomic number =6

Figure 2-2 Essential Cell Biology, 2/e. (® 2004 Garland Science)

hydrogen atom
atomic number = 1



TABLE 2.1

Electron (e)
Proton (p)
Neutron (n)
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Selected Properties of the Three Basic Subatomic Particles

-1 54 X 10
+1 1.00
0 1.00

9.1095 x 1028
1.6725 X 10-*
1.6750 X 10-2*
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3
n=1 n=2 n=1 n=12 n=1 n=32
Lithium: Three-electron atom, Bervllium: Four-eleciron atom, Boron: Five-electron atom,
one valence electron two valence electrons three valence electrons
n=1 n=2 n=1 n=2
Nitrogen: Seven-clectron atom, Oxygen: Eight-electron atom.

five valence electrons s1% valence electrons

n=1 n=2

Carbon: Six-electron atom,

four valence electro



Symbolic Representation of

an Element
- N U
= q’::} Charge of
eI 5 particle
Mass
number
A C
, X
Atomic Symbol of
number e atom

« Atomic number (Z) - the number of
protons 1n the atom

* Mass number (A) - sum of the number of
protons and neutrons
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REPRESENTATIVE
ELEMENTS

REPRESENTATIVE [ Metals (main-group)
ELEMENTS [ Metals (transition)
— Metals (inner transition)
1A [ Metalloids
(1) [ Nonmetals
1
1 H
1.008

TRAMSITION ELEMENTS

Period

6| Lanthanides

7| Actinides

8A
(18)
2

4a | sA | 6a | 7o | He
14y | (15 | ey | (17 | 4.003

T 8 9 10

N 0 F | Ne
14001 | 16.00 | 1900 | 2018

17 | 18
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« Dalton’s Atomic Theory - the first
experimentally based theory of atomic
structure of the atom
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Atoms of element X Atoms of element Y Compound formed from
elements X and Y

(a) (b)



Important Biological Elements
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TABLE 2.3 Summary of the Most Important Elements
in Biological Systems

Hydrogen H
Carbon &
Oxygen O Components of
Nitrogen N q major biological
molecules
Phosphorus P
g Sulfur S
Potassium K Produce electrolytes
Sodium Na > responsible for fluid balance
Chlorine Cl ) and nerve transmission
Calcium Ca _
) Bones, nerve function
Magnesium Mg
Zinc Zn
Strontium Sr
ion Fe Essenti?l trace
C C ; metals in human
PPt Lt metabolism
Cobalt Co
Manganese Mn
Cadmium cd | “Heavy metals”
Mercury Hg : toxic to living
Lead Pb ) SYSiEITlS
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Wavelength/m

1 10" 10* 10* 10 10° 10° 107 10° 10° 10" 10" 10" 10™ 10™
=
3 B E | | Hesl [ 41104
kS kT
; Micro- Far © o 2| Vacuum X- _ray| Cosmic
Gadie wave infrared §§ §ultraviolet o ey rays
= 35
Molecular Molecular Electronic Core-electron  Nuclear
rotation vibration excitation excitation excitation



Hydrogen gas

Increasing wavelength

(a)
4341 nm
410.1 nm | 486.1 nm 656.3 nm
(b) H
400 450 500 550 600 650 700 750 nm
Visible .
}L(lﬁlm) ] 1 ] S 2 o G I o B D e I G i ]
400 450 500 550 600 650 700 750 nm

The emission spectrum of hydrogen lead to
the modern understanding of the
electronic structure of the atom
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Electromagnetic Spectrum

high energy

low energy
short wavelength

long wavelength

Photon energy (J)

10712 10" 10716 10-18 10"20 10"2 10°2* 102 10°28 10~ 10-% 1073
] l l | | | ] I ] | | |

Wavelength (m)

10~ 1072 10" 1078 10°% 104 1072 1 102 104 106 108
| | | | | | | | |

Gamma X-rays
rays

Microwaves Radio waves

Figure: 18-01
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One photon E=hv k& k3 o

h: plank’s constant

Photoelectron (e)
N N
Photoelectrons £ (e)
T 7 Free,
> stationary
= electron
[eh]
c
uv i Av| |@
radiation
L Metal Bound electron
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Wavelength, A

Velocity = v

v
Frequency v = -

Amplitude, A
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* Schrodinger equation



& 3+ (Photon)~» ®_4

Wavelength, A, the distance
between 2 peaks

Source
Electric field,

perpendicular
to magnetic field

Magnetic field,

perpendicular to

electric field Radiant energy
propagation
direction

Figure: 18-02
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* Wind wave

* Airy wave theory

* Wave equation

* Acoustic wave equation

* Vibrations of a circular drum
» Standing wave

* Electromagnetic wave equation

* Schrodinger equation



Schroedinger equation

L

CORBIS-Bettmann

Figure 10.4 Erwin Schrodinger (1887-1961).
Schradinger proposed an expression of quan-
tum mechanics that was different from but
equivalent to Heisenberg’s. His expression is use-
ful because it expresses the behavior of electrons
in terms of something we understand—waves.
The Schridinger equation is the central equa-
tion of quantum mechanics.



The wave nature of the electrons

S
W Bl T\F\/’EL ° Short wavelength,
E — hV — mC2 2 n/high momentum
| | |
A=c/v=h/mc=h/p N
(de Broglie relation)
PD: mome N T UU\U/UU
Long wavelength,
p —1myv Ioowgmo?nSn?[u?r:
m. Mmass
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Electron o
Diffracted
electrons
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A=h/p



Schroedinger equation

h Total energy
e

Kinetic energy

A 1054%107 Is
27

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



Quantum Chemistry fY- [ [

= # k25 Schroedinger equation

(4 AT * Ko i T F k2 4250



Table 10.2 The postulates of quantum mechanics

/N

L 'iN:J:‘ EIT
H {2~ ]

puug

Postulate I. The state of a system of particles is given by a wavefunction
W, which is a function of the coordinates of the particles and the time.
W contains all information that can be determined about the state of
the system. W must be single-valued, continuous, and bounded, and
[¥|* must be integrable. (Discussed in section 10.2)

Postulate I1. For every physical observable or variable O, there exists a
corresponding Hermitian operator O. Operators are constructed by
writing their classical expressions in terms of position and (linear) mo-
mentum, then replacing “x times” (that is, x -) for each x variable and
—ifi(d/dx) for each p, variable in the expression. Similar substitutions
must be made for y and z coordinates and momenta. (Section 10.3)

Postulate III. The only values of observables that can be obtained in a
single measurement are the eigenvalues of the eigenvalue equation con-
structed from the corresponding operator and the wavefunction W:

OV=K-¥
where K is a constant. (Section 10.3)
Postulate IV. Wavefunctions must satisfy the time-dependent
Schrodinger equation:

A = zﬁﬂ

(Section 10.14) (If it is assumed that W is separable into functions of
time and position, we find that this expression can be rewritten to get
the time-independent Schrédinger equation, HWV = EWV.) (section 10.7)

Postulate V. The average value of an observable, (O), is given by the ex-
pression
(0) = [ VOV dr

all
space

for normalized wavefunctions. (Section 10.9)

Postulate VI. The set of eigenfunctions for any quantum mechanical
operator is a complete mathematical set of functions.

Postulate VIL. If, for a given system, the wavefunction V¥ is a linear
combination of nondegenerate wavefunctions W¥,, which have eigen-
values a,;

¥ = ch‘lf,, and AV, =a V¥,

then the probability that a, will be the value of the corresponding
measurement is |c,|>. The construction of ¥ as the combination of
all possible W,’s is called the superposition principle.
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Wavefunction

___ Probability
density




Allowed

Not allowed
Discontinuous

Not allowed
Derivative
Not continuous

Not allowed
Multiple values

Not allowed
Infinite






Schroedinger equation
for hydrogen atom

E
n* d?
v
GT] d% -

Copyright ©@ The MeGraw-Hill Compal Ine. Pefmission re

TaBLE 2.1 Selected Props rties of the Three Basic Subatomic Particles

quired for reproduction or display.

Name Charge I_ dass (amu) Mass (grams)
Electron (e) 1 9.1095 X 102
Proton (p) +1 00 1.6725 X 1072
Neutron (n) 0 1.00 1.6750 x 1072

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



Solution of Schréedi‘ige
for hydrogen ato
* n, 1, m
n=1,2,3, ...
1=0,1,2,3,...,n-1
ml=0, x1, 2, 13, ..., ¥l
o En
e ¥

n,l,my



The shapes of atomic orbaitals

1

E 0.8 \\
=
= 0.5
Is = \\
—~ 0.4 \\
O
B \J
= 0.2 \
= 2\ Ml
0 W \\__
0 1 2 3

w2 electron density Radius, 774,
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REPRESENTATIVE [ Metals (main-group) REPRESENTATIVE
ELEMENTS ] Metals (transition) ELEMENTS
—_—— Metals (inner transition) , i
1A [ Metalloids 8A
(N [ ] Nonmetals (18)
] 2
ilu ln=1 2(1)2: 2 4n | SA | 6A | 7A | He
1.008 % (14) | (15) | (16) | (17) [4.003

1201 | 1401 | 16.00 | 1900 | 20.18

ON ELEMENTS .

15 16 17 18

n=— 3, 2(3)2: 18 SB . 1B | B s | a | ar

-— — 9 (o) | (1) | (12) 32.07 | 3545 | 39.95

35 A6

'-.% — Br Kr
& 79.90 | 83.80
53 | 54

1 Xe

1269 | 1313

85 | 86

At | Rn

(210 | (222)

6 | Lanthanides

7| Actinides
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Different Systems

(Chapter 14 ~ Chapter 18)

y 2 % L
e A P‘?'m/f: SU )

3 # I £ Schroedinger equation 77f%



Schroedinger equation 77f% >
#_ Orthogonal -

o 0,1 # |
Lowi Ay (dx =1~ _ (13.21)



Figure: 13-02EP
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The Free Particle

Chapter 14.1, Physical Chemistry for the Life Sciences (Engel, Drobny and Reid)
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A ball 1n a box — what happened?

Potential of wall

V =



The Particle 1n a One-Dimensional Box

y y
/ /
/ /"
V=OO V:O v=00 v v 0 v
0 L
0 X ~a
Figure: 14-01
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V=oo v=0

X—a

Figure: 14.01

V=co

Copyright © 2008 Pearson Prentice Hall, Inc.

ty(x)
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¥a(x)
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Figure: 14-02
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V=oo v=0

V=co

(]

Figure: 14-01

Xx—a
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Figure: 14-03
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Three-Dimensional Box




30 |~

————— {3.3,3), (5,1,1), (1,5,1), (1,1,5)

——————— (4,3,1), (4,1,3), (3,4,1),(3,1,4), (1,4,3), (1.3,4)
26 -

|- —— — (4,2.2), (2,4,2), (2,2,4)
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——————— (4,2,1), (4,1,2), (2,4,1), (2,1,4), (1,4,2), (1,2,4)
20—

- —— — (33,1), (3,1,3), (1,3,3)
- ——— (4,1,1), (1.4,1), (1,1.4)
- ——— (32 2) (2,3,2), (2,2,3)

15 |-
| o ey s g (3,2,1), (3,1,2), (1,3,2), (1,2,3), (2,3,1), (2,1,3)

e s (1 2 )

v O i Wt (4 11, 0.8, 1), 11,030
104

- ——— (2,2 1),(2,1,2), (1,2,2)

Energy (in units of h?/8ma®)

- —— — (1,1,2), (1,2,1), (2,1,1)

(ny + ny +n,) =
Distinct energy levels [with (ny, n,, n,) labels]

Figure 10.13 The energy levels of the 3-D particle-in-a-(cubical)-box. In this system, differ-
ent wavefunctions can have the same energy. This is an example of degeneracy.



The Particle in the Finite Depth Box

Potential of wall

V =V,




The Particle in the Finite Depth Box

A
VO =

—/W\ =5

—J-— - ——--—-f— n=4
Ly

_./,_\_-/_\_; n=13

—/%,———— n=2

D~~~ " " " 7 . ) = 1
0 —

—al2 —x—al2

Figure: 14-04
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Tunneling

1/4V,

0 a

Figure: 14-09
Copyright © 2008 Pearson Prentice Hall, Inc.



Energy —

Energy —

Classical

A" +B A+B

Reaction coordinate

Quantum

A +B A+ B-

Reaction coordinate
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(a) Computer:
Scan generation and
image display

Electronics:
Positioning and feedback control
Signal conditioning

Scanning Tunneling
Microscopy (STM)

High voltage
piezo drive
‘ Preamp
- IS Z—
Tip bias \
Single-
tube \
piezo

\—w\/\,
Current
collection

Figure: 14-11
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Scanning Tunneling

Microsc

Figure: 14-12
Copyright © 2008 Pearson
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Figure: 14-14A

Copyright © 2008 Pearson Prentice Hall, Inc. Figura:14-14B

Copyright © 2008 Pearson Prentice Hall, Inc.

Figure: 14-14C

Copyright © 2008 Pearson Prentice Hall, Inc. Figure: 14-14D
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(c) I—I 3 4+0. 2nm
Figure: 14-15
Copyright © 2008 Pearson Prentice Hall, Inc.



@ ®
) €

1579 A ’
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Figure: 14-16
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Qdot Diameter (nm)
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Figure: 14-17A
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# Chapter 18, Physical Chemistry for the Life Sciences (Engel, Drobny and Reid)
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Rotational Energy Levels

Figure: 18-08

Copyright © 2008 Pearson
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Figure: 18-11
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H20O

Symmetric

stretch
/ 3657 cm ! \-

N

Antisymmetric
/ stretch
3756 cm ™!
Figure: 18-12
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)

O Q= O
/A /™M X /N A
/H H\ /H H H  H
Symmetric Antisymmetric Bend
stretch stretch
- - 4 } o ® o
<+-0=C=0—-+ 0=C=0— O=(£=O O=C=0
Symmetric Antisymmetric
e stretch Doubly degenerate bend
Figure: 18-14P
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Photon energy (J)

1072 107 107" 10°'® 1020 10°22 10°2¢ 10°% 1028 10°% 103 10
1 1 1 1 1 1 1 | 1 | | 1

Wavelength (m)

10-'% 10712 10-% 10°% 10°®¢ 1074 1072 1 102 104 108 108
| | | | | | | | | 1

Microwaves Radio waves

Figure: 18-01
Copyright © 2008 Pearson Prentice Hall, Inc.

TABLE 18.1 Important Spectroscopies and Their Spectral Range
Spectral Range A (nm) v/10" (Hz) 7 (em)™! Energy (kJ/mol)  Spectroscopy
Radio ~1 % 10° ~10-%6 ~0.01 ~10-8 NMR
Microwave ~100.000 ~1072 ~100 ~1072 Rotational
Infrared ~1000 ~3.0 ~10.,000 ~103 Vibrational
Visible (red) ~700 ~4 ~14.000 ~10° Electronic
Visible (blue)  ~450 ~6 ~22.000 ~3x 107 Electronic
Ultraviolet <300 >10 >3(0.000 >5 % 10° Electronic

Table: 18_01

Copyright © 2008 Pearson Prentice Hall, Inc.



Absorbance

CH,

Copyright © 2008 Pearson Prentice Hall, Inc.

= CO
I I I I I I I | I
1000 1500 2000 2500 3000 3500
1/A (cm™ 1)
Figure: 18-10
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TABLE 18.2 Vibrational State Populations for Selected
Diatomic Molecules
Molecule (em™) v(s™hH N/N, for 300 K N,/N, for 1000 K
H—H 4400 1.32 x 1014 6.88 x 10710 1.78 x 1073
H—F 4138 1.24 x 104 242 x 1079 2.60%x 1073
H—Br 2649 7.94 x 1013 3.05x 1076 2.21 x 1072
N=N 2358 7.07 x 1013 1.23 x 1073 3.36x 1072
=) 2170 6.51 x 1013 3.03x 1073 441 x 1072
Br—RBr 323 9.68 x 1012 0.213 0.628
Table: 18 02

Copyright © 2008 Pearson Prentice Hall, Inc.



TABLE 18.4 Selected Group Frequencies

Group Frequency (cm™!) Group Frequency (cm™!)
O—H stretch 3600 C==0 stretch 1700
N—H stretch 3350 C==C stretch 1650
C—H stretch 2900 C—C stretch 1200
C—H bend 1400 C—Cl stretch 700

Table: 18 04

Copyright © 2008 Pearson Prentice Hall, Inc.



End of Lecture
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Slide Downloading
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