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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.



Schroedinger equation
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Chapter 13, Physical Chemistry for the Life Sciences (Engel, Drobny and Reid)
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Table 10.2 The postulates of quantum mechanics
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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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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. ¥ must be single-valued, continuous, and bounded, and
[W|* must be integrable. (Discussed in section 10.2)
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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(a/dx) for each p, variable in the expression. Similar substitutions
must be made for y and z coordinates and momenta. (Section 10.3)
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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-W¥

where K is a constant. (Section 10.3)

observables
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Postulate I'V. Wavefunctions must satisfy the time-dependent
Schrédinger equation:

v = iy
at

time dependent
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Postulate V. The average value of an observable, (O}, is given by the ex-

pression
(0) = [ WOV dr
all
space
for normalized wavefunctions. (Section 10.9)

average observables
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Postulate V1. The set of eigenfunctions for any quantum mechanical

operator is a complete mathematical set of functions.
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Distinct energy levels [with (n,. 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.

f J (13.21)

Figure: 18-08

Copyright @ 2008 Pearson
Prentice Hall, Inc.
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Postulate VIL If, for a given system, the wav:ﬂmctmn W is a linear
combination of nondegenerate wavefunctions W,, which have eigen-
values a,;

¥=>c¥, and AV, =aV,

then the probability that a, will be the value of the corresponding
measurement is |¢,|°. The construction of ¥ as the combination of

all possible W 's is called the superposition principle.
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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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CHAPTER 15

The Hydrogen Atom
and Many-Electron
Atoms



Hydrogen Atom



Energy levels of the H atom
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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)



@ Schroedinger equation
for hydrogen atom
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Figure: 13-07
Copyright © 2008 Pearson Prentice Hall, Inc.
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Orbital Shapes




Orbital Shapes

Copyright ® The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

* S1s spherically
symmetrical




Orbital Shapes

ol |

* Each p has a shape much like a dumbbell,
differing in the direction extending into space



Orbital Shapes
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Electron Spin

m.=+2

o electron B electron
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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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FIGURE 15.2

Energy-level diagram for the hydrogen atom showing the allowed transitions for
n <6. Because for E >0, the energy levels are continuous, the absorption
spectrum will be continuous above an energy that depends on the initial n value.
The different sets of transitions are named after the scientists who first
investigated them.

P. 363
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FIGURE 15.3

(a) 3-D perspective and (b) contour plot of y,,,(r). Red and blue contours
correspond to the most positive and least positive values, respectively, of
the wave function.
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FIGURE 15.4

Three-dimensional perspective plots of the
1s, 2s, and 3s orbitals. The dashed lines
indicate the zero of amplitude for the wave
functions. The “x2” refers to the fact that
the amplitude of the wave function has
been multiplied by 2 to make the subsidiary
maxima apparent.
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FIGURE 15.5

Plot ofa)*R(r) versus
r/a, for the first few H
atomic orbitals.
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WL___V_?_P FIGURE 15.6

= 0
20 -10 0 10 20 -0 -1 0 W =0 .
. y Contour plot for the orbitals

indicated. The colors red and
blue indicate the most
positive and least positive
values, respectively, of the
wave function amplitude.
Distances are in units of a,,.

P. 365



x25

FIGURE 15.7

3-D perspective plots of the square
of the wave functions for the orbitals
indicated. The numbers on the axes

are in units of a,,.
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FIGURE 15.8

Plot of a; Rz(r ) VErsus
r/a, for the first few H
atomic orbitals. The
numbers on the
horizontal axis are in
units of a,,.
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Radial distribution function
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5 10 15 20
FIGURE 154

Plotofa]R*(r)  versus r/a, for the first few H atomic orbital. The
curves for n =2 and n = 3 have been displaced vertically as indicated. The
position of the principal maxima for each orbital 1s indicated by an arrow.

P. 369
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FIGURE 15.11

The radial probability distribution evaluated for z =
0 is plotted in the X =y plane with lengths in units of
a,. Darker regions correspond to greater values of
the function. The sharp circle in a classical shell
model becomes a broad ring in a quantum
mechanical model over which the probability of
finding the electron varies. Less intense subsidiary
rings are also observed for the 2s and 3s orbitals.
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Helium Atom



FIGURE 15.12

The top image shows the proton and two electrons that need to be considered for
correlated electron motion. The bottom image shows that if the position of electron
2 is averaged over its orbit, electron 1 see a spherically symmetric charge
distribution due to the helium nucleus and electron 2.

P. 371
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Radial distribution function

0 5 10 15 20
Distance (ap)

FIGURE 15.15

Radial probability distributions for the 3s, 3p, and 3d orbitals of the H atom
as a function of distance in units of a,,.

P. 376
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FIGURE 15.16

The order in which orbitals in

many-electron atoms are filled

for most atoms 1s described by
the red line.
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The covalent atomic radius, first
lonization energy, and

30

' electronegativity are plotted as

. afunction of the atomic number
for the first 55 elements.
Dashed vertical lines mark the
completion of each period.
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CHAPTER 16

Chemical Bonding in
Diatomic Molecules
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FIGURE 16.1

The two protons and the
electron are shown at one
instant in time. The
quantities R, r_, and r,
represent the distances
between the charged
particles.
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FIGURE 16.2

The potential energy of the H; molecule is shown for two different values of R
(red curves). At large distances, the electron will be localized in a 1s orbital either
on nucleus a or b. However, at the equilibrium bond length R, the two Coulomb
potentials overlap, allowing the electron to be delocalized over the whole
molecule. The blue curve represents the amplitude of the atomic (top panel) and
molecular (bottom panel) wave functions, and the solid horizontal lines represent
the corresponding energy eigenvalues.



Ha Hb

FIGURE 16.3

The amplitude of two H 1S atomic orbitals is shown along an axis
connecting the atoms. The overlap is appreciable only for regions in which
the amplitude of both Aos 1s significantly different from zero. Such a
region 1s shown 1n yellow.
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FIGURE 16.4

Schematic energy functions E(R) are shown for the g and u states in the
approximate solution discussed. The zero of energy corresponds to widely
separated H and H" species.
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Bonding

Antibonding

FIGURE 16.5

I:¢I t-ﬁ
T
=

Molecular wave functions¥; and v, (solid lines), evaluated along the
internuclear axis, are shown in the top two panels. The unmodified (= 1)
H 1s orbitals from which they were generated are shown as dashed lines.
The bottom panel shows a direct comparison of ¥y and Y. .



FIGURE 16.6

Contour plots of ¥4 (left) and y,
(right). The minimum amplitude 1s
shown as blue, and the maximum
amplitude 1s shown as red for each
plot. The dashed line indicates the
position of the nodal plane in ¥, .



. Bonding

Antibonding

e *

FIGURE 16.7

The upper two panels show the probability densities Wé and¥ u2 along the
internuclear axis for the bondmg and antlbondlng wave functions. The
dashed lines show Y% leS and ¥ W}, H1s,» Which are the probability
densities for unmodified ({ = 1) H 1s orbitals on each nucleus. The lowest
panel shows a direct comparison of W; and l)”uz' Both molecular wave
functions are correctly normalized in three dimensions.
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Antibonding
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FIGURE 16.9

Contour plots of Ay, (top) and Ay ;
(bottom). The red areas in the top 1mage
correspond to positive values for A wgz :
and the gray area corresponds to
negative values forA 1/192 . The blue area
in the bottom image corresponds to
negative values for Ay, and the red
areas just outside of the bonding region
correspond to positive values for Ay, .
The color in the corners of each contour
plot corresponds toAy* =0 .




FUGURE 16.10

The overlap between two 1s orbitals (¢ + 6), a 1s and a 2p, or 2p, (6 +
n), and a 1S and a 2p, (6 + o) are depicted from left to right. Note that
two shaded areas in the middle panel have opposite signs, so the net
overlap of these two atomic orbitals of different symmetry is zero.
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180
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FIGURE 16.11 '

Molecular orbital energy diagram for a qualitative description of bonding in H, and
HF. The atomic orbitals are shown to the left and right, and the molecular orbitals
are shown in the middle. Dashed lines connect the MO with the Aos from which it
was constructed. Shaded circles have a diameter proportional to the coefficients Cj;.
Red and blue shading signifies positive and negative signs of the AO coefficients,

respectively.



FIGURE 16.12

Variation of overlap with internuclear
distance for S and p orbitals.



FIGURE 16.13

Contour plots of several bonding
and antibonding orbitals of Hj.
Red and blue contours
correspond to the most positive
and least positive amplitudes,
respectively. The yellow arrows
show the transformation (X, Y, 2)
— (=X, =Y, —Z) for each orbital. If
the amplitude of the wave
function changes sign under this
transformation, it has u
symmetry. If it is unchanged, it
has g symmetry.



TABLE 16.1 Molecular Orbitals Used to Describe Chemical Bonding

in Homonuclear Diatomic Molecules

MO Designation Alternate Character Atomic Orbitals
lcrg o (1s) Bonding K

lo, a.(1s) Antibonding Is

20g ag(zs) Bonding 28 (2pz)

20, a.(25) Antibonding 25 (2p,)

3o 2 o g(2pz) Bonding 2p, (25)

3o, o.(2p.) Antibonding 2p. (25)

I, (2D, 2p.) Bonding 2p;,2p‘,

|77, 7 (2D 2p,) Antibonding 2p..2p,
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FIGURE 16.14
MOs based on the ground and excited states for H, generated from 1s, 2s,

and 2p atomic orbitals. Contour plots are shown on the left and line scans
along the path indicated by the yellow arrow are shown on the right. Red
and blue contours correspond to the most positive and least positive
amplitudes, respectively. Dashed lines and curves indicate nodal surfaces.
Length are in units of a,, and R, = 2.00 a,,.
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(continued)
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(continued)
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(continued)
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(continued)
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FIGURE 16.14

(continued)
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(continued)



FIGURE 16.15

Contour plots for 1o, (top), 30, (center), and 1m, (bottom) HMOs with
C values appropriate to F,. Red and blue contours correspond to the most
positive and least positive amplitudes, respectively. Dashed lines indicate
nodal surfaces. Light circles indicate position of nuclei. Length are in
units of a,, and R, = 2.66 a,,.



FIGURE 16.16

Atomic and molecular orbital
energies and occupation for H, and
He,. Upward- and downward-
pointing arrows indicate o and 3
spins. The energy splitting between
the MO levels 1s not to scale.
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FIGURE 16.17

Schematic MO energy diagram for the valence electrons in F,. The degenerate p
and 1 orbitals are shown slightly offset in energy. The dominant atomic orbital
contributions to the MOs are shown as solid lines. Minor contributions due to S-p
mixing have been neglected. The MOs are schematically depicted to the right of
the figure. The 16, and 15, MOs are not shown.



FIGURE 16.18

Schematic MO energy diagram for the valence electrons in N,. The degenerate p

and & orbitals are shown slightly offset in energy. The dominant AO contributions

to the MOs are shown as solid lines. Lesser contributions arising from S-p mixing

are shown as dashed lines. The MOs are schematically depicted to the right of the
figure. The lo, and lo, MOs are not shown.
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FIGURE 16.19

Relative molecular orbital energy levels for the second row diatomic (not

to scale). Both notations are given for the molecular orbitals. The 1o, (o,

1s) and 1o, (o,1s) orbitals lie at much lower values of energy and are not
shown. (not to scale.)
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FIGURE 16.20

Bond energy, bond length, and
vibrational force constant of
the first 10 diatomic molecules
as a function of the number of
electrons in the molecule. The
upper panel shows the
calculated bond order for these
molecules. The dashed line
indicates the dependence of
the bond length on the number
of electrons if the He, data
point is omitted.
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F2p

FIGURE 16.21

Schematic energy diagram showing the relationship between the atomic and
molecular orbital energy levels for the valence electrons in HF. The degenerate p
and 7 orbitals are shown slightly offset in energy. The dominant atomic orbital
contributions to the MOs are shown as solid lines. Lesser contributions are shown
as dashed lines. The MOs are depicted to the right of the figure.



FIGURE 16.22

The 36, 40, and 1w MOs for HF are shown from left to right.
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FIGURE 16.23

The grid shows a surface of constant electron density for the HF molecule. The
fluorine atom 1s shown in green. The color shading on the grid indicates the
value of the molecular electrostatic potential. Red and blue correspond to
negative and positive values, respectively.
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Questions Q16.10 (continued)



[
1

N7

7

:

/1

-

Questions Q16.20

W
n
)
R
|
=
A "
- \ IS
N

| |T'

|

s



-
=

/ \ \
_.._h__ p_hm m ™
il
7 'y
r
A —
i 7 AN
\ 'Y Tl 1 I
4 I
[
1
|
FTATA
A ] .
| ! | W | LY 1
{ , , R 1
_:_n : § i J | W WH.
..F _ 3 .
| f m
_ 1m !
\ ._ p o

Questions Q16.21




Il S wa..vz!
77 Jf
%&a&%&.

y

. L..»q

¥y

Questions Q16.22



v
P —
VA A%
rg-— = -
— - _.’l'
i / - -
~ £ =
’a 1
‘o / B
-
yy
3 -
J:
A
AT
- T~
=
\
—

Questions Q16.23




2

7 |~

; .ﬂ\(.m -
)

‘\

Questions Q16.24



Questions Q16.25

i
1

Wb

L .
o |
-

. 3
.

ey
iy



Questions Q16.26

(_Z/ T Ln's S rese ntatiop



Questions Q16.27

U T Lin's Sresentation



Questions Q16.28

(U N T Lin's Shss =ntation



Questions Q16.29

Y. T Lin's Sresentation



Problems P16.18

(_Z/ S T Lin's gjtiiinfaﬂgjg



Problems P16.20

(_Z/ S T Lin's gjtiisnfaﬁgjg



Problems P16.22




Problems P16.22 (continued)

()

i ——— } 0 ’
{ U Y Elimls b ~wesentatio)p



CHAPTER 1 7

Molecular Structure
and Energy Levels for
Polyatomic Molecules



FIGURE 17.1
Ethanol depicted in the form of a ball-and-stick model.

P. 412



Lewis Structure
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FIGURE 17.2

predlcted molecular shapes
using the VSEPR model.
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FIGURE 17.3

Geometry of the sp?-hybrid
orbitals used in Equation (17.1).
In this and 1in most of the figures

in this chapter, we use a

- X “slimmed down” picture of
hybrid orbitals to separate
individual orbitals. A more

correct form for S-p hybrid oritals
1s shown 1n Figure 17.5.

P. 414



TABLE 17.1 C—C Bond Type

S &

sp? 152} 109.4 154
sp? 122 120 146
sp 1l 180 138



FIGURE 17.4

Bonding in BeH, using two sp-
hybrid orbitals on Be. The two

Be-H hybrid bonding orbitals
are shown separately.

U T Lin's S resentation
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FIGURE 17.5

The top panel shows the arrangement of the hybrid orbitals for sp? and sp?
carbon. The bottom panel shows a schematic depiction of bonding in
ethene (left) and ethane (right) using hybrid bonding orbitals.

P. 419



FIGURE 17.6

Directed hybrid bonding orbitals for
H,0O. The black lines show the
desired bond angle and orbital

orientation. Red and blue contours
correspond to the most positive and
least positive values of the
amplitude.

P. 419



Energy

FIGURE 17.7

The valence MOs occupied in the
ground state of water are shown in
order of increasing orbital energy.
The MOs are depicted in terms of the
AQOs from which they are
constructed. The second column
gives the MOs symmetry, and the
third column lists the dominant AO
orbital on the oxygen atom.

P. 420
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FIGURE 17.8

Coordinate system used to generate the hybrid orbitals on the oxygen
atom that are suitable to describe the structure of H,O.

P. 420



1b, 3a4

FIGURE 17.9

The first five valence MOs for H,O are depicted. The 1b, and 3a; MOs
are the HOMO and LUMO, respectively. Note that the 1b, MO is the
AOQ corresponding to the nonbonding 2p, electrons on oxygen.



Energy

5 S @
e 331 +1\
\
// /’f /_\
// /;f & \+\
i / N
/ / / <
/, / \
y 4 NN
/ / !‘f \\
/
// / / A 1b1 \\‘
7 / / A\
// ,_{.r"'.f'""; /+\ j
e i / -4
o P 7 ; = ////.-"
it - o -~
- = 2&1 & /
O2p, Ozpy E“‘Q%pz B AY _'_/"’r*\ “
< >
~ ” g /
s A 1b . /
,rf // -~ ,/\;
/s Y Ff S
i ;
0O2s —z,_“ ;;
“HHK‘ Al 131 ;! 43
v 0%
+ +

FIGURE 17.10

H1s

Molecular orbital energy-level diagram for H,O at its equilibrium

geometry. To avoid clutter, minor AO contributions to the MOs and the

la; MO generated from the O1s AO are not shown.
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FIGURE 17.11

Schematic variation of the MO energies for water with bond angle. The
symbols used on the left to describe the MOs are based on symmetry
considerations and are valid for 20 < 180".
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LUMO B

LUMO A

LUMO B

| * HOMO B
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HOMO A
A | A
K ,
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AEIBS A~ Bt

FIGURE 17.12

Interaction between two species A and B. The difference in energies
between the HOMO and LUMO orbitals on A and B will determine the
direction of charge transfer.
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— (d)

FIGURE 17.13

(a) Two dipolar HCI molecules with this relative orientation attract one
another. (b) Two dipolar HCI molecules with this relative orientation
repel one another. (¢) The dipolar HCI molecule indices a dipole moment
in N,. (d) Two N, molecules experience a net attractive interaction
through the time fluctuating dipole moments on each molecule.
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FIGURE 17.14

The Lennard-Jones potential of

Equation (17.5) 1s plotted against
the reduced length r/c.
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TABLE 17.2 Values for the Lennard-Jones Parameters € and o

Atom/ Molecule 10%'e(]) Normal Boiling Temperature (K) a(pm)
He 0.141 4.2 256
N, 1.31 77.4 370
CcO 1.38 81.7 358
CH, 2.05 90.8 378

C,H, 3.34 231 564

P. 424



FIGURE 17.15

The crystal structure of
hexagonal ice, which 1s the
most stable solid phase at 1

bar, 1s shown. Note that

hydrogen bonds connect each
of the atoms 1n the water
molecule to its neighbors.

Pdy
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Hydrogen bonding between

0 ] thymine and adenine and
_| H VN T O N H
O=P—0—CH, _ s ﬁ’ ) .
I N H_NWN ® between guanine and
— 0 — e —t . .
 — H_.i? " e cytosine are the dominant
oy S interactions that stabilize the
z W double helix structure of

o

|
D=F:’—O—CH; . Wl  Gempycfl, b W DNA.
(0] ) N“%_&N—H ................ N N o
: = T

H,C —0—P=0

P. 425



(a) (b)

Problems P17.2
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End of Lecture
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