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Waves

Wavelength Wave
< = peak
Wave trough

* To understand the electronic structure of
atoms, one must understand the nature of
electromagnetic radiation.

* The distance between corresponding points
on adjacent waves is the wavelength (4). eectonic
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Waves

Wavelength A

<  The number of waves
/\ f\ passing a given point per
a) \\/ \/ unit of time Is the

frequency (v).

« For waves traveling at
the same velocity, the

longer the wavelength,
/\ /\ the smaller the

\/ frequency.
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Electromagnetic Radlatlon

Wavelength (m)
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 All electromagnetic
radiation travels at the
same velocity: the
speed of light (c),

3.00 x 108 m/s.
 Therefore,
C=Av

Electronic
Structure

© 2012 Pearson Education, Inc. of Atoms



The Nature of Energy

The wave nature of light
does not explain how
an object can glow
when its temperature
Increases.
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The Nature of Energy

Potential energy of person walking Potential energy of person walking
up steps increases in stepwise, up ramp increases in uniform,
quantized manner continuous manner

Max Planck explained it by assuming that
energy comes in packets called quanta.
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The Nature of Energy

Metal surface

Radiant e
energy
e

 Einstein used this

Electrons drawn

. . to positive terminal __Evacuated
assumption to explain the .

nhotoelectric effect. s

Positive _ ~ surface

* He concluded that energy is erminal |
proportional to frequency:

E=hv

where h is Planck’s
constant, 6.626 x 10734 J-s.
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The Nature of Energy

* Therefore, if one knows the
wavelength of light, one
can calculate the energy Iin
one photon, or packet, of
that light:

C=Av
E=hv
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The Nature of Energy

Another mystery in
the early twentieth
century involved the
emission spectra
observed from
energy emitted by
atoms and
molecules.

Neon (Ne) Electronic
Structure
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The Nature of Energy

For atoms and | \-
molecules, one does i e T K
not observe a et T
continuous spectrum,
as one gets from a

white light source.

Only a line spectrum
of discrete
wavelengths is
observed.

400 450 500 550 600 650 700 nm
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Energy X 10% (J/atom)

The Nature of Energy

allowed, each with principal

O_____

‘ Only specific energy states J
I

/4quantum number n
—L = = 0 h

n=4

n=3 | L Excited states

—100 1

=200
—218

higher to lower energy

/ /Lstate releases energy

.
A n=2 ,/(Transition of electron from

JTransition of electron from
lower to higher energy

//Lstate absorbs energy

/4

™ Ground state

Niels Bohr adopted Planck’s
assumption and explained
these phenomena In this
way:

1. Electrons in an atom can only

occupy certain orbits

(corresponding to certain
energies).
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Energy X 10% (J/atom)

The Nature of Energy

‘On

ly specific energy states

allowed, each with prncpal}

n=4
=13

—100 1

=200

—218

/4quantum number n
=== n=o0o |

> Excited states

,/(Transition of electron from
higher to lower energy

/Lstate releases energy

~N

JTransition of electron from
lower to higher energy

/Lstate absorbs energy

/4

Ground state

Niels Bohr adopted Planck’s

assumption and explained

these phenomena In this

way:

2. Electrons in permitted orbits
have specific, “allowed”

energies; these energies will
not be radiated from the atom.
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Energy X 10% (J/atom)

The Nature of Energy

allowed, each with principal

quantum number n

‘ Only specific energy states J
I

> Excited states

—100 1

=200

—218

.
A n=2 ,/(Transition of electron from

higher to lower energy

/ /Lstate releases energy

//Lstate absorbs energy

JTransition of electron from
lower to higher energy

/4

Ground state

Niels Bohr adopted Planck’s
assumption and explained
these phenomena In this
way:

3. Energy is only absorbed or
emitted in such a way as to
move an electron from one
“allowed” energy state to
another; the energy is defined

by

Electronic
E = hV Structure
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The Nature of Energy

| The energy absorbed or emitted

Energy X 10%° (J/atom)

/ézume:mnm from the process of electron

0, nes | promotion or demotion can be
a1 | —— calculated by the equation:
e _ 1 1
=Ll ///Lstate telensssienisrey. AE — _hCRH (n_fz - n_|2
e e -
oy || =T meeneen | WHere Ry Is the Rydberg
constant, 1.097 x 10’ m™1, and n,

and n; are the initial and final
energy levels of the electron.
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The Wave Nature of Matter

* Louis de Broglie posited
that if light can have
material properties,
matter should exhibit
wave properties.

 He demonstrated that the
relationship between
mass and wavelength
was

m— o o myv Electronic
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The Uncertainty PrlnC|pIe

Heisenberg showed
that the more
precisely the
momentum of a
particle is known,
the less precisely is
Its position is known:

(AX) (Amv) > — =200
472- Electronic
Structure
of Atoms

© 2012 Pearson Education, Inc.



The Uncertainty PrlnC|pIe

In many cases, our
uncertainty of the
whereabouts of an
electron is greater
than the size of the
atom itself!
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Quantum Mechanics

{ High dot density, high 2 }

value, high probablility of
finding electron in this region

* Erwin Schrodinger
developed a
mathematical treatment
iInto which both the
wave and particle nature
of matter could be S
incorporated. i \

+ This is known as {ﬂd?ﬁiﬁiéﬁéoﬁﬁ }
guantum mechanics.

finding electron in this region
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Quantum Mechanics

{ High dot density, high J

value, high probablility of
finding electron in this region

* The wave equation Is
designated with a lowercase
Greek psi ().

« The square of the wave

Y

equation, y?, gives a

probability density map of i ,

where an electron has a

certain statistical likelihood Low dot densit,ow wi

. . . value, low probability o

Of belng at any g|Ven |nStant finding electron in this region

In tlme' Electronic
Structure
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Quantum Numbers

* Solving the wave equation gives a set of
wave functions, or orbitals, and their
corresponding energies.

« Each orbital describes a spatial
distribution of electron density.

* An orbital Is described by a set of three
guantum numbers.
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Principal Quantum Number (n)

* The principal guantum number, n,
describes the energy level on which the
orbital resides.

* The values of n are integers = 1.
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Angular Momentum Quantum
Number (I)

* This guantum number defines the
shape of the orbital.

 Allowed values of | are integers ranging
fromOton-1.

* We use letter designations to
communicate the different values of |
and, therefore, the shapes and types of
orbitals. il i
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Angular Momentum Quantum
Number (I)

Value of | O 1 2 3
Type of orbital s|p|d]|f
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Magnetic Quantum Number (m))

* The magnetic quantum number describes the
three-dimensional orientation of the orbital.

 Allowed values of m, are integers ranging
from -l to I

* Therefore, on any given energy level, there
can be up to 1 s orbital, 3 p orbitals, 5 d
orbitals, 7 f orbitals, and so forth.
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Magnetic Quantum Number (m))

« Orbitals with the same value of n form a shell.
 Different orbital types within a shell are subshells.

TABLE 6.2 ¢ Relationship among Values of n, /, and m, throughn = 4

Number of Total Number
Possible Subshell Possible Orbitals in of Orbitals
n Values of / Designation Values of m; Subshell in Shell
1 0 1s 0 1 1
2 0 2s 0 1
1 2p 1,0, —1 3 4
3 0 3s 0 1
1 3p 1,0, —1 3
2 3d 25 15 O =152 5 9
4 0 4s 0 1
1 4p 1,0, —1 3
2 4d 2515 0 =15 —2 5
3 af 3,2,1,0,—1,-2,-3 7 16 Electronic
. Structure
of Atoms
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s Orbitals

1s
2s

3s

ne value of | for s orbitals is O.
ney are spherical in shape.

ne radius of the sphere increases with the

value of n.

Electronic
Structure

© 2012 Pearson Education, Inc. of Atoms



s Orbitals
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probabilities of finding an
electron versus distance
from the nucleus, we see
that s orbitals possess n
- 1 nodes, or regions
where there is O
probability of finding an
electron. Electronic

Structure
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p Orbitals

* The value of | for p orbitals is 1.

* They have two lobes with a node between
them.

Z 7 Z Z
Pz Px Py
(a) (b)
Electronic
Structure
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d Orbitals
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The value of | for a
d orbital 1s 2.

Four of the five d
orbitals have 4
lobes; the other
resembles a p
orbital with a
doughnut around
the center.
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Energies of Orbitals

 For a one-electron
hydrogen atom,
orbitals on the same
energy level have
the same energy.

« That is, they are
degenerate.

0

Energy —

n=
n=
n=

N NN N NN
3s 3p 3d
ED—M L Each cluster of boxes

2s 2p \ represents one subshell

Each row represents
one shell

Each box represents
one orbital

4

n=1D

1s

1 shell has one orbital
2 shell has two subshells composed of four orbitals

3 shell has three subshells composed of nine orbitals Electronic

Structure
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Energy —>

Energies of Orbitals

 As the number of

3d—

electrons increases,
though, so does the

: Orbitals in a subshell are .
\L degbefwelzrate (have same } repu ISIOn between
energy)

them.

Energies of subshells
follow order
ns <np <nd<nf

4p—
_45_ _—

3p-
_35_ —

2p
T\
Hlg— {

|

* Therefore, in many-
electron atoms,
orbitals on the same
energy level are no
longer degenerate.

Electronic
Structure
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Spin Quantum Number, m,

Beam of
* In the 1920s, it was = - tm\ﬁ
discovered that two N
electrons in the same Hieat Fllecint

plate

orbital do not have N ¢
exactly the same energy. - \ | JMagnet

Slit

* The “spin” of an electron
descrlbes ItS magnetlc Atoms havi.r:lg unpaired electron with spin quantum number

mg = +1/> deflect in one direction; those having unpaired

fleld y Wh ICh affeCtS ItS electron with m; = —1/; deflect in opposite direction
energy.

Electronic
Structure
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Spin Quantum Number, m,

guantum number, the

spin quantum number,
m.. - =

« The spin quantum w u
number has only 2 l
N

N
 This led to a fourth T

allowed values: +1/2
and —-1/2.

© 2012 Pearson Education, Inc.
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Pauli Exclusion Principle

« NoO two electrons in the
same atom can have
exactly the same energy.

N

 Therefore, no two } T
electrons in the same S A 4
atom can have identical l i

sets of quantum S

n u m be rS . magnetic field
(a)

Energy

+
+

© 2012 Pearson Education, Inc.

S
Ry
A ¢
.N
Antiparallel External
AE :
magnetic
N field
— &>
S
Parallel

External magnetic
field applied

(b)
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Electron Configurations

 This term shows the
distribution of all
electrons in an atom.

« Each component
4 consists of

— A number denoting the
energy level,

Electronic
Structure
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Electron Configurations

 This term shows the
distribution of all
electrons in an atom

« Each component

p consists of

— A number denoting the
energy level,

— A letter denoting the type
of orbital,

Electronic
Structure
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Electron Configurations

 This term shows the
distribution of all
electrons in an atom.

5 « Each component
consists of

— A number denoting the
energy level,

— A letter denoting the type
of orbital,

— A superscript denoting
the number of electrons
in those orbitals. .
Electronic

Structure
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Orbital Diagrams

« Each box in the
diagram represents

one orbital. I 1 L 1
 Half-arrows represent

the electrons.

* The direction of the
arrow represents the
relative spin of the
electron.

1s 2s

Electronic
Structure
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Hund’'s Rule

TABLE 6.3 ° Electron Configurations of Several Lighter Elements

“For degenerate

Element Total Electrons Orbital Diagram Electron Configuration
I orbitals, the
Li 5 11 15225 .
lowest energy Is
Be 4 “« H« 15225? .
attained when
B 5 (0] |1 1522522p!
the number of
C 6 Wity 1)1 15%25%2p* .
electrons with
N 7 IR AR 15°2s72p° th . .S
e Same spin |
Ne 10 TR ANEARIEN 15°25s%2p° L de
Na 11 R RE 19252p°3¢' maximized.
Electronic
Structure
of Atoms
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Periodic Table

« We fill orbitals in increasing order of energy.

 Different blocks on the periodic table (shaded
In different colors in this chart) correspond to
different types of orbitals.

1|18 1s
2 s 2p
3188 3p
4 145 3d 4p
5 4d 5p
6 |68 4f 5d 6p
7 . 5f 6d 7p
\ i~ o~ .

[ s-orbitals
© 2012 Pearson Education, |

~

[ f-orbitals

B

[_ld-orbitals

© 2012 Pearson Education, Inc.

~

[ p-orbitals
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For instance, the
electron
configuration for
copper Is

[Ar] 4st 3d°
rather than the
expected

[Ar] 4s2 3d*.
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Some Anomalies
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5p! 5p? 5p° 5p 5p° 5p°
55 MIN56 7172 | 73 | 74 | 75 | 76 | 77 | 78 | 79 | 80 | 81 | 82 | 83 | 84 | 8 | 86
Cs | Ba Lu| Hf | Ta | W | Re | Os | Ir | Pt ([ Au (Hg [ Tl | Pb | Bi | Po | At | Rn
(151 652 4]““5!"] 4f|45dl 4f1-)5d?< 4fl~)5d~8 4[145‘15 4f145d6 4f145d/" 4fH5dg 4‘,'145dl(l 4f”5d“’ 4“/-14511]0 4f145dw 4:,’1-15"11() 4}'\4511]( 4f“5d_1'0 4/'145d10
652 65° 65 65* 65° 65* 65% 65! 6s' 65° 6526;7l 6526;72 6526)73 6526;74 6526;1" 6526;7(’
87 | 88 103 | 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 | 113 | 114 | 115 | 116 | 117 | 118
Fr | Ra Lr | Rf | Db | Sg | Bh | Hs | Mt | Ds | Rg | Cn
7st | 782 | [5f6d!| 5F46d?| 5 6d” | 5F146d* | 5 6d” | 5 6d° | 5f 1 46d”
75 75> 7% 75 75 e 752
57 | 58 [ 59 | 60 | 61 | 62 | 63 | 64 | 65 | 66 | 67 | 68 | 69 | 70
Lanthanide La |Ce | Pr |[Nd |Pm ([Sm | Eu (Gd | Tb | Dy | Ho | Er | Tm | Yb
series 5d'6s” | 4f'5d" | 4f6s? | 4f*6s” | 4f%6s” | 4f%6s” | 4f 7657 | 4f75d" | 4f%6s” | 4f'U6s” | 4 6s” | 4f 12657 | 4f P65 | 4f 165
6s” 65°
89 90 91 92 93 94 95 96 97 98 99 | 100 | 101 | 102
Actinide series Ac | Th | Pa U | Np| Pu |Am |Cm | Bk | Cf | Es | Fm | Md | No
6d'75* | 64°7s | 526" | 5f%d" | 5f6d" | 5f°7s | 5F775% | 5f76d" | 5F°7s” | 51077 | 5F 11757 | 51277 | 5f 1976 | 5F 14787
75" 75z 7s 75"
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This occurs
because the 4s
and 3d orbitals
are very close In
energy.

These anomalies
occur In f-block
atoms, as well.

Electronic
Structure
of Atoms



