Modern Atomic Theory - Applications

Reading: Ch 7, sections 4- 6 Homework: Chapter 7: 597, 617, 637,
Ch 8, sections 2- 5 Chapter 8: 43*, 45* 47*, 49, 65
* = ‘important” homework question. ' = question from previous ‘theory’ packet

Overview: The RESULTS from the Schrédinger Equation (the unique set
n, I, my and mg quantum numbers an electron in an atom possesses) allow for
a variety of important determinations

Quantum number interdependency: ‘allowed’ quantum numbers for
electrons in atoms,

0O The range of each ‘allowed’ set of quantum numbers for any
electron is interdependent. There respective ranges are
determined by the following key relationships:

n=1, 2, 3.... The principle quantum number (‘shell’ or ‘layer’)

| =0 — (n-1) ‘Shape’ quantum number (0 =‘s’, 1 ="‘p’, 2="°d’)
m; =0 — x1 “# of Directions’ quantum number

ms = -%2 or +% ‘Type’ of electron quantum number (1, +%2 or |, -%2)

Example: Which of the following represents an impossible combination of n
and I?

Recall the shorthand ‘code’ for assigning quantum numbers to
specific orbitals (electron addresses):

1s (n=1,1=0),2p(n=2,1=1),2s(n=___ ,I=__ ) OR
Recall that ‘more space = more shapes’ i.e.:

‘EZ° n=1,sonly |[n=2,s,ponly| n=3,s,p,donly

o

1p b. 4s c. 2d



As we will discover, quantum number interdependency describes
the location and energy of electrons within atomic orbitals and

underpins the design of the periodic table

Quantum Mechanical Map of the Atom — Energy Level Diagrams

Background: An orbital ‘map’ of the atom (energy level diagram) can be
constructed using guantum numbers.

Task: Understand the layout and construction of the energy level diagram
(for orbitals up to n= 3) for hydrogen. See next page for details.
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Recall what each quantum number represents, and how they
are related to one another — this gives the distance, shape and
direction of the allowed orbitals for each shell (n value). Include
this information in the above energy level diagram.

Recall that each orbital (box) can contain up to 2 e - we will use
this fact later.

Energy Level Diagrams for Many Electron Atoms

2 And now we move the goal posts! For many
"_, electron atoms (everything but H), electron —
| electron interactions cause the ‘s’ orbital of
e each shell to contract, i.e. get closer to the
B8/ nucleus. This is most pronounced for the 4s,
which dips below the 3d (1) when the 3s and 3p
levels are filled (see slide and appendix)

Task: Sketch the Energy Level diagram for a many electron atom. Compare
and contrast this diagram with that for H.




Application 1: Electronic Configurations (‘filling the parking lot’)

The Energy level diagrams essentially give us a map of the atom’s
orbitals (‘parking lot’). We can now fill these atomic orbitals with
electrons (‘fill the parking spaces’) by applying some simple rules

Rules for filling energy level diagrams

1. Number electrons ‘attracted’ = Number protons in nucleus

2. Electrons fill lowest energy levels first (why?) — this is the Aufbau principle
(‘building up’)

3. Electrons only pair up ‘when they have to’ (why?) — this is Hund’s rule

4. There can be no more than 2 electrons per orbital (why?) — this is the
Pauli exclusion principle
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Task: Use the blanks provided to sketch energy level diagrams for the

specified atoms

Nitrogen (;N)

3p
3s
S
[»)]
=
2 2p
Ly
2s
1s
Phosphorous (15P)
F 3
3p
3s
S
[»)]
=
2 2p
Ly
2s
1s

Energy

Energy

Fluorine (oF)

3p
3s
2p
2s
1s
Chlorine (;7CI)
3p
3s
2p
2s
1s

Question: Do you notice any similarities to the atoms’ respective ‘dot’

diagrams?




Orbital ‘box’ diagrams and electronic configurations

Once the order of filling orbitals is known (from energy level
diagrams), this information can be presented in abbreviated
form.

Orbital ‘box’ diagrams and electronic configurations achieve this
goal

10O  Anorbital box diagram is simply a ‘linear version’ of the atom’s
respective energy level diagram.

Example: Energy level and Orbital box diagrams for Oxygen

Energy Level Diagram ‘Box’ Diagram
F 3
O:
3p 1s  2s 2p

3s Notes:
e
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Ly

2s

1s
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L O An electronic configuration is a ‘shorthand’ version of the atom’s
respective orbital box diagram.

The number of electrons in each orbital or set of degenerate orbitals is
represented by superscripts (these are not mathematical ‘powers”)

Examples
Symbol  Number of electrons  Electron configuration Orbital diagram
Li 3 1522s! 1l {
Is 2s
Be 4 15725 1l 1|
Is 2s
B 5 15%2522p! 11 11 l
s 25 2p
C 6 15%25%2p” Wil 111
ls 2s 2p

Task: Draw an Orbital box diagram and write an electronic configuration
for Nitrogen

Orbital ‘Box’ Diagram Electronic Configuration

N: N: 1s 2s 2p
1s PAS 2p

Notes:



Condensed Electron Configurations

0

An atom’s core electrons have, by definition, an inert gas or
complete shell configuration.

The respective inert gas electron configuration of an atom’s core
electrons can be substituted for the corresponding inert gas atomic
symbol in a condensed electronic configuration

Where: [He] = 1s%, [Ne] = 1s? 25°2p°, [Ar] = 1s% 25% 2p° 352 3p°

Worked Example: Silicon

SI: 1522522p035%3p>

Core Valence

electrons electrons

SI: [ ] 3523p*

/ Valence

Core
electrons

electrons
Worked Examples:
Atom Electron Configuration Condensed Electron Configuration
Li Li: 1s° 25" Li: [He] 2s*
Mg
K




Details: Transition and other ‘heavy’ element and/or ion electronic
configurations

The ¢d’ orbitals of any ‘post calcium’ element or ion, by
definition, belong to the ‘core’ — WHY?

ANSwer:

Examples: 4 valence
electrons

Y\
Ge 15225%2p%3523p%45%3d'04p?

N L

28 core
electrons

Zn  [Ar] 4s%3d° (L] L[]

4s 3d

Zn*"  [Ar] 4s°34'° IR AR
45 3d

Task: Write a condensed electronic configuration for Bromine. How many
valence electrons does this element have?



Application 2: Construction of the Periodic Table

'lI_O The relationship between the arrangement of an atom’s total
number of electrons and it’s position in the periodic table is
well understood in terms of the emg)irical ‘battleship’ analogy
(column 2 = 2 valence e, row 3 = 3" shell etc.)

We can now build an analogous (non-empirical) model of the
periodic table using guantum mechanical results in place of
‘dot’ diagrams

‘Read across’ the period table while applying the filling of orbitals
rules to obtain the electronic configuration of any element. This
methodology is illustrated in the following version of the periodic
table (see slide / appendix)

LS 15
25

3s

45 |= 3

Bs |« Acf

Bs | 5d

s 60—

Flt
1l

::|::—4'_ﬁ_'|_‘f;-;—:¢:

[T Representative 5 -block B8 Hepresantative p-block

elements glemants
1 Transition metals 1 f - Block metals




Worked Example: Chlorine

Inner
electron

1A configuration —\ SA
11 |2A 3A 4A 5A 6A 7AN
2 Ne
33’ mmmmmmmmmmm———————— 3p = Cl

| |
1 P
d
6
7
I

Electronic configuration of Chlorine
Cl: or CI:

Determine the following atoms’ electronic configurations of the by ‘reading
across’ the periodic table

Li: or Li:
Al: or Al
Se: or Se:

(see next page for hint)

Xe: or Xe:



Review: ‘reading across’ to find the electronic configuration of Se

Inner
electron

1A configuration SA
1 2A 3A 4A 5A 6A 7A
2 \
3 Ar
4| _4¢> 3 4p4_,rSe
5 ; 1')

s
6
7

f
|

Note: The periodic table has a total of 7 rows. This means that the largest known atoms have a maximum of
7 shells. For the largest fully complete shells, 1 has a range of 0 — 4. The ‘new’ types of orbital now
allowed (when | = 4) are f orbitals — filling these orbitals creates the Lanthanide (4f) and Actinide (5f)
series, between the ‘s’ and ‘d” blocks, in rows 6 and 7 respectively. Similar to the 3d elements (which
appear in row 4), the ‘f* block elements also appear in lower rows (e.g. 4f in row 6) due to the contraction
of lower lying orbitals — this effect is called the lanthanide contraction.

Review: Why are the ‘s’, ‘p’, ‘d’” and ‘f’ element blocks so named?

Answer:



Wrap Up: Complete Orbital ‘box’ diagrams, electronic configurations and

‘dot’ diagrams for the following:

Atom

Electronic configuration

Orbital ‘box’ diagram

‘Dot’ diagram

Na

Ne

Question: What similarities do you notice between the atoms’ respective
‘dot’ and ‘box’ diagrams?




Exceptions (take home assignment): Break down of the ‘dot’ models —

ground and bound states

Task: Draw an orbital ‘box’ diagram and sketch a ‘dot’ diagram illustrating
the electronic structure of carbon. Do you notice any inconsistencies?

C:

1s

25 2p

Carbon: the isolated atom’s Carbon: the bonded

ground state

Answer:

atom’s bound state

0

The ‘dot’ and Lewis symbols represent the bonding configurations
of the atoms’ electrons (i.e. what they are when the atom is bonded
to other atom(s) - they have the max. number of unpaired e)

Orbital box, electronic configuration and energy level diagram
representations show the lowest energy (or ground state) electron
arrangement.

Elements in groups I, 111 and IV have different ground and bound
electronic configurations

Task: Draw orbital ‘box’ diagrams illustrating the ground and bound states

of Be

Be:

Be:

1s

PAS 2p 1s 25 2p
Ground state Bound state

Question: Why do elements in groups I, 11l and IV have different ground
and bound electronic configurations?

Answer: ‘you have to spend money to make money’ — what does this mean
in terms of the ground and bound electronic states of atoms?




"Electron Addresses”

The following question was taken from your 3rd practice
midterm:

Draw ground state orbital ‘box’ diagrams and write ground state electronic
configurations for the following atoms and ions:

Carbon atom
Orbital ‘box’ diagram

Electronic Configuration

Oxide anion
Orbital ‘box’ diagram

Electronic Configuration

Sodium atom
Orbital ‘box’ diagram

Electronic Configuration

Hydrogen atom
Orbital ‘box’ diagram

Electronic Configuration

Magnesium cation
Orbital ‘box’ diagram

Electronic Configuration




Appendix

General Energy Ordering of Orbitals for Multielectron Atoms

—_— 4d 4d 4d 4d 4d
5s — —_— e
4p 4p 4p — a— — m—— ——
3d 3d 3d 3d 3d
4s
3p 3p 3p
3s
Energy —_— — —
2p 2p 2p
2s
1s
Orbital Blocks of the Periodic Table
Groups
1 18
1A 8A
. I}I ) D s-block elements D p-block elements 13 14 15 16 17 Iie
Is' 2A D d-block elements l:' f-block elements 3A 4A SA 6A 7A 1s?
3 4 5 6 7 8 9 10
2| Li Be B C N (6] F Ne
25! 252 2s%2p" | 2s%2p? | 2s%2p% | 25%2p* | 25%2p° | 25%2p°
11 12 13 14 15 16 17 18
3| Na Mg 3 4 5 6 7 8 9 10 11 12 Al Si P S Cl Ar
3s! 352 3B 4B 5B 6B 7B — 8B — 1B 2B | 3s%3p' | 3s%3p? | 3s%3p® | 3s%3p" | 35%3p° | 35%3p°
! 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
-8 4 K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
L 4s! 4s? 4523d" | 4523d? | 4s%3d° | 4s'3d° | 4s23d° | 45%3d° | 4s23d7 | 4s23d° | 4s'3d"0 | 45%3d"0 | asPap! | as’ap? | 4sP4p® | 4sPapt | 4s’ap® | 4s%4p®
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
5| Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
55! 552 | 55%4d' | 55%4d> | 55'ad* | 55'4d® | 55%4d° | 5s'4d” | 55'4d® | 4d'0 | 5s'4d'0 | 55%4d"0 | 5s%5p' | 55%5p% | 55%5p° | 5525p" | 5s%5p° | 5s°5p°
55 56 57 72 73 74 75 76 70 78 79 80 81 82 83 84 85 86
6| Cs Ba La Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
65! 65> | 6525d" || 6s25d% | 65%5d° | 65°5d" | 6s°5d° | 6525d° | 6s°5d” | 6s'5d° | 65'5d'0 | 65%5d'0 | 6s%6p' | 6s°6p> | 6s’6p® | 6s*6p” | 6s%6p° | 65%6p°
87 88 89 104 105 106 107 108 109 110 111 112 114 116
7| Fr Ra Ac Rf Db Sg Bh Hs Mt Ds Rg
7s! 7s2 | 7s%d" || 7s%6d? | 7s%6d> | 7s%6d*
58 59 60 61 62 63 64 65 66 67 68 69 70 71
Lanthanides | Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
652412 | 65%4f | 65%4f* | 65%4f> | 65%4f° | 65%4f7 [6s2af75d'| 65%4f° | 6524f'0 | 6s2af"! | 65%4f2 | 65247 | 6524f™ |6s%af 6d!
90 91 92 93 94 95 96 97 98 99 100 101 102 103
Actinides | Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
75%6d% | 7s%5f%6d" | 75%5f%6d" | 7s25f%6d" | 7s°5fC | 7s75f7 |7s%5f76d| 7s25f° | 75°5f10 | 7s25F 1 | 7525F'2 | 75%5f12 | 7575 |7s%5f 6d!




