Chem 1045 Chemistry & Chemical Reactivity
Lecture Notes Kotz/Treichel/Townsend, 8t Ed

These Notes are to SUPPLEMENT the Text, They do NOT Replace reading the Text Material.
Additional material that is in the Text will be on your tests! To get the most information, READ THE
CHAPTER prior to the Lecture, bring in these lecture notes and make comments on these notes. These
notes alone are NOT enough to pass any test! The author is not responsible for errors in these notes.

Chapter 7 The Structure of Atoms and Periodic Trends

Chemistry of the Sun Fraunhofer Lines are the dark lines present in the visible spectrum of
the sun due to absorption of sunlight by elements in the outer layers of the sun.

wavelength (nm)

400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700
1 ] T I

yellow orange

F (hydrogen) b (magnesium)

G' (hydrogen) D (sodium) C (hydrogen)

Sapphires are aluminum oxide crystals with traces of iron and titanium

Rubies are aluminum oxide crystals with traces of Cr3+

Pauli Exclusion Principal: no more than two electrons can occupy the same orbital, and if there
are two electrons in the same orbital, they must have opposite spins.

Note: The quantum numbers n, 1, mi, ms are further discussed and used below. Different electrons
in an element must have different quantum numbers; else they are the same electron.
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Maximum
Electrons
Electron Orbitals Number of Electrons Possible for
Shell Subshells Available Possible in Subshell nth Shell
(n) Available (2€ + 1) [2(2¢€ + 1)] (2n?)
1 5 1 2 2
2 s 1 2 8
D 3 6
3 5 1 2 18
D 3 6
d 5 10
4 5 1 2 32
D 3 6
d 5 10
¥ 7 14
5 5 1 2 50
D 3 6
d 5 10
T 7 14
g 9 18
6 5 1 2 72
D 3 6
d 5 10
& 7 14
g 9 18
h* 11 22
H 1 electron in the 1s orbital n=1,1=0, mi =0, ms = +1/2 T
1s
He 2 electrons in the 1s orbital =1,1=0,m =0, ms = +1/2 T
=1,l=0,m =0, ms=-1/2 1s
1
s subshell can hold 2 electrons o) T
p subshell can hold 6 electrons -1 0 +1 LTl
d subshell can hold 10 electrons -2 -1 0 +1 +2 U U U N
f subshell can hold 14 electrons -3 -2 -1 0 +1 +2 N LT

We fill the electrons in order of shells, s then p then d then f. But, there are some cases where an s
shell will fill prior to a d or f due to energy content. The Aufbau principal is used to fill the electron
shells as we build the periodic table. It is based on subshell energies.
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€ value

(=0 (=1 =2 €=3

n value

Effective Nuclear Charge Z* is the net charge experience by a particular electron in a multi-
electron atom resulting from a balance of attractive force of the nucleus and the repulsive force of
other electrons.

Lithium, atomic number 3 has 1s2 2s! electron configuration. The 2s! at a distance from the nucleus
will see a net +1 charge. The 1s2 will block two of the +1 nuclear charges. Since the 2s! can penetrate
some of the area occupied by the 1s2 electrons, the 2s* will see more of a positive charge.

4_._ﬁ Probability distribution
for 1s electron

?\Region of highest

probability for 1s electrons

e

Probability distribution
for 2s electron

(Radial probability)

Probability of finding electron

: Distance from nucleus ——

The Li 2s! will experience a higher net + charge, a value of +1.28 Effective Nuclear Charge. The
effective nuclear charge experienced by electrons in a multi-electron atomiss > p >d > f.
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7.3 Electron Configuration of Atoms

Electrons are assigned to orbital’s in order of increasing n.
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4 Element Configuration £ Element Configuration £ Element Configuration
.| H 15 a7 Rb [Kr]5s* 74 W [Xe )4t 1504652
b AL T % st [krs s Re  Dielefsaes
3 Li [He]2s 39 Y [krlsd'ns® 76 0s [Xelaf*ndtas®
& Be [Hel2s® &0 Ir [krladss® F ) Ir [¥elsf*sd 65"
5 B [He]2s5%2p" 51 Nb [KrJ4c*5s® 78 Pt [Xe J4f “5d%6s"
6 C [Hel2s*2p* 42 Mo [krlsdfes 79 Au [¥elsf 541065
7 N [Hel2s®2p® 43 Tc [krladast B0 Ha [ a5 as"
) i] [He]2s%2p* 44 Ru [Krlad"ss® 81 Tl [¥elaf“5d"6s6p!
] F [Hel2s*2p® 45 Fh [KkridPas? 82 Pb [¥el4f 4ad 656"
10 Ne [He]2s?2p* 46 Pd [Krlad™ 81 Bi [Xel4f 45d"6s%6p*
11 MNa [Ne]as' 47 Ag [krlsd'"ss" B4 Po [xelaf* 5d" 656"
12 Mag [Ne]3s® 48 Cd [krlsd'as® B5 At [xel4f*5d"6s"6p"
13 Al [We]3s*3p? 49 In [Krjsd'®5s*5p" 1 Rn [¥elaf 4 ad"a5%0p"
14 5 [Ne]3s23p% 50 sn [krlad'ss?5p° 87 G .tﬂ-r;]].l's.’. G
15 P [Nel3s*3p? 51 sb [krJsd" "85 p? BB Ra [Rn]7s®
16 5 [Ne]3s*3p® 52 Ta [krlsd'™ms*ap* B Ac [Rnled'7s
17 a [Ne]3s*3p® 53 I [Krld"™ss5ps 90 Th [Rn)6a?7s?
18 Ar [Ne]3s23p® - b4 Xe [Krlad'ss?5p° 01 Pa [Bn]5f26d"7s
et [Arks' T u [Rn5f%6d7s?
20 Ca [ArJas® 56 Ba [Xe]es® 03 Np [Rn]5f*6d"7s*
21 Sc [Ar3d'4s? 57 La [Xe]5d'as? 04 Pu [Rn]5f57s
22 Ti [ArBdP4s® 58 Ce [Xel4f'5d'a6s" 85 Am [Rnlsf7s?
21 v [Ar3dss® 50 Pr [Xel4f 65 96 Cm [Bnlsf"6d'7s
24 r [Ar3d®4s" &0 Nd [XeJ4f*6s® 07 Bk [Rnl5f"7s®
25 Mn [Ar3cF4s? 61 Pm [XeJ4f56s? 08 ct [Rn]5fo7s?
26 Fa [Ar3dt4s* 62 sm [Xel4fhs® 09 Es [Rn]sfi7s?
27 o [Ar]3d"45° 63 Eu [Xel4f 65" 100 Fm [Bn]af'?7s°
28 Mi [Arlad®as? 64 God [Xel4f 565 101 Md [Rn]sf"7s®
20 Cu [Ar]3d"4s® 65 Th [Xe J4f6s 102 No [Rn]of™ss?
Ell] In [Ar[3d" 457 666 Dy [Xel4f"as 103 Lr [Rn]5f*ad"7s?
n Ga [Arl3d"4s%4p" &7 Ho [Xelaf"as" 104 Rrf [Rn]sf*6d75"
32 Ge [Ar3d""4s%4p? 68 Er [Xel4f 2657 105 Db [Rnlsf*ad7s
31 As [Ar]3d"45%4p? 69 Tm [Xe]4f 3652 106 5g [Rn]of 56" 152
34 Sa [Arl3d" 4524 p* 70 Yb [Xel4f a5t 107 Bh [Rn]5fYad=7s?
35 Br [Ar3d""45%4p° 71 Lu [Xel4f " 5d" 6" 108 Hs [Rnl5f " 6d"7s®
36 Kr [ArBd"4s%4p" 72 Hf [¥e 4 5dhs® 109 Mt [Rn]sf*ed"75*
73 Ta [XeJ4f 154765
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Electron Configuration using Orbital and spdf notation:

H 1 electron in the 1s orbital 1 proton, 1 e- T 18!
He 2 electrons in the 1s orbital 2 proton, 2 e T 1s2
1S

1st - The first 1 is the electron shell (n), s is the orbital type (1), and upper shift 1 or 2 is the number of
electrons in that orbital.

Period 1
H 1st 1
He 1s2 T_»L
Period 2 is based on Helium [He]
Li 1s2 251 Tl T [He] 2st
Be 1s2 282 T T _ _ [He] 2s2
B 1s2 252 2pt T N 1 _ _ [He] 2s2 2pt
B 1s2 252  2p! Tl T T T _ [He] 2st 2p2
C2 1s2 252  2p2 T N 1 T _ [He] 252 2p2
C2 182 252 2p2 T T T T T [He] 25 2p3
N 1s2 252 2p3 T ) T T [He] 252 2p3
0] 1s2 252 2p4 T U ) T [He] 252 2p4
F 1s2 282 2p5 T U I S [He] 2s2 2p5
Ne*t 1s2 252  2pb T U I Y W [He] 2s2 2p6
Period 3 is based on Neon [Ne]
Na 1s2 252 2p¢ 3st Tl I N N I I [Nelss

1S 2s 2px 2py 2p: 3S NGC*

Neon has all of the electrons in the 2 orbital filled, it is called the Noble Gas Configuration™
When starting a new electron shell, we can start with the noble gas configuration of the previous.
These electrons, expressed as the noble gas configuration are the core electrons

*2 Hund’s rule states the most stable arrangements of electrons is that with the maximum number
of unpaired electrons, all with the same spin.

Electrons beyond the core electrons are the valence electrons.
The valence electrons are the ones that determine the chemical properties of an element.

Ne  1s2 2s2 2p6 U U I P P [He] 2s2 2p6
Period 3

Na  1s® 25* 2p6 3s! iy - - . [Ne] 3st
Mg 1s? 252 2p6 3s2 iy - [Ne] 3s2

Al 1s22s22ps gs23pt TL TV LTV TN

Al 1s22s22ps 3s23pt U T TV TV TL

Si2 182 282 2p® 3s2 3p2 U N N

Si2 182 282 2p® 3s2 3p2 U S N

[Ne] 3s2 3p!
[Ne] 3st 3p2

[Ne] 3s2 3p2

[Ne] 3s! 3p3
P 182 282 2p6 3s2 3p3 U N N 1T [Ne] 3s2 3p3
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S 1seoszops gs2g3pr WM NN N NWT T [Ne] 3s2 3p4

Cl  1s22s22ps 3s23ps T WL T NI T [Ne] 3s2 3p5

Ar  1s2o2s22pb 3s23p6 T NN L LT [Ne] 3s2 3p®
1S 2S 2px2py2p: 3S  3Px 3Py 3P NGC™

Period 4 will first fill the 4s shell for K and Ca. It will then skip the 4p subshell and start filling the 4d subshell
(See Aufbau Principle) for the transition elements and then the 4p.

Filling the 4d subshell, the elements are called the Transition Elements
Filling the 4f subshell, the elements are called the Lanthanides
Filling the 5f subshell, the elements are called the Actinides

Period 4
K 152 2s2 2p6® 3s2 3pb 4s!

Ca 1s2 252 2p6 3s2 3p° 4s2 - [Ar] 4s!

Sc  1s2 252 2pb 3s2 3pb 4s2 3d! N [Ar] 452 3d:
Ti 1s2 2s2 2p® 3s2 3pb 4s2 3d2 Y [Ar] 4s2 3d2
V  1s2 2s2 2p6 3s2 3pb 4s2 3d3 rrrrr [Ar] 452 3d3

Cr 1s2 2s2 2p6 3s2 3pb 4s2 3dd M M M [Ar] 4s2 3d4
Cr 1s2 2s2 2p6 3s2 3pb 4s2 3dd M MY MY M [Ar] 4st 3d5
Mn 1s? 2s2 2p6 3s2 3pb 4s2 3d5 M MY MY M [Ar] 4s2 3d5
Fe 1s2 2s2 2p6 3s2 3pb 4s2 3dS NI r [Ar] 4s2 3d6
Co 152 252 2pb 3s2 3p6 452 3d7 NN T T [Ar] 4s2 3d7
Ni 1s2 2s2 2p6 3s2 3p6 4s2 3d8 R U N [Ar] 4s2 3d8

R U P P ) [Ar] 4s2 3d9

LT LT [Arlgs gde

LTI [Ar]gse 3de

Cu 1s2 2s2 2p6 3s2 3pb 482 3d9
Cu 1s2 2s2 2p® 3s2 3pb 4s2 3d9

Zn  1s2 252 2pb 3s2 3pb 4s2 3d°

4>|—>|—>|—>|—>|—>|—>|—> |—>|—> |—>|—>|—>|—> |—>|—> |—>|—>|—>|—>|—>
2 VA V4 VR VR4 VR4 VR4 Ve VA T V4 Va4 rad — k== —k=
%
(_

Ga 152 2s? 2p6 3s2 3p6 452 3d© 4p! NN T _ _ [Q4s23dogp

Ge 1s2 252 2p6 3s2 3p6 452 3d1© 4p2 NN T T _ [Q4s23dogp

As 1s2 252 2p6 3s2 3p6 4s2 3d° 4p3 NN T T I [14s23dogpy

Se 1s? 282 2p6 3s2 3pb 4s2 3dw 4p4 NN NI T [4s23dogp

Br 1s2 252 2p6 352 3pS 452 3d© 4ps NN NI T [14s23diogp

Kr 152 252 2p6 352 3pS 452 3d° 4pb NN T T [D4s23deo4p
3dt 3d2 3d3 3d+4 3d5  4p* 4pY¥ 4p*
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Orbital Energies, Z* and Electron Configuration

0 _— —_ —_— —_— —_— EEEE——

-15

=20

-25

Orbital energy / eV

-30

-35

0 15 20

Atomic number

The above plot of atomic number vs orbital energies shows:
¢ Going left to right across a period, the atomic orbital decreases in size
e The Orbital Energy decreases

7.4 Electron Configuration of Ions
Chemistry deals with the chemistry of Anions and Cations. Electrons are always removed first from
the electron shell of the highest n.

Na: [1s22s22p63st] > Na+ [ 1s22s22p ]|+ 1e-
Ge: [Ar] 3d1©4s24p2 > Ge2* [Ar] 3di94s2 + 2e-
Note in these Transition elements, the ns electrons are lost first:
Ti: [Ar] 3dw 4s2 > Ge2* [Ar]3die + 2e-
Fe = Fe2+ Fe: [Ar] 3d° gs2 - Fe2+ [Ar]3d® + 2e-
Fe2+ - Fe3+ Fe2+ [Ar] 3d® - Fe3*+ [Ar]3d5 + 2e-

Example 7.4 Give the electron configuration for Cu, Cu+*, Cu2* and determine which is
paramagnetic? (has unpaired electrons and are attracted to a magnet)

Cu 1s2 252 2p6 3s23pb4s23de L TN N TL T [Ar] 4s2 3d9
Cu+ 1s2 2s2 2p6 3s2 3po4s23d2 TL TN T T4 T _ [Ar] 4s2
Cu2r 1s2 2s2 2p6 3s2 3ps4s23d0 TL TN N T T [Ar] 4s2 3d9

Cu2* has one unpaired electron, so it is paramagnetic.
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7.5 Atomic Properties and the Periodic Trend

Atomic Size: The atomic size of an element is usually determined by V2 the distance between two
elements together (Cl., Crystal Structures, etc). They are not determined from distances of ionic

compounds!

154 pm 198 pm 176 pm

A distance equivalent
to 4 times the radius
of an aluminum atom

(a) (b)
The size of an atom is determined by the outermost electrons
For the main group elements:
The atomic radius increases going down a group
The atomic radius decreases going across a period (L -> R).
The effective nuclear charge, Z*, increases going across a period.

For the Transition metal elements:
Going L -> R, the radii initially decrease, then change very little, then a small increase in size

1A
9
H, 37
i 1A 2A 3A 4A 5A 6A 7A
[[] Main Group Metals o o 0 0 0 o Q
[ Transition Metals
B Metalloids i, 152 Be, 113 B, 83 CATT N, 71 0,66 F 71
[] Nonmetals
Na, 186 Mg, 160 Al, 143 Si, 117 P, 115 S, 104 Cl, 99

QPO

Ge, 123 As, 125  Se, 117 Br, 114

QOO

Sn, 141 Sb, 141 Te, 143 I, 133

QP 2000

Cs, 265 Ba, 217 T, 170 Pb, 154 Bi, 155  Po, 167
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Ionization Energy (IE) is the energy required to remove an electron from an atom in the gas phase

Atom ground state (g) - Atom

First IE Mg ()

152 2s2 2pb 3s2
Second IE Mg+ (g

152 282 2pb 3s2

Third IE =~ Mg2* (g
1s2 2s2 2pb

*@ + e- AU = Ionization Energy, IE

> Mg+ () + e- IE1 = 738 kJ/mole
152 2s2 2p% 3st

> Mg2+ (o) + e- IE1 = 1451 kJ /mole
1s2 2s2 2pb

> Mg3+ (o) + e- IE1 = 7732 kJ/mole
182 282 2p5

Each subsequent e- removed after the first requires more energy because an e- is being removed from

a more positive ion.

Table 7.5 First, Second, and Third lonization Energies for the Main Group Elements in Periods 2-4 (k]/mol)
2nd Period Li Be B C N 0 F Ne
1st 513 899 801 1086 1402 1314 1681 2080
; End ........... ?298 — 175:7' ,,,,,,,, 2.4.2.? ......... 2.3.5,2 ......... 2.8.56. - 333 3 ......... 3.3.?;; ....... 3.9.5.2, Wi
. 3|-d ............. 11315 ....... 1_4,343 ........ 3‘5'5-0 ......... 4.6.2;] ......... 4.5.?5 ......... 530 0 ......... 5-0-5.'5 ......... 6.1,2.2 hor 2. ¢
3rd Period Na Mg Al Si P S cl Ar
1st 496 738 577 787 1012 1000 1251 1520
T w62 st w7 1w 003 2251 21 265
N 012 me s T 2012 361 w6 008
4th Period K Ca Ga Ge As Se Br Kr
1st 419 590 579 762 947 941 1140 1351
I Ent; ------ : ;éSl 1145 o 19?9 - '153? h | 1798 2044 TR 2104 o 235'.[]‘ o
érd N 4411 4910 = 296-3- - 33-'[]-2- - 2.?l3.5- -2-93‘4 -3-5-00 3565 -

The First IE increases going across a period and down a group
The atomic radius decreases and the IE increases due to the increase in effective nuclear charge

Trends in Ion Sizes

1 1A

L, 152
[ 1 Main Group Metals
IT] Transition Metals
[T Metalloids

{ om " Nat, 08
[[] Nonmetals kr\la, 186

S Mgt 79 o o ABT, 57
KMQ, 160 ‘:,no_?m, 143

;o i Catt, 106 - Gatt, 62
O?Ca,w? 3._9?68.,122

2A 3A

Br, 114

George W.J. Kenney, Jr.
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Positive and negative ions increase in size going down a group

When an e- is removed from an atom to form a cation, the size shrinks considerably.

— e

Li atom (radius = 152 pm)

Li* cation (radius = 78 pm)

152 78

pm pm
— 1 electron D
1s 25 1s 2s

When an e- is added to an atom to form an anion, the size is always larger

71 pm

25 2p

F atom (radius = 71 pm)

F~ anion (radius = 133 pm)

+ 1 electron

2s

133 pm

2p

Isoelectronic ions have the same number of electrons, but a different number of protons:

Ion

# of Electrons
# of Protons
Ionic Radius (pm)

George W.J. Kenney, Jr.

N3- 02 F- Na+
10 10 10 10
7 8 9 11
146 140 133 98

Mg2+

10
12

79

Summary of Periodic Trends

Moving through . . | lonization Electron
the periodic table: B el Energy Affinity
Becomes
Down a group Increase Decrease less
exothermic
Becomes
Across a Period Decrease Increase more
exothermic
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The main group elements form Cations with an electron configuration equivalent to that of the
preceding noble gas

Nonmetals acquire enough electrons to form an anion with the electron configuration of the next
noble gas.

Students should read: Milestones in the Development of Chemistry...

Radioactivity: Alpha, Beta, Gamma are separated by passing radiation between electrically charged
plages.

Thompsons experiment to measure the electron charge-to-mass ratio
Goldstein’s Canal Rays

Rutherfords experiment to determine the structure of an aom — hit a gold foil with + particals,
detect with a ZnS screen.

Milikan’s Oil Drop experiment to determine the charge on an electron
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