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» lonic Bonds 9.1 Describing lonic Bonds Q @

v Anionic bond is a chemical bond formed by the I\‘l
electrostatic attraction between positive and

negative ions. @ u
v The bond forms between two atoms when one
or more electrons are transferred from the \/

valence shell of one atom to the valence shell of
the other.

v The atom that loses electrons becomes a cation
(positive ion), and the atom that gains electrons
becomes an anion (negative ion).

v" As a result of the electron transfer, ions are
formed, each of which has a noble-gas
configuration.

e .
Na([Ne]3s') + CI([Ne]3s*3p”) — Na™([Ne]) + Cl1~([Ne]3s°3p°)

Low ionization E  High electron affinity




» Lewis Electron-Dot Symbols

v is a symbol in which the electrons in the valence shell of an
atom or ion are represented by dots placed around the letter
symbol of the element

Na- "+ -Cl: —> Na* + [:Cl:]

Table 9.1 Lewis Electron-Dot Symbols for Atoms of the Second and Third Periods

1A 2A 3A 4A 5A 6A 7A 8A
Period ns! ns> ns2np! ns>np> ns*np? ns*np* nsznp> ns2np®
Second Li- .Be - ‘B S o IN- [0 F - :Ne:
Third Na- ‘Mg - . Al- 2§+ : P G < Cls :Ar:

(Q) Use Lewis electron-dot symbols to represent the transfer of
electrons from magnesium to fluorine atoms to form ions with
noble-gas configurations

Fe 4 Mg A F: — [F:]” + Mg?* + [:F:]



» Energy Involved in lonic Bonding

v Formation of an ionic bond between a sodium atom and
a chlorine atom:
(1) Nag = Na*,+ e AHl.e =+ 496 kJ/mol

(2)Clgy+e >Cly  AHE.A=-349 kJ/mol

v' The overall energy is (496 — 349) = + 147 kJ/mol

—>the process requires more energy to remove an electron from
the sodium atom than is gained when the electron is added to
the chlorine atom.

-> formation of ions from the atoms is not in itself energetically
favorable.

BUT When positive and negative ions bond ->energy is released

to make the overall process favorable.

leQZ

F 4

Coulomb’s law E =




Coulomb’s law states that the potential energy obtained in
bringing two charges Q1 and Q2, initially far apart, up to a
distance r apart is directly proportional to the product of the
charges and inversely proportional to the distance between them.

k10

F

E =

k =8.99 x10° J.m/C?

The charge on Na* is +e and that on CI~ is —e.

e=1.602 x10"1° C

r = distance between Na* and CI" = 282 pm, or 2.82 x 10710 m,

—(8.99 X 10° J-m/C?) X (1.602 X 10~'° C)?
4 = = O X -
E 2.82 X 10719m SA8 107

v" The minus sign means energy is released
v This energy is for the formation of one ion pair
v Multiplying by Avogadro’s number, 6.02 x 1023 2> —-493 kJ/mol
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v' The lattice energy is the change in energy that occurs (required)
when an ionic solid is separated into isolated ions in the gas phase.
v" For sodium chloride, the process is: NaCl(s) — Na*(g) + Cl (g)

— ) Ok

- 639 kJ

= (net energy
20 released)

ner

-
et

[

mol Na + 1 mol Cl ‘]

| mol Na*+ | mol CI”

Step 1
147 kJ

I mol Na*CI™ ion pairs

Step 2a
—493 kJ

I mol NaCl(s)

Step 2b

-293 kJ

Step 2
—-786 kJ

(negative of
lattice energy)

v" The negative sign shows that there has been a net decrease in energy,
which you expect when stable bonding has occurred.

v" lonic bond forms between elements if the ionization energy of one is
sufficiently small and the electron affinity of the other is sufficiently large



» The Born-Haber Cycle for NaCl (Energy diagram)

Direct

1- Sublimation of sodium LY Sy —
2. Dissociation of chlorine Swv" Swvﬂl |
3. lonization of sodium . o
4. Formation of chloride ion (E.A.) SW‘ Swp_‘J

5. Formation of NaCl(s) from ions

Na* () + BECI (e} i

Na(s) — Natg) AH, = 108k]

1Cl(g) — Ckg) AH, = 120kJ

Natgy —— Na(g) +e~+g) AH; = 496k]

Ckgl +e4g1 — ClHg) AH, = —349KkJ

Na~tgJ + Cl+gJ — NaCl(s) AHs = —U

Na(s) + 5Cl(g) —— NaCl(s) AH:,° = 375kl - U

AH®%: = AH®_ , + AH®, + 1/2 AH® + AH®__, + U,
enthalpy of formation determined calorimetrically - - 411 kJ
7

375kJ-U=-411k]J] > U=(375+411)kJ =



» Properties of lonic Substances
v' Strong ionic bonds (strong electrostatic interaction)
-> high-melting points of ionic solids.

m.p of MgO (2800 °C) > m.p NaCl (801 °C) . kQ,0,

charges (Mg?* and O%°), charges (Na* and CI), r

v The liguid melt from an ionic solid consists of ions, and so the
liguid melts conducts an electric current.

v lonic liquids have low m.p (RT) because the cations are large
and non-spherical = weak ionic bonding

g @ (e




9.2 Electron Configurations of lons
» lons of the Main-Group Elements

Table 9.2 lonization Energies of Na, Mg, and Al (in kJ/mol)*

Successive lonization Energies

Element First Second Third Fourth
Na 496 | 4562 6.910 9,543
Mg 738 | 1.451 7.733 10,542
Al 578 1.817 2745 | 11,577

v Valence electrons are easily removed

v Much higher energy is needed to remove further electrons.

- No compounds are found with ions having charges greater
than the group number. e.g : Na®*, Mg3*, Al** ( Doesn’t exist)

v Boron (Group 3A) doesn’t form ionic compounds with B3* ions,
the bonding is normally covalent.

v" The remaining elements of Group 3A do form compounds
containing 3* ions because of decreasing ionization energy.

v Thallium in 3A, Period 6, has compounds with 1* ions and
compounds with 3* ions

TI([(Xeldf 45d'%6s26p") —> TI*([Xeldf 145d'%6s%) + e-



v The first three elements of Group 4A (C, Si, and Ge) are
metalloids and usually form covalent rather than ionic bonds.

v Tin (Sn) and lead (Pb) (group 4A) commonly form ionic
compounds with 2* ions.

v" Tin forms tin(ll) chloride, SnCl,, which is an ionic compound
and tin(1V) chloride SnCl, which is a covalent compound.

v" Bi (group 5A) forms ionic Bi3* cpds and covalent Bi>* cpds.

v Anions of Groups 5A to 7A gain electrons (large EA) to form
noble-gas or pseudo-noble-gas configurations.

v Hydrogen forms compounds of the 1~ ion, H™ (hydride ion).

v Although the electron affinity of nitrogen (2s%2p3) = 0
N3~ ion (2s%2p®) is stable in the presence of Li* (Li;N)and other
alkaline earth elements ions (Mg;N.).

(Q)Write the electron configuration and the Lewis symbol for N3-.

N: [He]2s%2p3 N3 [He]2s%2p® Sn: [Kr]4d 10552502
L Sn2* : [Kr]4d 19552

LA AT Sn#* : [Krj4di0 10



> Transition-Metal lons
v" M %t is a common oxidation state as two electrons are removed from the

(Q) What are the correct electron configurations for Cu & Cu?* ?

moow»

outer ns shell. Fea- 1A 4523d 6

Ar]
Ar]
"

Ar

Fe?* : [Ar] 3d °©
Fe3*: [Ar] 3d ®

4s23d°, [Ar] 3d°

3d19%4sl, [Ar] 4s13d8

3d19%4sl, [Ar] 3d°

4s23d°, [Ar] 3d194s!
K] 4s523d°, [Ar] 3d°

loses 4s electrons first
then loses 3d electrons

(Q) What are the correct electron configurations for zirconium(ll) and
zirconium(lV) ions?

A.

mo o ®

Kr]
AT}

. [Kr]
. [Kr]

Kr]

5d 2 [Kr] 4d 1
4d 2 [Ar] 552
5s24d 2 [Kr]

5s24d 6 [Kr] 4d ©

4d 2 [Kr]

H | L

Li
Na
Rb
Cs

Be

Mg

=
‘Ba |-

Ca|

Sc

Ti

Zr

H

Nb

Ta

Cr

Mo

e
Te ‘“'Ru
Re [0s

Co

Rh

Ni
".P.d
P

Au

Cu

‘Ag

Zn
t.Hg 4-

P|S
As | Se

'sb|Te |

'Bi |Po|

C|
'_Br

At

"He

Ne
Ar
.,K' «
")_,(e

"RA" :




» 9.3 lonic Radil
Determining the iodide ion radius in the lithium iodide (Lil) crystal

- Lt i lonic radius of I~
426 pm
- =426 /2 =213 pm

V'
Lit I~ Lit

1~ Li* L=

A three-dimensional view
of the crystal.

Exercise 9.6 Q Q

arrange the following ions in order of - o
increasing ionic radius: Sr2*, Mg?*, Ca?*. = [He]25°2p°3s! [He] 25720
Mg2* < Ca2* < Sr2* ‘

Cl Cl™

[Ne] 3s23p° [Ne] 3s23p©



v" lonic radii increase down any column because of the addition

of electron shells.

Table 9.3

Period

4

lonic Radii (in pm) of Some Main-Group Elements

1A
Lit
60
Na”
95
K+
133

2A
Be:+

31
Mg: +

65

Ca?*
99

3A 6A

Al §*
50 184

Ga'" Se~

7A

136

181

5 Rb* Sr2t In® Te*~ I
148 113 81 221 216
6 Cs* Ba®* T

169

135

95

1 8
1A VIIIA
1 2
2 13 14 15 16 17 e
Mydeogen Helum
1608 1A A IVA VA VIA VIIA 4002602
3 4 5 6 7 8 9 10
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» Pattern across a period | |
Cation Na* Mgt APt Anion 8%~ Cl-
Radius (pm) 9% > 65 > 50 Radius (pm) 184 181

v All of these cations have Ne configuration 1s22s22p® but
different nuclear charges (they are isoelectronic).

v’ Isoelectronic refers to different species having the same
number and configuration of electrons

9.47 Arrange the following in order of increasing ionic radius:
3- 2- - C : : :
As®, Se, Br v Within an isoelectronic series, the

1 - 8
1A — - — VIIIA
—_Or As3 >Se?2->Br~- atomic number decreases 2
H He
Hygeogen lfn n‘a\ 1:/4A \‘/: V‘IGA V'II7A '''''
1008 4002002
3 - 5 6 7 8 9 10
Li | Be B|IC|N|O|F Ne
hium Bery®um Boron Carbon Ntrogen Oxygen Fluorine Neon
LS 07N wan §J 2o Woor "W W 99840193 09M%
n 12 13 14 - 15 16 7 18
Na | Mg Al|Si|P | S |Cl|Ar
Sodum | Megnesium u?a IVB v% v?s vns vﬁle VI?IB vma l':z I‘IzB ““““““““ | 3Mcoa | Phoschons | Bl Chiorme Argon
2 90570528 24204 209084 0005 097NN 1206 2545 I 948
19 20 21 23 24 27 28 - 29 30 N 32 3 34 35 36
K |Ca|Sc T| V |Cr Mn Fe Co|Ni|Cu|(Z2n|Ga|[Ge|As|Se | Br | Kr
Potassiu m Calcium Scandium Vanadiam Cheomius m Cobalt Nackel Copper Z nc Gallium Germanium | Arsenic Selenium 8 roenine Krypton
0% 40078 449559008 209408 519961 ':‘ .\&'Ml MMMM e SA8004 81548 ;M 72830 MOves ™, e b ) arre
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(Q) arrange the following ions in order of decreasing ionic radius:
F-, Mg?*, O%

iIsoelectronic series> Mg?* (z=12) < F~ (z=9) < O?" (z=8)
9.49 Arrange the following in order of increasing ionic radius:
F~, Na*, and N3~

isoelectronic series> Na* z=11)< F~ (z=9) < N3~ (z=7)

9.48 Which has the larger radius, N3~ or P3-? P3-
NOT Iisoelectronic

1 8
1A VIIIA
1 2
Myde 2 13 14 15 16 17 Melium
"
ydeogen 1A A IVA VA VIA VIIA Sl
3 4 5 6 7 8 9 10
Li | Be BIC|N)|O|F |Ne
Lithium Berylum Boron Carbon Ntrogen Oxygen Floorine Neon
a9 01790 0L 2on WHoo? 1599 L 984019 201
n 12 13 I 14 - 15 16 7 I 18
g 3 “ 5 6 7 8 9 10 n 12
Sodiam Magnesium Aluminium Silcon Phosphorus Sulfur Chiorine Argon
o et 11]:1 VB vB viB viie viie viie viiie 1B s i P oS il oo e
19 20 21 22 - 23 24 25 26 27 28 - 29 30 K}l 32 3 34 35 36
Potassium Calcium Scandium TRanium Vanadam Cheomium Manganese on Cobalt Nockel Copper 2inc Gallium Gormasium | Arsenic Selenium Bromine Krypton
0% 40078 44 9449508 L7887 209418 S19%61 54930044 S584% | saN e S8.6034 61 548 6538 M 72830 T92veS ™, 04 i e
37 b 38 39 40 4 b 42 43 44 45 h 46 d a7 48 d 49 50 51 b 52 53 54
Rubudaum Strontium Yirwn | Zeconium Niobium Molybdenum Techretium Ruthensium Rhodwm ladium Sdver Cadrmium Indum Tn Antimony Telurum lodine Xenon
854478 8782 58 90584 24 92 90837 9494 (98) 0Lo? W2 90550 108,42 W ess2 12 44 % 4 11080 12180 12690447 131293




» Covalent Bonds
v a chemical bond formed by the sharing of a pair of electrons
between atoms.

9.4 Describing Covalent Bonds o N l

H(g) H{g) H.(g)
‘/ . Figure 9.10 A
The d IStance The electron probability distribution for the H, molecule
betwee N nu CI el at The electron density (shown in red) occupies the space

around both atoms.

minimum energy
Is called the bond | & &
length of H,. { "

Bond dissociation energy

Potential energy ——

Figure 9.11 <«

Potential-energy curve for H, The
stable molecule occurs at the bond
distance corresponding to the mini-
mum in the potential-energy curve.

Bond length

Distance between nuclei ——



> Lewis Formulas
H-+-H— H:H @H,J

S .. ‘-.—A —~>‘\.\\_‘
i ,/—\/\/T\\ H:Cl: 4—/\ lone pairs
H:- + -Cl: — ( HKI] l) f . e <
¢ ‘\w/(\';_, “bonding pair
H
3H- + -N: —> H:N:
H

» Coordinate Covalent Bonds
v is a bond formed when both electrons of the bond are donated

by one atom
A-+-B—> A:B H |
-+ . . .
A+:B—> A:B B N H-N:H
H

17



» Octet Rule

v' The tendency of atoms in molecules to have eight electrons in
their valence shells (two for hydrogen atoms)
» Multiple Bonds

H  H H\ /H S~
(e o C=C gl gegn. oE  G—lo=G—H

> ] H/ \H T Acetylene

Ethylene

9.5 Polar Covalent Bonds (Polar Bonds)

v" is a covalent bond in which the bonding electrons spend more
time near one atom than the other.

H : H H :Cl: Na® :Cl:”

Nonpolar covalent Polar covalent lonic

18



» Electronegativity is a measure of the ability of an atom in a

molecule to draw bonding electrons to itself.

v Mulliken electronegativity (x):  x = -& “; E.A.

v' F has large E.A. and large |I.E. - large electronegativity
v Li has small E.A. and small I.E. - small electronegativity

v Pauling’s electronegativity (¥): depends on bond enthalpies

v' Electronegativity increases from left to right and decreases from
top to bottom in the periodic table.

v Metals are the least electronegative elements (they are
electropositive) and nonmetals the most electronegative.

v The absolute value of the difference in electronegativity of two
bonded atoms gives a rough measure of the polarity of a bond
H—H., H—CI, and Na—Cl s
Ay: 0.0 0.9 2.1 H—C]

Polar molecule

19



» Writing Lewis Electron-Dot Formulas

These will be done In class:
H,O, NF;, CCl,F,, CO,, SCI,, POCI;, COCIl,, HSO,CI,
CO,;%, NH,*, BF,, H;0O*, CIO,".

/CONCEPT CHECK 9.2

Each of the following may seem, at first glance, to be plausible electron-dot
formulas for the molecule N,F>. Most, however, are incorrect for some reason.
What concepts or rules apply to each, either to cast it aside or to keep it as the
correct formula?

a FNNF b FNNF c FNNF

d FNNF e FNFN f FI\'NF

20



9.7 Delocalized Bonding: Resonance

0 0 O
Ozone (O,) "0_// 0. and '.:o../lﬁ()" O/‘"*\O
A
v The lengths of the two oxygen—oxygen bonds (that is, the
distances between the atomic nuclei) are both 128 pm.
v delocalized bonding

2= ~ — ¥ — ‘
CO, N ¢ LA

NO,"

21



9.8 Exceptions to the Octet Rule

S g Z.F.I I.F.Z

These will be done in class: L L
PF.,, SF,; XeF,, SF, i_F_—l? '*_F,ZI‘% '*3_*?—"'3
BF3, BGC'Z, F. 8 - & i -
o i
:°F'—[|3 - 21\|J—H — :'F°—1|3 IITJ—H
B 3 i
:.F: H F:|H
coordinate covalent bond
AICIl; @ RT & at melting point (very low 192°C)
o a o N
"7 A twoofthe Clatoms are in bridge positions
sl N A 3
C. ¢ @

22



9.9 Formal Charge and Lewis Formulas

COCl, IC.I—C|=O ('"|=(I*—o: :d—(”*—d
.Cl: . Cl< .Cl:
C—€=0  oCl=C—0:e :Cl—C—0:e
12 SIS Jak

RULE A Whenever you can write several Lewis formulas for a molecule,
choose the one having the lowest magnitudes of formal charges.

RULE B When two proposed Lewis formulas for a molecule have the same
magnitudes of formal charges, choose the one having the negative formal
charge on the more electronegative atom.

RULE C When possible, choose Lewis formulas that do not have like charges
on adjacent atoms.

(Q) Write the Lewis formula that best describes the charge
distribution in the sulfuric acid molecule, H,SO,, according to the
rules of formal charge. (HNO;, H;PO, HCN) ’3



(Q) Draw three resonance structures for the molecule nitrous
oxide, N,O (the atomic arrangement is NNO)

.. + .. + .. 7— ..+ +
N=—N=—=0 : N=N—0: : N—N=0:
(a) (b) (c)

Structure (b) is the most important one because the negative
charge is on the more electronegative oxygen atom.

Structure (c) Is the least important one because it has a larger

separation of formal charges. Also, the positive charge is on the
more electronegative oxygen atom.

24



> 910 Bond Length and Bond Order Average Bond Lengths of

Some Common Single,

74 pm 161 pm Double, and Triple Bonds

-» -« Bond
‘ Bond Length
‘L, \,‘ Type (pm)
C—H 107
H, HI C—0 143
covalent radius: C=0 121
Covalent radius of an atom X = half of the . o
covalent bond length of a homonuclear X-X C=C 120
single bond. G 43
If covalent radius of (C =76 pm) & (Cl =102 -
pm) = bond length of C-Cl = (76 + 102) = N—O 136
178 pm chloromethane, CH;Cl, 178.4 pm; (\):3 132
tetrachloromethane, CCly, 176.6 pm;
Bond lengths:
Triple bond < Double Bond < Single Bond
25
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> Trends for atomic radii

1. Within a period, the covalent radius tends to decrease with increasing atomic number.
2. Within a group, the covalent radius tends to increase with period number.

(Q) Consider the molecules N,H,, N,, and N,F.,.
Which molecule has the shortest nitrogen—nitrogen bond?
Which has the longest nitrogen—nitrogen bond?

H 1\|1 I\|I H :N=N: :F—N=N—F:
H H
NH, N, NF;

26



9.11 Bond Enthalpy (BE)
“bond enthalpy” and “bond energy” are often used interchangeably

1 H
H—(lt—H(g) — H—é(g) + H(g) AH = 435Kk]
f f
H H H H
H—(|:—<|:—H(g) — H—Cl—Cl(g) +H(g) AH=410k]
HOH Hon

CH,(g) — C(g) + 4H(g); AH = 1662 kJ

> BE(C—H) =1 X 1662 k] = 416 kJ

v Because it takes energy to break a bond, bond enthalpies are
always positive numbers.

v' Bond enthalpy is a measure of the strength of a bond:
the larger the bond enthalpy, the stronger the chemical bond

27



(Q) Use bond enthalpies to estimate the enthalpy change
for the following reaction:
CHy(g) + Cly(g) —> CH;Cl(g) + HCl(g)

Given that bond enthalpies (kJ/mol) for:

(C-H) =413, (CI-CIl) = 242, (C-Cl) = 328, (H-CIl) =431,
H H l|1 }Ii

H—clz—H + Cl—Cl — H—(|I +H + Cl + CI H—C| +H+Cl+Cl — H—CI—C' + H—CI

| |
H H H

AH = BE(C—H) + BE(CI—CI) — BE(C—CIl) — BE(H—C))
= (413 + 242 — 328 — 431) k]
= —104 kJ

In general, the enthalpy of reaction is (approximately) equal to the sum of the
bond enthalpies for bonds broken minus the sum of the bond enthalpies for

bonds formed.

28



Exercise 9.18 Use bond enthalpies to estimate the enthalpy change
for the combustion of ethylene, C,H,, according to the equation

C,Hy(g) + 305(g) — 2CO,(g) + 2H,0(g)

Given that bond enthalpies (kJ/mol) for:
(C=C) =614, (C-H) =413, (0=0) =498, (C=0) = 804, (O-H) =463

H 0
\C=C/ + 30, —» 20=C O+2/\

WA

AH = {[614 + (4 x 413) + (3 x 498)] - [(4 x 804) + (4 x 463)]} kJ
= -1308 kJ

H

H

29



