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Bonding: ‘General Concef
(+ VSEPRfrom Chapter 5)

Chapter Objectives:

AUnderstand the principal types of chemical bonds.

AUnderstand the properties of ionic and molecular
compounds.

ADraw Lewis dot structures for molecular compounds,
including resonance structures.

A(Chapter 5.1) Predict the shape of a molecule using
VSEPRtheory, and determine whether the molecule

is polar. .
Mr: . KéwinrAABdiiclrdaexux
Angelo StatecUniveesityty 1
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Introduction

A Most of the substances that we encounter in daily
life are not elemental substances, but compounds
(and frequently, complex mixtures of compounds).

r

A Why do elements form compounds in the first place
Bonding lowers the potential energy between the
charged particles that compose atoms.

A There are three major ways of modeling bonds
between compounds, with varying degrees of
complexity:

i Lewis theory (Lewis dot structures)
I Valence Bond theory
I Molecular Orbital theory
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Types of Chemical Bonds

A There are three types of bonds
between elements:

T lonic bondsresult from a ——

transfer of electronsfrom one
species (usually a metal) to ‘
another (usually a nonmetal 0|

polyatomic ion).

Covalent banding

Covalent bondsresult from a &&’&ix
sharing of electronsby two or = ,
more atoms (usually /ﬁ"‘"‘

nonmetals).

Metallic bonds result from a
Apoolingo of

by two or more metals into a4/ - e
delocalizecklectron sea ' :

Lewis Dot Structures for Elements

A In aLewis dot structure [G. N. Lewis] for an
element, the valence electrons are written as dots
surrounding the symbol for the element.

Li-

Place one dot on each side first; the remaining do
are paired with one of the first set of dots.

A maximum of two dots are placed on each side.

Theunpaireddots indicate where covalent bonds
can form, or where electrons can be gained or los

Atoms tend to form bonds to satisfy thetet rule,
having eight electrons in their valence shells.

Be B- C. N O F Ne
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lomc-Bonds

lonic Bonds

A lonic bondsform when one atontsansfers one or
more electrons to another atom, producing ions.

A lonic compoundsare compounds that are held
together byionic bondsbetween positivekcharged
cations and negativelgharged anions.

I The ionic bond is the strong attraction between
the cations and the anions.

I The cation and anion are not physically joined
(i.e., they donotform a molecule).

A lonic compounds generally result when a metal
combines with a nonmetal:

I Metal + Nonmetal — ionic compound
I Metal + Polyatomic ion— ionic compound
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The Valence Shell

A The electrons in the outermost walence shel(the
one that has the highest valuenphave the highest
energies, and are on average the farthest away fromn
the nucleus, and so are the ones which are most
exposed to other atoms.

I For mairgroup metals, the electrons lost in
forming cations aréakenfrom the valence shell.

I For mainrgroup nonmetals, the electrons gained
in forming anions araddedto the valence shell.

A The innercoreelectronsigner shel) do not usually
play a role in chemical bonding.

Formation of lonic Solids

A When an element which gives up electrons easily
(i.e., that has a small ionization energy) comes in
contact with an element that accepts an electron
easily (i.e., that has a large negative electron
affinity), an electron may be transferred, yielding a
cation and an anion.

Na: + Cl: — Na + ‘CI"
Na [He] 2¢ 2pP 3¢t Na* [He] 28 2p° = [Ne]
Cl [Ne] 323p° Cl- [Ne] 32 3pf = [Ar]

A In both cases, we have formed an ion where the nev
valence shell is full, having eight electrons.

8



Chapterd: Bondingi General Concepts (#SEPRfrom Chapter 5)

The Octet Rule

ATheNaandCii onds el ectron cc¢
same as that of the nearest noble gas (the ions are
said to basoelectronicwith the nearest noble gas).
At oms fAprefero to have
because this is more electronically stable.

A This can be generalized into tbetet rule: Main-
group elements tend to undergo reactions that leave
them with eight outeshell electrons.

I That is, mairgroup elements react so that they
attain a noble gas eonfiguration with filleds
andp sublevels in their valence electron shell.

A There are many exceptions to the octet rule, but it is
useful for making predictions about some chemical
bonds.

Group 1A3A Cations

A Elements with similar outer shell configurations form

similar ions.

A For instance, the alkali metals form ions with a +1
charge;thevalenel ectron i s th
1A Li 1224 Lit 1¢

1A Na 12 2pf 3¢ Nat 12 2pf

1A K 19292pP3€23pP4st K+ 1922 2¢f
32 3P

A The Group 2A and 3A metals also tend to lose all of
their valence electrons to form cations.

2A Be 1929 Be2t 19
2A Mg 1228 2pf 32 Mg2+ 1 28 2pF
3A Al 122222p8323pt Al 1222 2pF 10
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Group 4A and 5A Cations

A The Group IV and V metals can lose either the
electrons from the subshell, or from both theand
p subshells, thus attainingggeudaenoble gas

configuration.
4A Sn
Sre*
S+
4A Pb
Pkt
Pk
5A Bi
Bi3+
Bi5+

[Kr] 552 4d'05p?

[Kr] 552 4dt0

[Kr] 4d10

[Xe] 6s? 4f14 5d10 62
[Xe] 6 4f14 5010
[Xe] 4f14 5010

[Xe] 62 4f14 510 6p3
[Xe] 6s? 4f14 5d10
[Xe] 414 5d10

11

Transition Metal Cations

A Transition metals lose thaiselectrons before the
(n-1)d electrons, usually forming 2+ charges. Some
can also lose electrons from their highekvels.

Fe

[Ar] 452 3cP

Fet [Ar] 3d°
Fe* [Ar] 3d°
0000000000600000000000600

Zn

[Ar] 4s2 3d1°

Zn?* [Ar] 3d1°
0000000000000 0006000000

Ag

[Kr] 5s! 400

Ag* [Kr] 4d0

12
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Nonmetal Anions and Noble Gases

A The Group 4A 7A nonmetals gain electrons until
their valence shells are full (8 electrons).

AN C 19292  C+ 12 282pF
5A N 12€2p  N3¥ 128 2(f
6A O 12g2p¢ 02 12g2(f
7A F 122920 F 19292

A The Group 8A noble gases already possess a full
outer shell, so they have no tendency to form ions.

8A Ne 1£282p
8A Ar 1928 2pP 38 3P

13

Lewis Structures of lonic.Compounds

1.Use Lewis structures to predict the formula of the
ionic compound formed by the following elements.

a. CaandCl
b. Caand S

c. NaandS

14
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Examples: Predicting lon‘Configurations

2. Predict the groundtate electron configuration for
each of the following ions, and state whether they
are diamagnetic or paramagnetic.

a.
b.
. Mn2*, Mn3*

c
d.

Ra*
LaZ*, La3*

Ni2+
Ti4+
N3

Te?

15

Examples: Predicting lon‘Configurations

3. What 2+ ion has the groussiate electron
configuration 122p°33pP3d10 ?

16
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Periodic Properties of lond lonic Radius

A Cationsaresmaller than their parent atoms, since
electrons are being removed from the valence shell.

A Anions arelarger than their parent atoms, since e
e repulsions increase when electrons are added.

A The greater the positive charge, the smaller the ionic
radius (e.g., Fe < Fe¥).

A Trends in ion size are the same as for neutral atoms
I lonic radius increases down a group.
i lonic radius decreases for cations across a period
I lonic radius decreases for anions across a period

A Isoelectronic ions decrease in radius as the number
of protons increases.

17

Periodic Properties of lon8 lonic Radius

it Be®*
) ) 0> F~
60 31
140 136
Na* Mgt AP*
) [ ) S cr
95 65 50
184 181
K* Ca™* Ga*t
| ‘ ! ) Se?” Br—
2
133 92 62 198 195
Rb* sr?t m** st sp™t
‘ Te*™ I
148 113 81 71 62

18
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Figure 4.8 216
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Radii of Atoms and Their Cations (pm) Radii of Atoms and Their Anions (pm)

Group 1A Group 2A Group 3A Group 6A Group 7A

Li Li* Be Be** B B o 0o F F

Examples: Predicting Periodic Trends

4a. Arrange the following ions in order of increasing
size: G, P, &, As®,

4b. Which species is larger, Na or \a

4c. Which species is larger, Br or Br

4d. Which species is larger, Bror Srf*?

4e. Which species is larger, Rbr Br?

4f. Arrange the following in order of increasing size:

Cet, &, Ar, K+, CI.

20
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Energy Changes in the Formation of NaCl

A The energy changes in the formation of NaCl from
Na(s) and Clg) are shown iffrigure 4.9

I Step 1: sublimation of Li(s) to Li(g):

Li(s) Y Li(g) AH = +161 kJ/mol
I Step 2: ionization of Li(g) into LiF(g) ions:

Li(g) Y Li*(g) +e AH = +520 kJ/mol
I Step 2: dissociation of Kg) into F(g) atoms:

2E(9) Y F(Q) AH = +77 kJ/mol
I Step 4: addition of eto F(g) to form Kg) ions:

F(g) +eY F(g) AH =-328 kJ/mol

A The total so far:
Li(s) + %R(g) Y Li*F(g); AH = +430 kd/mol

21

Energy Changes in the Formation of NaCl

ABut we donodét find LiF i
really hot outside!):

i Step 5: formation ofsolid LiF crystals from
isolated Lt and Fions in the gas phase:
AH =-1047 kJ/mol.

A Revised total:
Li(s) + ¥%h(g) Y Li*F(s); AH=-617 kd/mol

I Since this is a release of energy, this is a much
more favorable energetic process.

I The energy change in step 5 drives the overall
process of the formation of LiF.

22
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Born-Haber Cycle for the Formation aiF

Li*(g) + F(g)

Li*(g) +1Fyg) 1 77k1(3) |
\

520 kJ(2)

-328 kl(4)

Lif(g) +F(g) |

Li(g) +3 Fx(g)

A

E 161 k(1)

Li(s) + 5F,(g)

Figure 4.9, 4.10

—617 k] <=— Overall

change

Y LiF(s) §

Lattice Energy

A The energy change in step 5 is calledl#tice
energy(AH ..o, the energy change associated with
the formation of a crystal lattice from isolated ions
in the gas phase. It is the result of the electrostatic
interactions between ions, and thus it is a measure ¢
the strength of the ionic bonds in an ionic crystal.

A lonic solids exisbnly because the lattice energy
drives the energetically unfavorable electron
transfer. The energy required for elements to gain
or lose electrons is supplied by the electrostatic
attraction between the ions they form.

°
° 24
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Born-Haber Cycle for the Formation dfaCl

e o ® o
°

e B s 1@ [ ~
o o $°8 ® Na®(g) + Cl(g)
3 ° °
° L) © Addition of
» L] AR electron to gaseous
chlorine
N © lonization of
S gaseous sodium ¥ G a o= Q%
@ +CT @ 0w ™ g4 N
5 7 .
e o o o 4 . - )
A .
° L] @ o ~ (-
.o >\ : § . Na(g) + Cl(g) Y e
° °
° o o ®
° L @ Formation of
» L] AHep2 chlorine atoms from

chlorine molecule

Enthalpy, H

P ®  Na(g) +Chg)

s 3" L) © Formation of crystalline
* °e € @ Formation of solid from gaseous ions
e L AHCgep 1 gaseous sodium
from solid sodium AHyeps = AHPytice
@ Na(s) + 1(jlz(g)
° . 2

Enthalpy change
in formation of

sodium chloride
from sodium
and chlorine
NaCl(s) 25

AH®;

Trends in Lattice Energy

A The forceF that results from the interaction of
electric charges is described®yp ul o mh:6 s |
4%
Pk
wherek is a constantz, andz, are the charges on the
ions, andd is the distance between their centers.

A The lattice energy is the foretimes distance:
AHlattice = Fd = k ﬁ

I As the size of the ions increasddiecomes
larger, and the lattice energy decreases.

i As the magnitude of the cation and anion charge

increases, the lattice energy also increases (NaF
-923 kJ/mol, MgO =3916 kJ/mol).

26
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Trends in Lattice Energy

oL VO

231pm 239pm

AH }att

AH. .. (kJmO‘S;e
(kJ}gg\ge NaF -923
LiCl -834 CaO -3414
NaCl -787
KClI -701
CsCl -657

27

Properties of lonic Compounds

A The oppositely charged ions are attracted to each
other byelectrostatic forceforming anionic bond.

I The substance that forms isianic solid.

I The solid consists of a thremensional array
called acrystal, which consists of cations
surrounded in some fashion by anions

Salt Chandelier
Wieliczka Salt Mine
Poland
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Properties of lonic Compounds

A A typical ionic compound, such as rock salt (NaCl)
ishard( doesndadgd(derts)n,6t ben
brittle (cracks without deforming).

A The attractive forces in ionic compounds hold the
lons in specific positions; moving the ions out of
position requires overcoming these forces, so the
sample resists denting and bending.

Repulsive
External  force
force Crystal

29

Properties of lonic Compounds

A lonic compounds have very high melting points
(NaCl melts at 8C°C, MgO melts at 285%), and
extremely high boiling points, because it takes a lot
of heat energy to overcome the electrostatic
interactions between cations and anions.

MP (°C) | BP (°C)

CsBr 636 1300

Nal 661 1304

|\/|gC|2 714 1412 NaCl(s) NaCl(/)

KBr 734 1435

CacCl, 782 >1600

NaCl | 801 | 1413 %




Chapterd: Bondingi General Concepts (WSEPRfrom Chapter 5)

Properties of lonic Compounds

Solid ionic compounds do
not conduct electricity,

because the ions are not free
to move. )

When melted, or
dissolved in water,
the ions are free to
move, allowing
electricity to be
conducted through A,
the solution.

—_—

NaCl(s) NaCl(aq)

32
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Covalent Bonds

Share and SharecAlike

33

Covalent' Bonds

A Covalent bondsresult from the sharing of electrons
between atoms.

A As two isolated H atoms move closer together, the
two positivelycharged nuclei repel each other, and
the two negativehcharged electrons repel each
other, but each nucleus attracts both electrons.

A At some point, the attractions between the nuclei an
the electrons are balanced against the repulsions
between the nuclei and between the electrons.

i The shared electrons bind the
two nuclei togetherintoanH
molecule nucll

I The shared electrons act like they | N&”
belong tobothatoms in the bond.

—=| bondlength |<—
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Covalent' Bonding and Potential Energy

A When two isolated H atoms approach each other, th
potential energy ilweredd energy igeleased
when an H molecule forms.

A Pushing the nuclei any closer causes the potential
energy to rise.

& &

H atom H atom

Sufficiently far apart
to have no interaction

gy (kJ/mol)

Potential ener

0 0.074 Internuclear distance (nm)

. 35
(b) (H—H bond length) Figure 4.1

Covalent' Bonding and Potential Energy

A The optimum distance between nuclei where the
attractive forces are maximized and the repulsive
forces are minimized is called thend length.

(For H,, the bond length is 74 pm.)

A In H,, the highest probability of finding electrons is
in the space between the H nuclei.

I The increased attractive forces in this area help tc
lower the potential energy of,Helative to
isolated H atoms.

36
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Single Covalent Bonds
H +H — H:HO H—H

H. + F —_— HF or H_F
F + F  — FF or F_F
H+Q+H—>HOHOFHOH

A Theshared pairof electrons arbonding pairs.

A Theunshared pairef electrons aréone pairsor
nonbonding pairs.

Na*® Cl- ionic bond
HO H covalent bond

37

Examples: Forming Covalent Bonds

1. What is the formula for the simplest compound
(i.e., containing only single bonds) formed by
chlorine with the following elements:

a. nitrogen
b. silicon
c. selenium

d. bromine

38



Chapterd: Bondingi General Concepts (#SEPRfrom Chapter 5)

Double and Triple Covalent Bonds

A Atoms can also share two pairs of electrons to form
adouble bond Each oxygen atom in the last
structure below has an octet of electrons:

O +0 — 0-0 — 0=0

i Double bonds are shorter and stronger than singls
bonds.

A 'tl)'hedsharing of three electron pairs forntsigle
ond:

N + N —— N=N:

I Triple bonds are even shorter and stronger than
double bonds.

39

Polar Covalent Bonds

A In reality, fully ionic and covalent bonds represent
the extremes of a spectrum of bonding types.

A Most covalent bonds apolar covalent bonds in
which the electrons are shanadequally but are not
fully transferred from one atom to the other.

A In polar bonds, one atom hagpartial negative
charge (&) and the other atom hagpartial positive
charge(d*).

Figue 42 |) 9 4 | Figure 4.4
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Electronegativity

A Electronegativity is the ability of an atomin a
molecule to attract shared electrons to itself.
[Linus Pauling, 1939, Nobel Prize 1954, 1963]

A Electronegativity is a periodic property, and
increases from bottom to top within a group and
from left to right across a period. (Electronegativity
Is inversely related to atomic size.)

"

Trends in Electronegativity
41

Electronegativity Values (The Pauling Scal¢

A The atom in a bond with the larger electronegativity
value has the partial negative charge.

A The atoms with the smaller electronegativity value
has the partial positive charge.
+—> 5t &
H—F or H—F

sing electronegativity

F
T o
. [ N 2
C 35
B e 30

Cl

i P S 30
MlS = d= ‘

< s | B

Ge As 28
?: s % 24 |

m | Sn | sb | Te 2',
17 1.8 1.9 21 =

Pb | Bi Po At
18 19 19 20 22

42

~<——— Decreasing electronegativity
=}

Figure 4.3
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Electronegativity and Bond Polarity

A A polar bond is one where the difference in
electronegativity is intermediate:

AEN = 0.60.4 (small) Nonpolar covalent
AEN = 0.42.0 (intermediatePolar covalent
AEN > 2.0 (large) lonic

A A polar covalent bond
Can be thou g ht Of aS TABLE 4.1 ) The Relationship Between Electronegativity and Bond Type

havingpartial covalent " aom  soraye
characterandpartial 2 e
lonic characer: the \ |
greater the\EN of the =~ e Pl e

atoms, the larger the [ ] A
ionic character of the i e
bond. 23

Electronegativity and Bond Polarity

Na“ ClI”  Anionic bond ( Q .

80% ionic

20% covalent /

StH—CI® J
83% covalent L G

[H :C1] 17% ionic

A polar covalent bond.
The bonding electrons are attracted
more strongly by Cl than by H.

Cl:Cl A nonpolar covalent bond 9 &

100% covalent
44
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Electronegativity and Bond Polarity

The Continuum of Bond Types

Pure (nonpolar) Polar Tonic bond
covalent bond covalent bond 1
8@84- (

L

Electrons shared Electrons shared Electrons
equally unequally transferred
—r 2 % -+~ )
i | |
I } } {
0.0 0.4 2.0 3.3

Electronegativity difference, AEN

45

Molecular Shape and Polarity

A For diatomic molecule, the polarity of the molecule
depends on the polarity of the only covalent bond: i
the bond is polar the molecuteustbe polar.

[ No net dipole moment ]

Q-0 oo

Nonpolar bond

| Net dipole moment ]
€

8" o

,, y
M Low electron _—= —¢ > High electron
density density

Polar bond 46

/’
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Molecular Shape and Polarity

A In molecules with more than one botite shapand
the polarity of the bonds determine whether the
molecule is polar (more later, after we cover VSEPR)

290 099

Figure 4.5

(a) (b)

8+

@

o+

Figure 4.6 (, 4

Examples: Nonpolar/Polar / lonic: Bonds

2. Determine whether the bond formed between each
of the following pairs of atoms is a nonpolar
covalent bond, a polar covalent bond, or an ionic
bond. (sim. to Ex. 9.3)

a. Naand Cl
b. CandCl
c. NandCl
d. Nand O
e. Srand F
f. Cland Cl

48
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Electronegativity and Bond Polarity

A In the period 3 chlorides below, as the difference in
electronegativity AEN) increases, the bond becomes
more covalent; we move from tightyound ionic
solids (NaCl) to more weakly bound covalent liquids
(SiCl,) to even more weakly bound gases,)Cl

125N

Na* +:Cl:  Mg2*+2Cl: \A'\“,ﬂlk 250 |8
e 5 ':c-ai\

1000

25 G 800
2.0 £ 600 % 104
g 1s 2 400 g 11
< o 8 0.1
1.0 £ 200 3 oo
05 0] g ooor]
0.0001

0 ©0.00001
NaCl AICI, PC, Cl, aCl_AICI; PCl; Cl, < NaCl AICI; PCl; Cl, 49

MgCl, SICl, S,Cl, MgCl, SiCl; S,Cl, MgCl, SiCl, S,Cl,

Melti

Dipole Moment and Percent lonic Characte

A Bond polarity is expressed numerically adipole
moment, u, which occurs when there is a separation
between a positive and negative charge.

A The unit of dipole moment is ttdebye D (1 D =
3.34 103°C-m)

A By comparing the measured dipole moment of a
bond to what the dipole moment would be if the
electron were completely transferred from one atom
to the other, thpercent ionic characterof the bond
can be determined.

I A bond in which an electron is completely
transferred would have 100% ionic character.

I In general, bonds with greater than 50% ionic
character are considered to be ionic bonds.

50
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Dipole Moment and Percent lonic Characte

100

LiFe

575 Kie® KPr,:\?lx(.((l] sl
g Lig & CsFe
= . LiBre
2 50 —
? HF o
2
e HCI
mr”'- '|(‘T o
On 1 2 3 Figure 9.12
Electronegativity difference
A A thin stream of a polar Water Hexane
solvent, such as water, (H,0) (CeHis)
is deflected by a static pol nonpaliy
electric charge, while a
nonpolar molecule, suc —_—

as hexane, is not.

. —

Properties of Molecular Compounds

A lonic bonds ar@ondirectiona) and hold together an
entire array of ions in a crystal lattice. Covalent
bonds aralirectional and hold specific atoms
together in a molecule.

A Molecular compounds are generally gases, liquids,
or low-melting solids. The covalent bonds within
molecules are very strong, but the attractive forces
between the separate molecules are fairly weak.

52



