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The most
incomprehensible thing

about the universe
is that it is
comprehensible.

—ALBERT EINSTEIN (1879-1955)

Matter, Measurement,
and Problem Solving

CHAPTER

(N Atoms and Molecules
Water molecule

Oxygen

molecules. Atoms are submicroscopic particles that are the fundamental building blocks atom
of ordinary matter. Free atoms are rare in nature; instead they bind together in specific
geometrical arrangements to form molecules. A good example of a molecule is the
water molecule, which I remember so well from the Disneyland ride.

A water molecule is composed of one oxygen atom bound to two hydrogen atoms in
the shape shown at left. The exact properties of the water molecule—the atoms that Hydrogen
compose it, the distances between those atoms, and the geometry of how the atoms are atoms
bound together—determine the properties of water. If the molecule were different, water
would be different. For example, if water contained two oxygen atoms instead of just
one, it would be a molecule like this:

Hydrogen peroxide molecule

4 REYE  (Molecular Structure)

H,0, ZLB0NE. BALZOIYREHE
UL #BEFCORF)
Hydrogen

This molecule is hydrogen peroxide, which you may have encountered if you have
ever bleached your hair. A hydrogen peroxide molecule is composed of two oxygen
atoms and two hydrogen atoms. This seemingly small molecular difference results in a

_huge difference in the properties of water and hydrogen peroxide. Water is the familiar
and stable liquid we all drink and bathe in. Hydrogen peroxide, in contrast, is an unsta-
ble liquid that, in its pure form, burns the skin on contact and is used in rocket fuel.
When you pour water onto your hair, your hair simply becomes wet. However, if you put
diluted hydrogen peroxide on your hair, a chemical reaction occurs that strips your hair
of its color.
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Physical and Chemical
L Changes and Physical and
Chemical Properties

Every day we witness changes in matter: ice melts, iron rusts, gasoline burns, fruit rip-
ens, and water evaporates. What happens to the molecules or atoms that compose these
substances during such changes? The answer depends on the type of change. Changes
that alter only state or appearance, but not composition, are physical changes. The
atoms or molecules that compose a substance do not change their identity during a physi-
cal change. For example, when water boils, it changes its state from a liquid to a gas, but
the gas remains composed of water molecules, so this is a physical change (Figure 1.6 A).

In contrast, changes that alter the composition of matter are chemical changes.
ing a chemi S S i igi es i

L d nang dtom arrange ansorming tne origina Dstan [to
different substances. For example, the rusting of iron is a chemical change. The atoms
that compose iron (iron atoms) combine with oxygen molecules from air to form iron
oxide, the orange substance we call rust (Figure 1.7<). Figure 1.8p illustrates other

examples of physical and chemical changes.

Iron combines with oxygen to form iron oxide: chemical change.
4Fe+3 0y————>»2Fe;03

o~ ST Iron atoms 3

A FIGURE 1.7 Rusting, a
Chemical Change When iron rusts,
the iron atoms combine with oxygen
atoms to form a different chemical
substance, the compound iron oxide.
Rusting is a chemical change, and the
tendency of iron to rust is a chemical
property. A more detailed exploration

- . of this reaction can be found in
Section 20.9.

Iron oxide:
(rust)

COy(s) —> COx(g)

Solid carbon dioxide Gaseous carbon

(dry ice) 3 dioxide
/@
***** , > 7
® S

(a) Dry ice subliming. Chemical composition unaltered: Physical change

CioHpOn(s) —> CHyOyi(aq)

Dissolved sugar

(b) Sugar dissolving. Chemical composition unaltered: Physical change

C3Hg(g) + 50x(g) —> 3 COy(g) + +H0(g)

Carbon dioxide

Propane and water

(c) Propane gas burning. Chemical composition altered: Chemical change

Energy: A Fundamental Part of
Physical and Chemical Change

The physical and chemical changes discussed in Section 1.4 are usually accom-

panied by energy changes. For example, when water evaporates from your skin (a physical . .
change), the water molecules absorb energy from your body, making you feel cooler. When Absorptlon ° I&IR ° B&%
you burn natural gas on the stove (a chemical change), energy is released, heating the food Desorpti()n . ﬂ;ﬁm
you are cooking. Understanding the physical and chemical changes of matter—that is,
understanding chemistry—requires that you understand energy changes and energy flow.

The scientific definition of energy is the capacity to do work. Work is defined as the Work & th$
action of a force through a distance. For instance, when you push a box across the floor
or pedal your bicycle across the street, you have done work.

Y

|

-»

Force acts through distance; work is done.
SR HATE LSO T < CEVES L
() KPR T B L E. mRxNF—2HIZH 25,
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n The Units of Measurement
LEBEBCTHIH LD T, Al

AWl The Reliability of a Measurement
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Solving Chemical Problems
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Analyzing and Interpreting Data
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Positively charged a particles

universally adopted, that

all bodies of sensible e T =y I
magnitude . . . are \ (w N
constituted of a vast Pt s \\\,

A\ ‘@™

number of extremely
small particles, or atoms
of matter. ...

—JOHN DALTON (1766-1844)
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Hydrogen, Oxygen, and Water

Hydrogen (H,) is an explosive gas used as a fuel in rocket engines.
Oxygen (0Oz), also a gas, is a natural component of the air on Earth. Oxygen itself is not
flammable but must be present for combustion (burning) to occur. Hydrogen and oxy-
gen both have extremely low boiling points, as you can see from the table that follows.

Boiling Point -253°C -183°C 100°C
Almost all aspects of life are ‘ N State s Room Gas Ges Liquid
. Te —
engineered at the molecular 4 e
Fi bility Explosi Necessary for Used to extinguish
combustion flame

level, and without understanding
molecules we can only have a
very sketchy understanding of
life itself.

—FRANCIS HARRY COMPTON CRICK (1916-2004)

Mixtures and Compounds

Hydrogen and Oxygen Mixture: Water (a compound):
This mixture can have any ratio of Water molecules have a fixed ratio
hydrogen to oxygen. of atoms—2 hydrogens to 1 oxygen.

Molecules and Compounds




k¥ 2l Chemical Bonds

lonic Bonds

Recall from Chapter 2 that metals have a tendency to lose electrons and that nonmetals
have a tendency to gain them. Therefore, when a metal interacts with a nonmetal,
it can transfer one or more of its electrons to the nonmetal. The metal atom then
becomes a_cation (a_positively char; ion), and the nonmetal atom becomes an
anion (a negatively charged ion), as shown in Figure 3.2V. These oppositely charged
ions attract one another by electrostatic forces and form an ionic bond. The result
is an ionic compound, which in the solid phase is composed of a lattice—a regular
three-dimensional array—of alternating cations and anions.

The ion of an lonic C

Sodium (a metal)
loses an electron.

Cation
Neuml Na Nat ion, -
atom, 11e” 10e™

Oppositely charged ions are held together
by ionic bonds, forming a arystalline lattice.

Sodium metal

” ’
p Chlorine (a nonmetal) .
gains an electron Anion i -
oY— . e Sodium chloride
\ (table salt)
Neutral Cl CI” ion, 18¢™
atom, 17¢~

Na™t

Cl

3

Covalent Bonds REREE

When a nonmetal bonds with another nonmetal, neither atom transfers its electron to
the other. Instead the bonding atoms share some of their electrons. The shared electrons
have lower potential energy than they do in the isolated atoms because they interact
with the nuclei of both atoms. The bond is a covalent bond, and the covalently bound
atoms compose a molecule. FEach molecule is independent of the others—the molecules
are themselves not covalently bound to one another. Therefore, we call covalently
bonded compounds molecular compounds.

We can begin to understand the stability of a covalent bond by considering the most

two positive charges (which are separated by some small distance). Figure 3.3¥ shows
that the lowest potential energy occurs when the negative charge lies between the two
positive charges because in this arrangement the negative charge can interact with both
positive charges. Similarly, shared electrons in a covalent chemical bond hold the bonding
atoms together by attracting the positively charged nuclei of both bonding atoms.
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Representing Compounds: Chemical
Formulas and Molecular Models

Types of Chemical Formulas

We can categorize chemical formulas into three different types: empirical, molecular,
and structural. An empirical formula gives the relative number of atoms of each ele-

ment in a compound. A molecular formula gives the actual number of atoms of each
element in a molecule of a compound. For example, the empirical formula for hydrogen

peromde is HO, but its molecular formula is H,O,. The molecular formula is always a ° %mw: J: D fﬁ‘b ‘fi é n

whole-number multinle of the emnirical formula. For some compounds. th mnirical fc%ﬁo)ﬁ;ﬂo)m%ﬁ
L& ZHE% 3% 5110
BOH R BRI
Molecular Models #il) NaCl

A molecular model is a more accurate and complete way to specify a compound. COﬁJHzOfI & ﬁ%iﬁ }: Iﬁj D
A ball-and-stick molecular model represents atoms as balls and chemical bonds l: fI 5 %) D %) % 6
as sticks; how the two connect reflects a molecule’s shape. The balls are typically color-
coded to specific elements. For example, carbon is customarily black, hydrogen is white,
nitrogen is blue, and oxygen is red. (For a complete list of colors of elements in the
molecular models used in this book, see Appendix IIA.)
In a space-filling molecular model, atoms fill the space between each other to
more closely represent our best estimates for how a molecule might appear if scaled to
visible size. Consider the following ways to represent a molecule of methane, the main
component of natural gas:

Empirical Formula : B

H

CH, 1—1—c| —H

H
Molecular formula Structural formula Ball-and-stick model Space-filling model




Bifk © Simple Substance or
Elementary Substance

An Atomic-Level View of Elements
and Compounds

Atomic elements exist in nature with single atoms as their basic units. Most elements
fall into this category. For example, helium is composed of helium atoms, aluminum is
composed of aluminum atoms, and iron is composed of iron atoms. Molecular elements
do not normally exist in nature with single atoms as their basic units.

Classification of Elements and Compounds

e

el

l NaCl formula unit

Example: NaCl

=

og" ®8 2o
. @8 2

Example: Ne Example: O, Example: H,O

A FIGURE 3.4 A Molecular View of El and C d

P

lonic Compounds: Formulas and Names

K |NTERACTIVE WORKED
@ EXAMPLE VIDEO 3.3

HOW TO: Write Formulas | EXAMPLE 3.3 EXAMPLE 3.4
for lonic Compounds Writing Formulas for lonic Writing Formulas for lonic
Compounds Compounds
Write the formula for the ionic com- Write the formula for the ionic com-
pound that forms between aluminum pound that forms between calcium
and oxygen. and oxygen.
1. Write the symbol for the metal AR 0% ca’t 02"
cation and its charge followed by
the symbol for the nonmetal
anion and its charge. Determine
charges from the element’s group
number in the periodic table (refer
to Figure 2.13).
2. Adjust the subscript on each cation AB+ 02 ca?t 02
and anion to balance the overall $ 1
charge. Al,O3 CaO
3. Check that the sum of the charges | cations: 2(3+) = 6+ cations: 2+
of the cations equals the sum of the | anions: 3(2—) = 6— anions: 2—
charges of the anions. The charges cancel. The charges cancel.
FOR PRACTICE 3.3 Write the FOR PRACTICE 3.4 Write the
formula for the compound formed formula for the compound formed
between potassium and sulfur. between aluminum and nitrogen.

Naming Binary lonic Compounds Containing
a Metal That Forms Only One Type of Cation

Binary compounds contain only two different elements. The names of TABLE 3.2 ® Some Comm
binary ionic compounds take the form:

Monoatomic Anions

Symbol Base Anion
Nonmetal forlon Name Name

name of base name of
cation anion (nonmetal)
‘“ﬂ T

For example, the name for KCl consists of the name of the cation,
potassium, followed by the base name of the anion, chlor, with the ending Bromine Br™ brom Bromide
-ide. Its full name is potassium chloride.

Fluorine F~ fluor Fluoride

Chlorine (e chlor Chloride

lodine I~ iod lodide
KCl  potassium chloride Oxygen 02~ ox Oxide
The name for CaO consists of the name of the cation, calcium, followed by the Sulfur 52- sulf Sulfide
base name of the anion, ox, with the ending -ide. Its full name is calcium oxide. e
Nitrogen N3- nitr Nitride
CaO  calcium oxide
Phosphorus ~ p3- phosph  Phosphide

The base names for various nonmetals and their most common charges in

ionic compounds are shown in Table 3.2.

AAZEIL, BICRZ2OTERSLE  HIEAWVYA BEALVITA

TABLE 3.3 = Some Metals That Form ABLE 3.4 = Some Common Polyatomic lons
Cations with Different Charges

Name Formula ‘ Name Formula
%
Metal o Name Older Name Acetate C,H30,~ Hypochlorite ClIO~
z 24 : 1
Chromium  Cr Chromium(ll)  Chromous Carbonate coy- Chlorite clo,-
Cr’*  Chromium(lll) Chromic
Hydrogen carbonate HCO;~ Chlorate Clo;~
Iron Fe?*  lron(ll) Ferrous (or bicarbonate)
3+ I () F T
Fe onfl) Sne Hydroxide OH™ Perchlorate ClO,~
2+
Cobalt Co Cobealt(ll) Cobaltous Nitrite NO,- Permanganate MnO,~
Co®* Cobalt(ll) Cobaltic
Nitrate NO;~ Sulfite S0:7~
Copper Cu®  Copperl(l) Cuprous 2 T - :
Cu?*  Copperll Cupric Chromate CrOy Hydrogen sulfite (or bisulfite) HSO;
Tin sn?t  Tin(ll) StanioliE Dichromate Cry02 Sulfate 50,2~
sn't  Tin(lV) Stannic Phosphate PO, Hydrogen sulfate (or bisulfate) HSO,~
Mercury Hg,”* Mercury() Mercurous Hydrogen phosphate HPO,2~ Cyanide CN~
2+ 3 T
Hg Mercury(l} Marciiric Dihydrogen phosphate H,PO,~ Peroxide 0,7
2+ !
Lead Pb Lead(ll) Plumbous ——— NH, *
Pb*t  Lead(lV) Plumbic
*An older naming system substitutes the names found in this
column for the name of the metal and its charge. Under this
system, chromium(ll) oxide is named chromous oxide. Addition-
ally, the suffix -ous indicates the ion with the lesser charge, and
-ic indicates the ion with the greater charge. We will not use the
older system in this text.
e
name of charge of cation (metal) base name of
cation in Roman numerals anion (nonmetal)
( in parentheses

+ -ide J




Hydrate Anhydrous

CLERE k250 hanE LTlb & 0% 1DBOR S )

(1) Cobalt(II) Chlorine (2) Cobalt(II) Chloride Hydrated lonic Compounds
(3) Cobaltous Dichloride (4) Cobalt(II) Dichloride The ionic compounds called hydrates contain_a_specific number of water mol-

ecules associated with each formula unit. For example, the formula for epsom salts is W CoCl

. . . MgSO, - 7 H0, and its systematic name is magnesium sulfate heptahydrate. The seven 2 2 2

(5) Chlorine Cobalt (H) (6) Cobaltium (H) Chloride H,0 molecules associated with the formula unit are waters of hydration. Waters of hydra- A FIGURE 3.9 Hydrates Heating

tion can usually be removed by heating the compound. Figure 3.9» shows a sample of pink cobalt(l) chloride hexahydrate

cobalt(II) chloride hexahydrate (CoCl, - 6 H,0O) before and after heating. The hydrate is 'er:;:ce: éweev:a;z;sltc(’lf)iyhc:;arfi" to

pink and the anhydrous salt (the salt without any associated water molecules) is blue. 3 ¢ '
REEF BV 2 A B &N Hydrates are named just as other ionic. co.mpounds, but they are given the additionzfl E:r’:im:‘”; %d’ate prefixes

name “prefixhydrate,” where the prefix indicates the number of water molecules associ- mono = 1
(1) Sodium Sulfide (2) Disodium Sulfide (3) Disodium Sulfate ated with each formula unit. i = 2

Common hydrated ionic compounds and their names are as follows: tri=3
(4) Sodium Sulfate (5) Sulfur Soda (6) Sulfate Sodium CaS0,+3H;0  calcium sulfate hemihydrate s
BaCl,-6 HO  barium chloride hexahydrate hexa =6
CuSOy-5H,0 copper(Il) sulfate pentahydrate hepta = 7
octa = 8
Potassium NitrateZ FTUVE S\ fhhK ¢ Water of Crystallization or Crystal Water
1) CsN KN 3) CuN ) AeNO * BpiAK (Coordination Water) B4 A AZHEEHEA L TSR MgCl,-6H,0
(1) CsN; (2) KN, (3) CuNy (4) AgNO;, «B&A A2k (Anion Water) SO,278 EIT#i < kA LTVB K
. 1 = -
(5) Cu(NO,), (6) KNO, (7) KNO, (8) Cu(NO,), Fﬁ?* (Lattlcfz Water) it ks - D ZE ] Zidic Ik
* f§#7K (Constitution Water) OH-& U THFAET B MBTH,0L LTHKIF S Mg(OH),
(9) AgNO, (10) CsNO; (11) CsNO, (12) KCN ) « WA (Zeolite Water) K& Tk LRI UZEA5, WK THEBHEE B RZEMIZED 5720
Molecular CompoundS' Formulas Inorganic Nomenclature Flowchart
and Names OH- . Hydroxide IONIC UL
Metal an onme

Naming Binary Acids '

Binary acids are composed of hydrogen and a nonmetal. Names for binary acids have NaOH . Sodium Hydroxide

the form:

For example, HCl(aq) is hydrochloric acid and HBr(aq) is hydrobromic acid. -

HCl(aq) hydrochloric acid HBr(aq) hydrobromic acid CI- ¢ Chloride

) .
EXAMPLE 3.9 [ B Lt ol -t SO, J Sfﬂfate

: NOj~ ¢ Nitrate
Name the acid HI(ag). C032- . Carbonate

SOLUTION 3. .
The base name of I is iod, so HI(aq) is hydroiodic acid. P04 ° Phosphate

Hl(aq)  hydroiodic acid
FOR PRACTICE 3.9 Name the acid HF(aq). ‘

HCI : Hydrochloric Acid
H,SO, ¢ Sulfuric Acid
HNO, ¢ Nitric Acid
H,CO; ¢ Carbonic Acid
H,PO, ¢ Phosphoric Acid

Naming Oxyacids

o (| namel) base name of
":::i:n“ mbf:(m prefix of 1st prefix = 2nd element
(metal) + -ide  element. [ + -ide ,J

o Example: P,05 Example: H;P0,

Example: Cal, diphosphorus pentoxide phosphoric acid

calcium iodide J

name of /dlargeofation (metal) f base name of
cation in Roman numerals ‘anion (nonmetal)
(EJ

in parentheses ! + -ide
Y, > Example: HCI Example: H,50;
Example: FeCly hydrochloric acid sulfurous acid
iron(lll) chloride

*Acids must be in aqueous solution.

MBERELHTBVTTFEN




Formula Mass and the Mole Concept
for Compounds

Composition of Compounds

Determining a Chemical Formula from
Experimental Data

Organic Compounds

L AREERA THE > TV S i

| feel sorry for people
who don’t know
anything about

chemistry. They are
missing an important
source of happiness.
—LINUS PAULING (1901-1994)

Chemical Reactions
and Chemical Quantities

Climate Change and the Combustion

of Fossil Fuels
The Greenhouse Effect

Sunlight passes through ’.* Some of the heat
the atmosphere and | radiated from Earth’s
warms Earth’s surface. Greenhouse | surface is trapped by

| greenhouse gases.
|
4///
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A FIGURE 4.2 Carbon Dioxide Concentrations in the A FIGURE 4.3 Global Temp Average P
Atmosphere The rise in carbon dioxide levels is due largely to fossil  worldwide have risen by about 0.9 °C since 1880. Each point on the
fuel combustion. graph is the deviation from the 1951-2010 average temperature.

Writing and Balancing Chemical Equations

Combustion analysis (which we examined in Section 3.10) employs a
chemical reaction, a process in which one or more substances are converted into one or
more different ones. Compounds form and change through chemical reactions. For exam-
ple, water is formed by the reaction of hydrogen with oxygen. A combustion reaction is
a particular type of chemical reaction in which a substance combines with oxygen to form
one or more oxygen-containing compounds. Combustion reactions also emit heat. The heat
produced in a number of combustion reactions is critical to supplying our society’s energy
needs. For example, the heat from the combustion of gasoline expands the gaseous combus-
tion products in a car engine’s cylinders, which push the pistons and propel the car. We use
the heat released by the combustion of natural gas to cook food and to heat our homes.

Combustion Reaction <

YL EHA TRERKINIZOVTIE LW DE TR TEROZ I
() ALRKBIT TR TR IS TH B
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(3) MRBES T B RIS 5
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We represent a chemical reaction with a chemical equation. For example, we
represent the combustion of natural gas with the equation:

Reactant ¢ RKJo¥)
Product + 254

CH, + O, — CO, + H,0
reactants products
The substances on the left side of the equation are the reactants, and the substances on
the right side are the products. We often specify the states of each reactant or product
in parentheses next to the formula as follows:
CHy(g) + O2(g) — COx(g) + H20(g)
The (g) indicates that these substances are gases in the reaction. Table 4.1 summarizes the  JR7:TEP K QSRR Tws

common states of reactants and products and their symbols used in chemical equations. Reactants and Products
- ' ' ) ' in Chemical Equations

Abbreviation  State

(9) G

CHy(g) + 20,5 — COxg + 2H,0(p) ;") L,“d
iqui

Y (s) Solid
(aq) Aqueous
(water solution)

S @
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Reaction Stoichiometry: How Much Stoichiometry

Carbon Dioxide? {bZ B

. The t?alanc'ed chemical equations for fossi'l fuel combustion reactions pro- o RIBAREDEH]
vide the exact relationships between the amount of fossil fuel burned and the amount of < R HBIOER
carbon dioxide emitted. In this discussion, we use octane (a component of gasoline) as a L

« ZAE BB D

representative fossil fuel. The balanced equation for the combustion of octane is:
1
L2 & B PR O

2 CgHg(I) + 25 0,(g) — 16 CO,(g) + 18 H,O(g)
The balanced equation shows that 16 CO, molecules are produced for every 2 molecules bR A AR AL
of octane burned. We can extend this numerical relationship between molecules to the
amounts in moles as follows:

The coefficients in a chemical equation specify the relative amounts in
moles of each of the substances involved in the reaction. C8H18 C02

In other words, from the equation, we know that 16 moles of CO, are produced for every 2 . 16

2 moles of octane burned. The numerical relationships between chemical amounts in a :

balanced chemical equation are called reaction stoichiometry. Stoichiometry allows

us to predict the amounts of products that will form in a chemical reaction based on the ‘

amounts of reactants that react. Stoichiometry also allows us to determine the amounts

of reactants necessary to form a given amount of product. These calculations are central 22 mol : 176 mol
to chemistry, allowing chemists to plan and carry out chemical reactions to obtain prod-

ucts in the desired quantities.

[BIRE 4-2

STOICHIOMETRY | Use the balanced equation for the combustion of octane
to determine how many moles of H,O are produced by the combustion of 22.0 moles

of CgHyg.
2 CgHis(l) + 25 02(g) — 16 COx(g) + 18 H0(g)
(a) 18 moles H,0 (b) 22 moles H,O
(c) 176 moles H,O (d) 198 moles H,O

4

During photosynthesis, plants convert carbon dioxide and water into glucose (CgH;,0¢4) according to ‘
the reaction:
sunlight

6 COx(g) + 6 HO(I) 6 05(g) + CgHy204(aq)

Suppose that a particular plant consumes 37.8 g of CO, in one week. Assuming that there is more than enough water
present to react with all of the CO,, what mass of glucose (in grams) can the plant synthesize from the CO,?

SORT The problem provides the GIVEN: 37.8gCO,
mass of carbon dioxide and asks

FIND: gC, 0,
you to find the mass of glucose that 8 CeHi206

can be produced.

STRATEGIZE The conceptual CONCEPTUAL PLAN

plan follows the general pattern of . - >

mass A — amount A (inmoles) — | | §C0 J_’ mol CO, J—‘L mol CoHyp06 )—b&CGHuOQJ
amount B (in moles) — mass B. 1 mol CO, 1 mol CoH,,0, 180.2 g CoH,;0,

From the chemical equation, 44.01gCO, 6mol CO, 1 mol C4H,,0,

deduce the relationship between

moles of carbon dioxide and moles | RELATIONSHIPS USED

of glucose. Use the molar massesto | molar mass CO, = 44.01 g/mol
convert between grams and moles. 6 mol CO,: 1 mol CgHy,06

molar mass CgH;,06 = 180.2 g/mol

SOLVE Follow the conceptual SOLUTION
plan to solve the problem. Begin 1 mot€0; 1 molCaHiz0; | 180.2 8 CeinOs

with g CO, and use the conversion | 37-8 €02 X 770 gco; X e moteo, 1 mol 0,
factors to arrive at § CgH;,04.

= 25.8 g C¢H 1,06

~

FOR PRACTICE 4.4 Magnesium hydroxide, the active ingredient in milk of magnesia, neutralizes stomach acid,
primarily HCI, according to the reaction:

Mg(OH),(s) + 2HCl(aq) — 2 H,O(I) + MgCl,(aq)
What mass of HCI, in grams, is neutralized by a dose of milk of magnesia containing 3.26 g Mg(OH),?

magnesium hydroxide : KEEIL<= 7R T A
ingredient : B4

milk of magnesia : ¥ 7 % ¥ T H,

stomach acid : B

H=1,0= 16, Mg =24, CI=35.5
kBT ERLET

BIREE  (D21g  (Q41g (3)242g (4)484¢g




Stoichiometric Relationships: Limiting
Reactant, Theoretical Yield, Percent Yield,

and Reactant in Excess
Actual yield

/

. : 2 pizzas
Percent Yield %yield = —— X 100% = 67%
3 pizzas

/

Theoretical yield

JEE L2 BRB2 £ B6TPercent YieldZ 3833

2CoCl, + 2NH,Cl + 10NH; 4+ H,0, — 2[Co(NH;)]Cl, + 2H,0

_ BONIREROER (FT74)
CoCl, -6H, 0N E &) b FERAIC TARIN DB/ (77 L)

% x100 %

+

Limiting Reaction®fi) A+ 3B — 6C DR)IEE.% %

A% 1mol. B%Z3mol — Cli&6mol K
A% 1mol, B%Z 1mol — CliX2mol K === Limiting Reaction

Science may be described
as the art of systemic

oversimplification—the art
of discerning what we may
with advantage omit.

—KARL POPPER (1902-1994)

Introduction to Solutions
and Aqueous Reactions

Molecular Gastronomy and the Molecular Gastronomy : 2 ¥R R4

LM Spherified Cherry

» FIGURE 5.1 The Spherified
Cherry The spherified cherry

is made by precipitating an
encapsulating layer around cherry
juice.

In molecular gastronomy, chefs use a similar precipitation reaction—called
spherification—to encapsulate liquids. Among the most popular molecular gastronomy
creations is the spherified cherry (Figure 5.1A). To make a spherified cherry, chefs take
juice from real cherries and mix it with a calcium salt (such as calcium chloride), which
dissolves in the cherry juice. They then carefully pour the cherry juice into a bath of
sodium alginate. Sodium alginate is a sodium salt that dissolves into water, resulting in
the presence of alginate ions. When the calcium ions in the cherry juice encounter the
alginate ions in the bath, a precipitation reaction occurs. In this case, the precipitation
reaction forms in the area immediately surrounding the cherry juice, forming an encap-
sulating sphere around the juice. The result is a spherical, edible “cherry” that ruptures
in the mouth and releases its juice.

Solution Concentration

The reactions that occur in lakes, streams, and oceans, as well as the reactions
that occur in every cell within our bodies, take place in water. Chemical reactions involv-
ing reactants dissolved in water are among the most common and important. A homo-
geneous mixture of two substances—such as salt and water—is a solution. The majority
component of the mixture is the solvent, and the minority component is the solute. An
aqueous solution is one in which water acts as the solvent. In this section, we examine
how to quantify the concentration of a solution (the amount of solute relative to solvent).

Solution Concentration

The amount of solute in a solution is variable. For example, we can add just a little salt to
water to make a dilute solution, one that contains a small amount of solute relative to
the solvent, or we can add a lot of salt to water to make a concentrated solution, one
that contains a large amount of solute relative to the solvent (Figure 5.2»). A common
way to express solution concentration is molarity (M), the amount of solute (in moles)
divided by the volume of solution (in liters):

amount of solute (in mol)

Molarity (M) =

Solution : ¥&¥k
Solvent ¢ e
Solute : %

Concentrated and Dilute Solutions

volume of solution (in L)

Concentrated solution:
Relatively large amount
of solute.

mol L1 2 MTEIT Z &b BH, HBRLRN

Dilute Solution : 7515k
Concentrated Solution : EE R

Diluted solution:
Relatively small amount
of solute




Preparing a Solution of Specified Concentration

Weigh out and add Add water until solid is dissolved. The resultis a
1.00 mol of NaCl. Then add additional water until 1.00 molar Image
the 1-liter mark is reached. Nadl solution.

FEEZRA A 7S5 2

M,
ey
), IZEBEANI /

> \ h Why?

. — Water
= 1-liter mark—>— -

~

FOR PRACTICE 5.1 Calculate the molarity of a solution made by adding 45.4 g of NaNOj to a flask and dissolving it with
water to create a total volume of 2.50 L.

H=1,N=14,0=16,Na=23
*AMBFIIEELES

BIREE (1)021mol L (2)0.42 mol L' (3)4.7mol L' (4) 18.2 mol L-!

1.00 mol NaCl—; 1.00 molar —
(58.44¢q) NaCl solution
o / Mix 4 FOR PRACTICE 5.3 To what volume (in mL) should you dilute 100.0 mL of a 5.00 M CaCl, solution to obtain a 0.750 M
¥au ! ‘ { CaCl, solution?
. % L ) i
EIRE:  H125mL (2)567mL (3)667mL  (4)1.0L
JEREIL- 2 FRB3D
BETHEND LS / K /
Diluting a Solution o s i
Solution Stoichiometry
M 0.150 L of Dilute with I N S A e
Ioe.(a)sl\ljlritock solu(:ion, vzl)lllflt;:vt;tf 3‘.%%‘? ot )( A v U 7 y li@bf; l{ N
Why? exawe =« [ =

— 3-liter mark— —

FEPE L2 GBS « B4 « B5T

g ) e S A5 A BAORHER AT S0
—-— . *IELOHRGIEZFA TS

ARG QAR OBLETOME
100 mL ART7 T A= +0.12mL 10 mL AR YA — +£02mL

250 mL AARTF A= +0.15mL 50 mL AAT YA —  +£0.5mL
SmL A—AE~yh +£0.02mL 10 mL /R— A E~Xyh +£0.02mL
25mL E=lvh +0.03 mL 10mL v7ut'~Xyk  +£0.1mL

HREERT XA N XD

What volume (in L) of a 0.150 M KCI solution will completely react with 0.150 L of a 0.175 M Pb(NO3), ‘
solution according to the following balanced chemical equation?

2KCl(aq) + Pb(NO3)2(aq) — PbCly(s) + 2 KNOs3(aq)

SORT You are given the volume and concen- GIVEN: 0.150 L of Pb(NO3); solution, 0.175 M
tration of a Pb(NO;); solution. You are asked Pb(NO;3), solution, 0.150 M KCl solution
to find the volume of KCl solution (of a given

3 . = FIND: volume KCl solution (in L)
concentration) required to react with it.

STRATEGIZE The conceptual plan has the CONCEPTUAL PLAN
form: volume A — amount A (in moles) — ——— —
amount B (in moles) — volume B. Use the L Pb(NO;), | 1

\ Pb(NO:
molar concentrations of the KCl and Pb(NO;), solution mal FEONOs)x

solutions as conversion factors between the 0.175 mol Pb(NO); 2 mol KCL
number of moles of reactants in these solutions 1L Pb(NO3); solution 1 mol Pb(NO3);

and their volumes. Use the stoichiometric

coefficients from the balanced equation to ( mol KC1 L KCl
convert between number of moles of Pb(NO;), solution
and number of moles of KCl. L kcl sokition

0.150 mol KC1

RELATIONSHIPS USED
0.175 mol Pb(NO;),
1L Pb(NO3), solution
2 mol KCI: 1 mol Pb(NO3),
0.150 mol KCI1

MPb(NO;3); =

Mkl = 1 LKClsolution
SOLVE Begin with LPb(NOj3), solution and SOLUTION
follow the conceptual plan to arrive at L KCl 0.150 LPh(NO Hatton X 0.175 mol PbNO3)2
solution. . 1 LPbNOz)zsotution
x 2okl 1LKCLsolution _ , 450 1 kclsolution

T molPb@NOy); - 0.150 mokKel




Types of Aqueous Solutions and Solubility

Solute and Solvent Interactions

Solvent—solute interactions

e/ _\e
9 o

Solute—solute interactions

A FIGURE 5.5 Solute and Solvent
Interactions

Interactions in a Sodium Chloride Solution

Solvent-solute interactions

>/ @

Solute—solute interactions

A FIGURE 5.7 Solute and Solvent Interactions in

a Sodium Chloride Solution When sodium chloride

is put into water, the attraction of Na* and CI~ ions to
water molecules competes with the attraction between the
oppositely charged ions themselves.

of an lonic C d

5

.

A FIGURE 5.6 Charge
Distribution in Water An uneven
distribution of electrons causes the
oxygen side of the water molecule to
have a partial negative charge and
the hydrogen side to have a partial
positive charge.

A FIGURE 5.8 Sodium Chloride Dissolving in Water The

attraction between water molecules and the ions of sodium chloride causes

NaCl to dissolve in the water.

NaCl(aq)

Strong
electrolyte

Electrolyte and Nonelectrolyte Solutions

An electrolyte solution
conducts current.

Battery

A nonelectrolyte solution
does not conduct current.

Sugar Solution

& s @

s weo MN?
A FIGURE 5.11 A Sugar Solution Sugar dissolves because
the attractions between sugar molecules and water molecules,

which both contain a distribution of electrons that results in partial
positive and partial negative charges, overcome the attractions

between sugar molecules to each other.

Interactions between Sugar and Water Molecules

Salt solution Sugar solution
Electrolyte Nonelectrolyte
CH,0H \’
CH,OH
H O H o_ H
H
OH H H HO
HO CH,OH

H OH OH H

Sugar molecule

(sucrose) I

\ Solute—solvent

s )

A FIGURE 5.10 Sugar and Water Interactions Partial
charges on sugar molecules and water molecules (which we will
discuss more fully in Chapter 12) result in attractions between the
sugar molecules and water molecules

Electrolytic Properties of Solutions

Nonelectrolyte Weak electrolyte

Strong electrolyte

CH3COOH(aq) 2 H*(aq) + CH;CO0™ (aq)

Many acids are weak acids; they do not completely ionize in water. For example, acetic

acid (HC;H30,), the acid in vinegar, is a weak acid. A solution of a weak
acid is composed mostly of the nonionized acid—only a small percentage
of the acid molecules ionize. We represent the partial ionization of a
weak acid with opposing half arrows between the reactants and
products: A

HC,H;0,(aq) == H"(aq) + C;H30, (aq)

Weak acids are weak electrolytes, and the resulting solutions—called
weak electrolyte solutions—conduct electricity only weakly. Figure 5.12¥
summarizes the electrolytic properties of solutions.

|

HCl(aq)
Strong acid

a

ut

HC,H30,(aq)
Weak acid

The Solubility of lonic Compounds

As we have just discussed, when an ionic compound dissolves in water, the resulting
solution contains not the intact ionic compound itself, but its component ions dissolved % ,{B 2 B1ONR
in water. However, not all ionic compounds dissolve in water. If we add AgCl to water, for % ?%% V\Jﬁ
example, it remains solid and appears as a white powder at the bottom of the water.

TABLE 5.1 ® Solubility Rules for lonic Comp s in Water
Compounds Containing the Following

lons Are Generally Soluble Exceptions

Li*, Na*, K*, and NH,* None

NO;3;" and C;H30; None

CI,Br,and|

SOs

Compounds Containing the Following
lons Are Generally Insoluble

OH™ and &7

CO#?~ and PO4*

When these ions pair with Ag”, Hg77‘, or Pb?*,
the resulting compounds are insoluble.

When SO42~ pairs with Sr*, Ba’*, Pb?*, Ag",
or Ca?*, the resulting compound is insoluble.

Exceptions

When these ions pair with
Li*, Na®, K*, or NH,", the resulting
compounds are soluble.

When $% pairs with Ca**, S***, or Ba**, the
resulting compound is soluble.

When OH ™ pairs with Ca?*, Sr*, or Ba?*, the
resulting compound is slightly soluble.

When these ions pair with
Li*, Na®, K*, or NHy", the resulting
compounds are soluble.

A AgCl does not dissolve in water;
it remains as a white powder at the
bottom of the beaker.
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Precipitation Reactions

Have you ever taken a bath in hard water? Hard water contains dissolved

Precipitation .

ions such as Ca?* and Mg?* that diminish the effectiveness of soap. These ions react
with soap to form a gray soap scum that may appear as a “bathtub ring” after you drain .
the tub. l:-la\'d watergis zartifu]arly troubleszmzp:hen washing clothegs. Cons);der how Hard Water . @ﬂ(

your white shirt would look covered with the soap scum from the bathtub and you can

understand the problem. Consequently, most laundry detergents include substances Soap Scum ¢ E H—Aj] A
designed to remove Ca?* and Mg?* from the laundry mixture. The most common
substance used for this purpose is sodium carbonate, which dissolves in water to form
sodium cations (Na*) and carbonate (CO;Z' ) anions:

Na,COs(ag) — 2Na*(aq) + CO:%"(aq)

Sodium carbonate is soluble, but calcium carbonate and magnesium carbonate are not
(see the solubility rules in Table 5.1). Consequently, the carbonate anions react with dis-
solved Mgz* and Ca’* ions in hard water to form solids that precipitate from (or come
out of) solution:

Mg?*(ag) + CO42"(ag) — MgCOs(s)

Ca?*(ag) + COz2 (ag) —> CaCOs(s)

B DR

The precipitation of these ions prevents their reaction with the soap, eliminating curd
and preventing white shirts from turning gray.

A The reaction of ions in hard water

with soap produces a gray soap scum
that is visible after you drain the
bathwater.
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Precipitation Reaction

2 Ki(aq) + Pb(NO3)2(aq)——— Pbly(s) + 2 KNOs(aq) FIGURE 5.13 Precipitati £
(soluble)  (soluble) (insoluble)  (soluble) L<ead(ll) lodide recipitation o

When a potassium iodide solution
is mixed with a lead(ll) nitrate
solution, a yellow lead(ll) iodide
precipitate forms.

2 Kl(aq) + Pb(NO3),(aq)

—_— Pbly(s) + 2 KNOj3(aq)
(soluble) (soluble) (insoluble) (soluble)

Representing Aqueous Reactions:
Molecular, lonic, and Net lonic Equations

Consider the following equation for a precipitation reaction:

Pb(NO3)z(aq) + 2 KCl(aq) — PbCly(s) + 2 KNO3(aq) < Molecular Equation

This equation is a molecular equation, an equation showing the complete neutral
formulas for each compound in the reaction as if they existed as molecules. In actual
solutions of soluble ionic compounds, dissolved substances are present as ions. We can
write equations for reactions occurring in aqueous solution in a way that better shows
the dissociated nature of dissolved ionic compounds. For example, we can rewrite the
previous equation as:

Pb?*(aq) + 2NO3 (aq) + 2K*(aq) + 2 Cl (ag) — PbCly(s) + 2K " (aq) + 2NO3 ™ (aq) < Complete Ionic Equation

Equations such as this, which list all of the ions present as either reactants or products in
a chemical reaction, are complete ionic equations. Strong electrolytes are always rep-
resented as their component ions in ionic equations—weak electrolytes are not.

Notice that in the complete ionic equation, some of the ions in solution appear
unchanged on both sides of the equation. These ions are called spectator ions because
they do not participate in the reaction.

sz*(aq) + 2NO5(aq) + 2K*(aq) + 2Cl(aq) —

PbCly(s) + 2 K*(aq) + 2 NO;3 (aq)

Spectator ions

To simplify the equation and to show more clearly what is happening, we can omit
spectator ions:

Pb®* (ag) + 2 C1” (ag) —> PbCla(s) < Net Ionic Equation

Equations that show only the species that actually change during the reaction are net
ionic equations.




LAl Acid-Base Reactions

Two other important classes of reactions that occur in aqueous solution
are acid-base reactions and gas-evolution reactions. In an acid-base reaction (also
called a neutralization reactlonz, an acid reacts with a base and the two neutralize
each other, producing water (or in some cases a weak electrolyte). In a gas-evolution
reaction, a gas forms, resulting in bubbling. In both cases, as in precipitation reactions,
the reactions occur when the anion from one reactant combines with the cation of the
other. Many gas-evolution reactions are also acid-base reactions.
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Bronsted-Lowry Definition

Lewis Definition

H;0* ST & Eb -7 ?
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@ 9
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Oxonium Ion

[H(H,0),]* &> T3

Arrhenius Definition > = Acid: Substance that produces H™ ions in aqueous solution
= Base: Substance that produces OH ™ ions in aqueous solution

T—Z—T

T ——"1
!

e

A FIGURE 5.15 The Hydronium
lon Protons normally associate with
water molecules in solution to form
H30" ions, which in turn interact with
other water molecules.

Some acids—called polyprotic acids—contain more than one ionizable proton
and release them sequentially. For example, sulfuric acid, H,SOy, is a diprotic acid. Itis

strong in its first ionizable proton, but weak in its second:

H»804(aq) — H7 (aq) + HSOs ™ (aq)
HSOs (aq) == H"(aq) + SO4* (aq)

| Acid + Base — Salt + Water

H,S0, + 2NaOH — Na,S0,(aq) + 2H,0(1)

20

Diprotic Acid
phi R Nl

!

Diacidic Base

pILy3i e

TABLE 5.2 » Some Common Acids and Bases

A These household substances all Name of Acid Formula Name of Base Formula

‘conkain ackds Hydrochloric acid HCI Sodium hydroxide NaOH
Hydrobromic acid HBr Lithium hydroxide LIOH
Hydroiodic acid HI Potassium hydroxide KOH
Nitric acid HNO; Calcium hydroxide Ca(OH),
Sulfuric acid H2S04 Barium hydroxide Ba(OH);
Perchloric acid HCIO, Ammonia* NH; (weak base)

7 Formic acid HCHO; (weak acid)

Acetic acid HC2H30; (weak acid)

Hydrofluoric acid HF (weak acid)

*Ammonia does not contain OH ™, but it produces OH ™ in a reaction with water that occurs only to a small

A Many common household products
contain bases.

extent: NHy(aq) + H;O(l) == NH;"(aq) + OH (aq).

Acid-Base Reaction

HCl(aq) + NaOH(aq) H,0(I) + NaCl(aq)

) Q

The reaction between
hydrochloric acid and sodium
hydroxide forms water and a salt,

sodium chloride, which remains AW / 9
dissolved in the solution. , “ i

HCl(aq) + NaOH(aq)

A FIGURE 5.16 Acid-Base Reaction

H,0(1) + NaCl(aq)

Acid-Base Titrations HEELZERBSORNE

We can apply the principles of acid-base neutralization and stoichiometry to a com-
mon laboratory procedure called a titration. In a titration, a substance in a solution
of known concentration is reacted with another substance in a solution of unknown
concentration. For example, consider the following acid-base reaction:

HCl(aq) + NaOH(aq) — H,0(I) + NaCl(aq)
The net ionic equation for this reaction eliminates the spectator ions:
H*(ag) + OH™ (aq) — H,0(I)

Suppose we have an HCl solution represented by the molecular diagram shown here (for
purposes of clarity, we have omitted the Cl~ ions and the H,O molecules not involved in
the reaction from this representation).

In titrating this sample, we slowly add a solution of known OH™ concentration, as
shown in the molecular diagrams in Figure 5.17¥. As we add the OH ", it reacts with and
neutrallzes the HY, formlng water. At the equivalence Eoint—the point in the mm-

d d ini
nallx in solutmn—the titration is comelete The equivalence point is typically signaled

by an indicator, a dye whose color depends on the acidity or basicity of the solution
(Figure 5.18»).

Beginning of titration:
Known OH- concentration

Titration © Ji§5€

Unknown H* concentration

Indicator : f§=3E

Indicator in Titration

/

O solution s sowy
added to acd solution
@
OH(ag) >
R -
L‘-!
\u *(aq) -
v
) < :‘“

Equivalent Point : 2§55

Equivalence point:
Moles of OH~ = moles of H




LR ACID-BASE TITRATION A10.0 mLsample of 0.20 M Hbr solution s
titrated with 0.10 M NaOH. What volume of NaOH is required to reach the equivalence

point?

(a) 10.0mL (b) 20.0mL (c) 40.0mL

Gas-Evolution Reactions HBLF BB OBIENE

In a gas-evolution reaction, two aqueous solutions mix to form a gaseous
product that bubbles out of solution. Some gas-evolution reactions form a gaseous prod-
uct directly when the cation of one reactant combines with the anion of the other. For
example, when sulfuric acid reacts with lithium sulfide, dihydrogen sulfide gas forms:

H,S04(aq) + Li;S(ag) — H,S(g) + LiSO4(aq)
@s

Other gas-evolution reactions often form an intermediate product that then decom-
poses (breaks down into simpler substances) to form a gas. For example, when aqueous
hydrochloric acid is mixed with aqueous sodium bicarbonate, the following reaction
occurs (Figure 5.19»):

\ HCl(aq) + NaHCO3(aq) — H2COs(ag) + NaCl(aqg) — HzO(l) + COz(g) + NaCl(aq)
Indicator in Titration e P L
The intermediate product, H,CO3, is not stable and decomposes into H,O and gaseous
CO;. Other important gas-evolution reactions form either H,SO3; or NH4OH as inter-
mediate products:
= = = A Gas-evolution reactions, such as
HO HCl(aq) + NaHSO3(aq) — H,S50;(aq) + NaCl(ag) — H,O(l) + SO,(g) + NaCl(aq) the reaction of hydrochioric acid (HCI)
Intermediate product s with limestone (CaCOs), typically
produce CO,; bubbling occurs as the
O OH NH4Cl(aq) + NaOH(aq) — NH;OH(aq) + NaCl(aq) — H,O(l) + NHs(g) + NaCl(aq) gas is released.
intermediate product s
“N©/ Table 5.3 lists the main types of compounds that form gases in aqueous reactions, as well
as the gases formed.
o]
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Enddwian-Tediation Beactons @'ﬂﬁﬁﬁ}iﬁ; hen assigning oxidation states, keep these points in mind
S — = The oxidation state of any given element generally depends on what other ele-
= o
m'ﬂ: & ’Ejﬁ‘i‘ m‘hﬁrﬁmfg 6 ments are present in the compound. (The exceptions are the group 1A and 2A
Rules for Assigning Oxidation States Examples e A e e and_fz’ respectively) ) ) Redox Reaction °
. -~ ) . 3 - = Rule 3 must always be followed. Therefore, when following the hierarchy shown . .
(These rules are hierarchical. If any two rules conflict, B ﬁ J:# 6 inrule 5, give priority to the element(s) highest on the list and then assign the &ﬂ_’.]ﬂjﬁﬁ[ﬁ;

follow the rule that is higher on the list.)

1. The oxidation state of an atom in a Cu Cly
free element is 0. Oox state  Oox state
2. The oxidation state of a monoatomic ion is equal Ca*r a
to its charge. +2 ox state 1 ox state
3. The sum of the oxidation states of all atoms in:

= A neutral molecule or formula unit is 0. H,O
2(H ox state) + 1(0 ox state) =0

® Anion is equal to the charge of the ion. NO;~
1(N ox state) + 3(0 ox state) = -1
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. In their compounds, metals have positive oxidation
states. L
= Group 1A metals always have an oxidation NaCl
state of +1. Fowae
®  Group 2A metals always have an oxidation CaF,
state of +2. +2 ox state

. In their compounds, nonmetals are assigned oxidation states according to the table

shown here. Entries at the top of the table take precedence over entries at the bottom
of the table.

oxidation state of the element lowest on the list using rule 3.

= When assigning oxidation states to elements that are not covered by rules 4 and 5
(such as carbon), use rule 3 to deduce their oxidation state once all other oxida-
tion states have been assigned.

GEERE LW 0EFRTROR I h

FOR PRACTICE 5.15 Determine whether or not each reaction is a redox reaction. For each redox reaction, identify the
oxidizing agent and the reducing agent.

(@) 2Lis) + Cl(g) — 2LCIs) (b) 2Al(s) + 35n**(ag) — 2AP*(ag) + 35n(s)
(€) Pb(NOy)(ag) + 2 LiClag) — PbCl,(s) + 2 LINO,(ag) (d) C(s) + Oy(8) — COx®)

(1) EitD(a), (b), (d) DRIEHEILIZTTRIETH D

(2) EEo ()3 LR TS TIRR W

() ERdo@) T, RETERCIhTND

@ Lido(d) T, KERITECHTHS
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Magnesium strip
|

Cu* solution N {kﬁ[’]
Mg(s) + Cu*(ag) —> Mg¥(aq) + Culs) /f j—/ﬂ"‘ B

A FIGURE 5.23 Cu®" Oxidizes Magnesium When we put 3 magnesium s
« Mg? and the copper ion i

ions) in solution and the TABLE 5.4 ® Activity Series of Metals

Lils — Li*{ag) + e~ Most reactive
Kis) — K*{ag) + e~
Ca(s) — Ca?*(ag) + 2e~

appearance of solid o n the magnesium

Most easily oxidized

Strongest tendency to lose electrons
Na(s) — Na*(ag) + e~

Mals) — Mg?*(aq) + 2e~
Alfs) — APHag) + e~
Mn({s) — Mn?*{aq) + 2e~

Znis) — Zn**(aq) + 2e"
Cr§ — Cr¥*(aqg) + 3e~
Fe{s) — Fe?*{ag) + 2e~
5 Mg?* solution Ni{ss — Ni#*{aq) + 2e~
Snis) — Sn?*{ag) + 2e~
Pbls) — Pb?*(aq) + 2e~
Hylg) — 2H*(aq) + 2e~
Culs) — Cu?*(ag) + 2e~

A FIGURE 5.24 Mg" Does Not Oxidize
Copper When we place solid copper in a
solution containing Mg*" ions, no reaction occurs

Least reactive

Most difficult to oxidize
Agls) — Ag*(ag) + e~

Auls) — Au-"(aq} + 3e- Least tendency to lose electrons




