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Chapter TWO Laws of Chemical Combination
Atoms, Molecules, and lons

» Law of Conservation of Mass

— The total mass remains constant during a
chemical reaction.

e Law of Definite Proportions

— All samples of a compound have the same
composition, or ...

— All samples have the same proportions, by
mass, of the elements present.

Prentice Hall © 2005

General Chzmls!zd‘" edition, Hill, Petrucci, Mchearz Penz Chap(er Two

4

The Law of inite Proportio
Example 2.1 A Conceptual Example

Jan Baptista van Helmont (1579-1644) first measured

the mass of a young willow tree and, separately, the e wui il
mass of a bucket of soil and then planted the tree in the PR ! i 650
bucket. After five years, he found that the tree had

gained 75 kg in mass even though the soil had lost only
0.057 kg. He had added only water to the bucket, and
so he concluded that all the mass gained by the tree
had come from the water. Explain and criticize his
conclusion.

[ i

Three different sources of a compound ... ‘

Prentice Hall © 2005
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Law of Multiple Proportions
Example 2.2

The mass ratio of oxygen to magnesium in the

: o When two or more different compounds of
compound magnesium oxide is 0.6583:1. What mass of

magnesium oxide will form when 2.000 g of magnesium the same two elements are compa}red, t.he
is completely converted to magnesium oxide by burning masses of one element that combine with a

in pure oxygen gas? fixed mass of the second element are in the

ratio of small whole numbers.
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Law of Multiple Proportions (onta)

Carbon monoxide (CO) Carbon dioxide (CO, )
3.0 g carbon (C) 3.0 g carbon (C)
The elements + +
4.0 g oxygen () 8.0 g oxygen (O)
The compound 7.0 g carbon monoxide (CO) 11,0 g carbon dioxide (CO;)
Oxygen-to-carbon 4.0 g oxygen 8.0 g oxygen
mass ratio 3.0 g carhon 3.0 g carbon

Comparing two mass ratios:

Mass ratio for CO,

3 goarton _ BDgexymen _
T0 ¢ onyzen IDgoxygen
Mass ratio for OO 3-gcarhan

Copyright © 2004 Paarson Prentics Hall
Ratio of oxygen-to-carbon in CO, is

exactly twice the ratio in CO.
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Law of Multiple Proportions conca)

* Four different oxides of nitrogen can be formed by
combining 28 g of nitrogen with:

16 g oxygen, forming Compound |
* 48 g oxygen, forming Compound 11
» 64 g oxygen, forming Compound I11
* 80 g oxygen, forming Compound IV

What is the ratio 16:48:64:80
expressed as small whole numbers?

» Compounds I-1V are N,0, N,O3, N,O,, N,Og

Prentice Hall © 2005 General Chemls!zd‘" edition, Hill, Petrucci, Mchearz Penz Chapler Two
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Dalton’s Atomic Theory

Proposed in 1803 to explain the law of conservation
of mass, law of definite proportions, and law of
multiple proportions.

«  Matter is composed of atoms: tiny, indivisible particles.

¢ All atoms of a given element are the same.

*  Atoms of one element differ from atoms of other
elements.

¢ Compounds are formed when atoms of different elements
unite in fixed proportions.

* A chemical reaction involves rearrangement of atoms.
No atoms are created, destroyed, or broken apart.

Prentice Hall © 2005 Chapter Two
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Subatomic Particles

* Protons and neutrons are located at the center of
an atom (at the nucleus).

« Electrons are dispersed around the nucleus.

Table 2.1 Subatomic Particles

Approximate Relative Location
Particle Symbol Relative Mass Charge in Atom
Proton P | I+ Inside nucleus
Neutron n 1 0 Inside nucleus
Electron @ 0L.000545 1= Outside nucleus

Copyright © 2004 Pearson Prentice Hall, inc.
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Dalton’s Atomic Theory: Conservation

of Mass and Definite Proportions

hydrogen atoms after reaction.
Mass is conserved.

880 30 -0 0060

‘ \ F, Relative mass: 19 \y Relative mass: |

Copyright © 2004 Pearson Prentice Mal, inc

Six fluorine atoms and four
hydrogen atoms before reaction ...

‘ ... six fluorine atoms and four

HF always has one H atom
and one F atom; always
has the same proportions
(1:19) by mass.
Prentice Hall © 2005 Chapter Two
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» Atoms that have the same number of protons but
different numbers of neutrons are called isotopes.

» The atomic number (Z) is the number of protons
in the nucleus of a given atom of a given element.

» The mass number (A) is an integral number that
is the sum of the numbers of protons and neutrons
in an atom.

* The number of neutrons = A - Z.

Prentice Hall © 2005 General Chzmns"z 4" edition, Hill, Petrucci, McCreary. Pern Chapler Two
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Isotopes (onta)

Atoms can be represented using the element’s
symbol and the mass number (A) and atomic
number (Z):

A 35, 37
’E 5Cl 1Cl
« How many protons are in chlorine-35?

« How many protons are in chlorine-37?
« How many neutrons are in chlorine-37?

Prentice Hall © 2005 Chapter Two
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« Atoms are very tiny, so a tiny unit is needed to
express the mass of an atom or molecule.

¢ One atomic mass unit (amu, or u) = 1/12 the
mass of a C-12 atom.

e lamu=1.66054 x 1024 g

¢ The mass of an atom is not exactly the sum of the
masses of the protons + neutrons + electrons (we
will see why in Chapter 19).

Prentice Hall © 2005
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Isotope Percent Abundance Fractional Abundance

Carbon-12 98,8924 0,98892
Carbon-13 1.108% 0.01108

Example 2.4

Use the data cited above to determine the weighted
average atomic mass of carbon.

Example 2.5 An Estimation Example

Indium has two naturally occurring isotopes and a
weighted average atomic mass of 114.82 u. One of the
isotopes has a mass of 112.9043 u. Which is likely to
be the second isotope: *11In, 112|n, 114|n, or 115In?

Prentice Hall © 2005 General Chem\slvz 40 edition, Hill, Petrucci, McCreary, Perry Chapter Two
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Example 2.3

How many protons, neutrons, and electrons are present
in a 81Br atom?

Prentice Hall © 2005
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Atomic Mass (conta)

* Question: do all isotopes of an element have
the same mass? Why or why not?

» The atomic mass given on the periodic table
is the weighted average of the masses of the
naturally occurring isotopes of that element.

Prentice Hall © 2005 General Chemistry 4™ edition, Hill, Petrucci, McCreary. Pern Chapler Two
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Mendeleev’s Periodic Table

» Mendeleev arranged the known elements in order
of increasing atomic weight from left to right and
from top to bottom in groups.

» Elements that closely resembled one another were
arranged in the same vertical group.

» Gaps were left where undiscovered elements
should appear.

» From the locations of the gaps, he was able to

predict properties of some of the undiscovered
elements.

Prentice Hall © 2005
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Germanium:

Prediction vs. Observation

Table 2.2 Properties of Germanium: Predicted and Observed

Predicted: Observed:
Property Eka-silicon® (1871) Germanium (1886)
Atomic weight 72 726
Density, g/em” 5.5 547
Color Dirty gray Grayish white

Density of oxide, g/cm’
Boiling point of chloride
Density of chloride 3

7

“below 100 °C

Ge0s:4.703

“The term “eka”™ is derved from Sanskrit and means “first.” Literally. ekn-silicon means “first comes sificon™
tand then comes the unknown element ).
Copyright © 2004 Pearson Prentice Hall, Inc
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The Modern Periodic Table

Except for H,
elements left of
the zigzag line
are metals.

mher, #
ymbol

"o To the right of

u w the line we find
nonmetals,

ol ESUIENCI V- L including the

AR (O B [TV O |Ma Fe|Ca M| T

noble gases.

RN S Y [ R0 N Me | Te Wu (W M Ax Cd| I | Se

Some elements
adjacent to the
line are called
metalloids.

Copyrig © 5004 Pearson Prenece sk, Inc
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Molecules and Formulas

» A molecule is a group of two or more atoms held
together by covalent bonds.

» A molecular formula gives the number of each kind
of atom in a molecule.

* An empirical formula simply gives the (whole
number) ratio of atoms of elements in a compound.

Compound Molecular formula | Empirical formula

Hydrogen peroxide H,0, HO

Octane CgHyg ?77?

Prentice Hall © 2005 Chapter Two
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Nomenclature

... is the method for naming compounds and writing
formulas for compounds.

« We could have a specific name for each
compound—but we would have to memorize each
one!

— Can you imagine having to memorize the names of half
a million different inorganic compounds? Twenty
million organic compounds??

« Instead we have a systematic method—
conventions and rules—for naming compounds
and writing formulas.

Prentice Hall © 2005 General Chemlslvx 40 edition, Hill, Petrucci, McCreary, Perry Chapter Two
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Structural Formulas and Models

« Structural formulas and models show how atoms
are attached to one another.

sed structural formula for acetic acid is

C,H,0,: two C atoms, four H atoms, two O atoms.
CH;COOH shows how the atoms are arranged.

Ball-and-stick model Space-filling model
Prentice Hall © 2005 Chapter Two
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Nomenclature of

Binary Molecular Compounds

* Binary compounds contain elements.

* Molecular compounds exist as

Prentice Hall © 2005 General Chemistry 4" edition. Hill, Petrucci, McCreary. Perry Chapler Two
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Naming Binary Molecular

Compounds

* The name consists of two words.

« First word: name of the element that
appears first in the formula.

» Second word: stem of the name of the
second element, ending with -ide.

» Names are further modified by adding
prefixes to denote the numbers of atoms
of each element in the molecule.

Prentice Hall © 2005 Chapter Two
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Which element is named first?

e Begin with boron and follow
the line to determine the
order of naming.

Rule of thumb: the element

that is farthest down and to

the left on the periodic table
is usually written first.

Ge As ‘
== | =
= . 5 In a compound consisting of
b | arsenic (As) and sulfur (S),
g | which element is named first?
'

/) A
Copyrgh © 2004 Praarson Prestcn Hal. |
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Table 2.3 Numeric Prefixes in Names of Binary Molecular Compounds

Number of Atoms Prefix Examples®

1 MOnG NO nitrogen monoxide
2 di NO; nitrogen dioxide

3 i N-04 dinftrogen trioxide
4 tetra NaOy
5 [penta

ogen letroxide

N;O;5 dinitrogen pentoxide

SFy, sulfur hexafluoride

IF; iodine heptafluoride

P40y tetraphosphorus octoxide
P48 tetruphosphorus nonasulfide

6 hexa
7 hepta
8 ocla
9 noni

10 deca AsyOyp tetraarsenic decoxide

“When the prefix ends in “a” or "o and the clement name begins with “a™ or "o the final vowel of the prefix is
usually dropped for ease of pronunciation. For example, nitrogen monoxide and not nitrogen maonosoxide,

Prentice Hall © 2005 Chapter Two
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Example 2.6

Write the molecular formula and name of a compound
for which each molecule contains six oxygen atoms and
four phosphorus atoms.

Example 2.7

Write (a) the molecular formula of phosphorus
pentachloride and (b) the name of S,F,,,.

Prentice Hall © 2005 Chapter Two
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lons and lonic Compounds

» An atom that either gains or loses electron(s) is
an ion.

» There is no change in the number of protons or
neutrons in the nucleus of the atom.

» Cation - has a positive charge from loss of
electron(s).

* Anion - has a negative charge from gain of
electron(s).

Prentice Hall © 2005 Chapter Two
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lons and lonic Compounds (contd)

Na*

In an ionic compound, ¢~
oppositely charged ions
are attracted to each
other such that the
compound has no net
charge.

There are no
distinct molecules
of sodium chloride.

Sodium chloride simply consists
of sodium ions and chloride ions,
regularly arranged.

Copyrght € 2004 Pow
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Monatomic lons

« Group IA metals form ions of 1+ charge.

* Group IIA metals form ions of 2+ charge.

* Aluminum, a group I11A metal, forms ions with a 3+
charge.

« Nonmetal ions of groups V, VI, and VII usually have
charges of 3—, 2—, and 1—, respectively.

« Group B metal ions (transition metal ions) often have
more than one possible charge. A Roman numeral is used
to indicate the actual charge.

« A few transition elements have only one common ion
(Ag, Zn, Cd), and a Roman numeral is not often used.

Prentice Hall © 2005 Chapter Two
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Formulas and Names of

Binary lonic Compounds

¢ Binary ionic compounds are made up of monatomic
cations and anions.

« These combinations must be electrically neutral.

« The formula unit is the simplest collection of cations
and anions that represents an electrically neutral unit.

« Formula unit is to ion as is to atom.

« To write a formula, combine the proper number of each
ion to form a neutral unit.

« To name a binary ionic compound, name the cation, then
the anion.

* Monatomic anion names end in -ide.

Prentice Hall © 2005 Chapter Two
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Polyatomic lons

« A polyatomic ion is a charged group of covalently
bonded atoms.

¢ There are many more polyatomic anions than
there are polyatomic cations.

¢ You should (eventually!) commit to memory
much of Table 2.4

¢ hypo- and per- are sometimes seen as prefixes in
oxygen-containing polyatomic ions (oxoanions).

e -ite and -ate are commonly found as suffixes in
0xygen-containing polyatomic ions.

Prentice Hall © 2005 Chapter Two
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Symbols and Periodic Table Locations
of Some Monatomic lons
Copper forms either
copper(l) or copper(l1) ions.
1A 24 Titanium forms both 44 5A BA TA BA
" titanium(l1) and Al B
Li titanium(IV) ions. NTIO=|F
Na* Mg 8B Al e
S SB 6B 7B — A |
|t e | TIEE [ V2 (O3t M TP Lol AN wid b
K* leat S| oo vae | o ivnt Rettigor N ot 20 Se2- Br
Rb* Srit Ag* Cd Snlt -
Cs* B i o3
Au™*
What is the charge on a
zirconium(1V) ion?
Prentice Hall © 2005 Genoral Chemistry 4% edition, Hill, Petrucel, McCroary, P Chapter Two
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Example 2.8
Determine the formula for (a) calcium chloride
and (b) magnesium oxide.
Example 2.9
What are the names of (a) MgS and (b) CrCl;?
Prentice Hall © 2005 General Chemistry 4™ edition. Hill, Petrucci, McCreary, Pern Chapler Two
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Formuls Typical Compownd
i, el
M0, N0,
0y Li 00,
g bom (of hicartwmane fos HOO, NaHC0,
oy CalWy).
0. NaCH0,
0 NI
o0
Crlly K
Cr (N0,
oCN KOCN
SOV KSCN
(= KON
O NaOH
N NaNO)
NO, NaNe)
(S Cal30,
Muly, EMnd,
o, Na,PO,
o Prentes o, o
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Example 2.10

Write the formula for (a) sodium sulfite and (b)
ammonium sulfate.

Example 2.11
What is the name of (a) NaCN and (b) Mg(ClO,),?

Prentice Hall © 2005 General Chemlslz 40 edition, Hill, Petrucci, McCreavz Perz Chap‘er Two
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* A hydrate is an ionic compound in which the formula
unit includes a fixed number of water molecules
associated with cations and anions.

* To name a hydrate, the compound name is followed by
“__hydrate” where the blank is a prefix to indicate the
number of water molecules.

« The number of water molecules associated with each
formula unit is written as an appendage to the formula unit
name separated by a dot.

* Examples: BaCl, - 2 H,0; CuSO, - 5H,0

Prentice Hall © 2005 General Chzmls!zd‘" edition, Hill, Petrucci, Mchearz Penz Chapler Two
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Hydrates (

How many atoms are in one
formula unit of copper(ll)
sulfate pentahydrate?

Adding water to white ’
anhydrous copper(ll) N 2
sulfate produces brilliant e

blue copper(ll) sulfate
pentahydrate.

Prentice Hall © 2005 Chapter Two
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Bases ...

 Taste bitter, if diluted with enough water to be
tasted safely.

« Feel slippery or soapy on the skin.

¢ Turn the color of litmus or indicator paper from
red to blue.

« React with acids, thus losing their basic properties.

Prentice Hall © 2005 Chapter Two
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Acids ...

* Taste sour, if diluted with enough water to be
tasted safely.

» May produce a pricking or stinging sensation on
the skin.

 Turn the color of litmus or indicator paper from
blue to red.

* React with many metals to produce ionic
compounds and hydrogen gas.

* Also react with bases, thus losing their acidic
properties.

Prentice Hall © 2005 General Chemistry 4% eition, ill Petrucei, McCreary, P Chapter Two
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Acids and Bases:
The Arrhenius Concept

* There are several definitions which may be used to
describe acids and bases.

* An Arrhenius acid is a compound that ionizes in
water to form a solution of H* ions and anions.

» An Arrhenius base is a compound that ionizes in
water to form solutions of OH™ and cations.

» Neutralization is the process of an acid reacting
with a base to form water and a salt.

* A salt is the combination of the cation from a base
and the anion from an acid.

Prentice Hall © 2005 Chapter Two
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Table 2.5 Formulas and Names of Some Common Acids and Their Salts

Sodium Salt

Formulaof Acid ~ Name of Acid Name

HCI Hydmchlorie acid Sodium chloride
HCIO Hypochlorous acid Sodium hypechlorite
HCIO Chlorous acid Sodium chlorite
HCIOy Chloric acid Sodium chlorare
HCIOy Perchloric acid Sodium perchlorate
H:S Hydrosulfuric acid Sodium sulfide
HL80," Sulfureues acid Sodium sulfire
Hs80," Sulfuric acid Sodium sulfare
HNO, Nitrens acid Sodium nitrire
HNOy Nitrie acid Sodium nitrate
H;PO," Phosphoric acid Sodium phosphare
HLCO;4" Carbonic acid Sodium carbonare
* Table 2.4 lists anions found in some salts of these acuds in which not all of the available H atoms ane replaced.

If one or more H atoms remains unrcplaced, formulas and names must be writien accordingly: for example.
NaHS0), is sodium hydrogen sulfase and NaH PO, is sodium dibydrogen phosphate
Copyright © 2004 Pearson Prentice Hall, inc
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Acid Nomenclature

« Notice that the acid name is related to the
anion name.
— Hydrochloric acid, chloride ion
— Hydrosulfuric acid, sulfide ion
— Phosphoric acid, phosphate ion
— Nitric acid, nitrate ion
— Nitrous acid, nitrite ion

Prentice Hall © 2005 General Chzmls!zd‘" edition, Hill, Petrucci, Mchearz Penz Chapler Two
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Organic Compounds

» Organic chemistry is the study of carbon and its
compounds.

e Carbon compounds can have an almost unlimited
diversity, because carbon atoms can bond to one
another, and to other atoms, to form chains and
rings.

« Carbon compounds containing one or more of the
elements H, O, N, or S are especially common.

« Many organic compounds have common names as
well as systematic names.

Prentice Hall © 2005 Chapter Two
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e

Isomers are compounds 2 “Q

with the same molecular 3 ﬂJ
9

9

formula but different @ ‘“’

structural formulas. qu ‘J i
9

HHHBNH H H
H=C—C—C—C—H H—C—C—C

WOHOHOH H HH
Butans, C,H Teotuitane, CH,y

,&-’ Alkane molecules with ring

s ) structures are named with the
;)‘) prefix cyclo- and are called

) cycloalkanes.

Prentice Hall © 2005 General Chemlsln 40 edition, Hill, Petrucci, McCreary, Perry Chapler Two
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Alkanes
» Hydrocarbons are molecules that contain only hydrogen
and carbon atoms.
» Alkanes are saturated (have the maximum number of
hydrogen atoms possible for the number of carbon atoms).
";J O 9
H H H H H H
] | | |
H—C—H H—C—C—H H—C—C—C—H
|1
H H H H H H
Methane, CH, Ethane. C,H, Propane, C,Hy
Copyright © 2004 Poarson Prentice Hal, Inc.
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Table 2.6 Word Stems
Indicating the Number
of Carbon Atoms in Simple
Organic Molecules
Number of
Propane, used in gas grills, Stem C Atoms
is an alkane with three
carbon atoms meth- 1
eth- 2
prop- 3
Butyric acid, which gives but- 4
rancid butter its “fragrance,” pent- 5
contains four carbon atoms. hex- 6
hept- 7
oct- 8
Octane, a component of nen- 9
gasoline, is a(n) which dec- 10
contains carbon atoms.
Copyright © 2004 Pearscn Prentice Hal, inc.
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Types of Organic Compounds

« Many organic compounds contain a functional
group.

¢ A functional group is an atom or group of atoms
attached to the hydrocarbon chain, which confers
particular physical and/or chemical properties
upon the compound.

« Compounds with the same functional group often
undergo similar reactions.

« A list of common functional groups is found in
Table D.1.

Prentice Hall © 2005 General Chemlslz 40 edition, Hill, Petrucci, McCreavz Pervz Chap‘er Two
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Types of Organic Compounds (con
For alcohols, the . \
functional group is a

hydroxyl group attached

to the carbon chain. H HoH

H—C—0—H H—C—C—0—H

H H oW

CH CH,0H
Exby! abeohol iethancdy

®
J'b-- @ .J Carboxylic acids have a carboxyl group
) (-COOH) attached to the carbon chain;
they are acidic (of course! Why else
would they be called carboxylic acids??)
Prentice Hall © 2005 Chapter Two
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Cumulative Example

Show that the following experiment is consistent with the
law of conservation of mass (within the limits of
experimental error): A 10.00-g sample of calcium
carbonate was dissolved in 100.0 mL of hydrochloric
acid solution (d = 1.148 g/mL). The products were
120.40 g of solution (a mixture of hydrochloric acid and
calcium chloride) and 2.22 L of carbon dioxide gas (d =
0.0019769 g/mL).
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