introduction: MATTER, ENERGY, AND
MEASUREMENT

You probably learned most of this material in first-year chemistry. When you finish
reviewing this topic, be sure you are able to

s Distinguish among elements, compounds, and mixtures -
o Explain that separation of mixtures is based on their physical properties
» Use SI units for measurement

o Apply dimensional analysis and significant figures to calculations

Classifications of Matier

Matter may be classified as either pure substances or mixtures,
Pure substances are cither elements or compounds.
An element is a substance all of whose atoms contain the same number of protons.

A compound is a relatively stable combination of two or more chemically bonded
elements in a specific ratio. :

Wiintures consist of two or more substances.

Hemogeneous mixtures are uniform throughout. Air, seawater, and a nickel coin
(a mixture of copper and nickel metals called an alloy) are examples.

Heterogeneous mixtures vary in texture and appearance throughout the sample.
Rocks, wood, polluted air, and muddy water are examples.

Properties of Matier
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Physical properties can be measured without changing the identity or composition of
the substance. Physical properties include color, density, melting point, and hardness.
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Chemical properties describe the way a substance changes (reacts) to form other sub-
stances. The flammability of gasoline is a chemical property because the gasoline
reacts with oxygen to form carbon dioxide and water,

Intensive properties do not depend on the amount of substance in a sample. Tempera-
ture, density, and boiling point are intensive properties.

Extensive properties depend on the quantity of the sample. Energy content, mass,
and volume are examples of extensive properties.

A physical change changes the appearance of a substance but does not change its compo-
sition. Changes of physical state, from solid to liquid or from liquid to gas, are examples.

A chemical change (also called a chemical reaction) transforms a substance into a
different substance or substances. When the chief component of natural gas, methane,
burns in air, the methane and the oxygen from the air are transformed into carbon
dioxide and water.

Differences in physical properties, as determined by intermolecular forces (see Topic 11),
are used to separate the components of mixtures. ’

Filtration separates a solid from a lquid.
Distillation separates substances based on their differences in boiling point.

Chromatography is a technique that separates substances based on their differences
in intermoleculiar forces and their abilities to dissolve in various solvents. Chroma-
tography is discussed in more detail in Topic 13,

The Nature of Energy

Energy is the capacity to do work or to transfer heat.

Heat is the energy transferred from one object to another because of a difference in
temperature.

Kinetic energy is the energy of motion. The magnitude of the kinetic energy (KE) of
a particle depends on its mass (m) and velocity (v): KE = ¥5 mv?,

Potential energy is “stored energy.” One form of potential energy is chemical

energy, which arises from chemical bonds, the attractions and repulsions between
atoms. More details about chemical energy are found in Topics, 5, 8, and 19.

Units of Measurement

Chemists often use preferred units called SI units after the French Systéme Interna-
tional d’ Unités. Table 1.1 lists the base SI units and their symbols.
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Tabie 1.1 SI base units.

INTRODUCTION: MATTER, ENERGY, AND MEASUREMENT

Physical Quantity Name of Unit Abbreviation

Mass Kilogram K kg

Length Meter m

Time Second & OF seC

Temperature Kelvin K

Amount of substance Mole mol

Electric current Ampere A or amp
iumjnous intensity Candela cd

Table 1.2 lists metric prefixes that indicate decimal fractions or multiples of various units.

Table 1.2 Selected prefixes used in the metric system.

Prefix Abbreviation | Meaning | Example ]
Giga G 10° 1 gigameter (Gm) = 1 X 10°m
Mega M 10° 1 megameter (Mm) = 1% 10°m
Kiio k 10° 1 kilometer (km) = 1 X 10°m
Deci d 107} 1 decimeter (dm) = 0.1 m

Centi c 102 1 centimeter (cm) == 0.01 m

Miiki n 1073 1 millimeter (mm) = 0.001m
Micro p 1076 1 micrometer (um) = 1 X 10" %m
Nano n 1077 1 napometer (nm) = 1 X 107%m
Pico P 10712 1 picometer (pm) = 1 X 107 %m
Femto | f 1071 1 femtometer (fm) = 1 X 107 % m

*This is the Greek letter mu (pronounced “mew”).

Temperature is commonly measured using either the C

K=°C+273

Derived units are units derived from S1 base units.

elsius scale or the Kelvin scale.

Volume, the space occupied by a substance, is commonly measured in cubic meters, m’,
or cubic centimeiers, cm?. A non-SI unit commonly used by chemists is the Hter, L.
One liter is the volume of a cube measuring exactly 10 cm on a side.

1L = 1000 cm’ = 1000 ml.
fem® = 1mL
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Density, the amount of matter packed into a given space, is often measured in g/cm’
for liquids and solids and g/L for gases.

Density = mass/volume

Uniis of Energy

Heat is the energy transferred from one object to another because of a difference in
temperature.

A calorie is an informal but still used unit for heat energy. One calorie is the amount
of energy required to raise the temperature of one gram of water by one degree

Celsius. The large Calorie (spelled with a capital C) is used to measure food energy.
1 Cal = 1000 cal.

A Jjoule is the SIunit of energy. One calorie is equal to 4.184 joules. 1 cal = 4.184 J.

Uncertainty in Measurement and Significant Figures

Exact numbers are known exactly and are usually defined or counted. “One liter
equals 1000 cm®” describes a defined number. “There are 32 students in this class”
describes a counted number.

inexact numbers have some degree of error or uncertainty associated with them. All
measured numbers are inexact.

Measured numbers are generally reported in such a way that only the last digit is uncer-
tain. Significant figures are all digits of a measured number, including the uncertain one.

Zeros in measured numbers are either significant or merely there to locate the deci-
mal place. The following guidelines describe when zeros are significant:

1. Zeros between nonzero digits are always significant.
2. Zeros at the beginning of a number are never significant.

3. Zeros at the end of a number are significant only when the number con-
tains a decimal point.

In calculations involving measured quantities, the least certain measurement limits
the certainty of the calculated quantity and determines the number of slgmﬁcant figures
in the final answer. Exact numbers do not limit the certainty.

For multiplication and division, the number of significant figures in the answer is
determined by the measurement with the least number of significant figures.

For addition and subtraction, the result has the same number of decimal places as the
measurement with the least number of decimal places.
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INTRODUCTION: MATTER, ENERGY, AND MEASUREMENT 5

Commen misconcepltion: The guidelines for determining the number of sig-
nificant figures in a result obtained by carrying measured quantities through
calculations do not always give the correct pumber of significant figures. This
is principally why the AP test usually allows full credit for answers reported to
plus or minus one significant figure. In this book, numerical answers are usuaﬂy
rounded to three significant figures. '

‘Dimensional Analysis ~ Section 1.7

Dimensional analysis is a way of converting a written question into an algebraic
equation, followed by manipulating factors until the unit of the known quantity is
converted into the unit of the unknown quantity.

Example:

How many microseconds are there in one vear?

Solution:

The algebraic equivalent to the given question Is:

xus = lyr

Now multiply the right side of the equation by what is known about a year

in such a way that the unit of years cancels, giving another unit. Continue
to do this until the result has the unit of microseconds, ps.

x ps = 1yr(365days/yr) (24 h /day) (60 min/h) (60 s /min)
(108 ps/s) = 3.15 X 10Pus
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ATOMS, MOLECULES, AND IONS

Except for the information on mass spectrometry, you may have learned much of this
material in first-year chemistry. Although nomenclature is not specifically tested on
the AP exam, it is helpful to review the names and formulas of jonic and molecular
compounds. When you finish reviewing this topic, be sure you ate able to:

= Describe the basic structure of the atom using the terms protons, neutrons,
electrons, nacleus, electron cloud, atomic number, mass number, isotope,
and atomic mass

« Describe the key experimental evidence that fed scientists to understand the
modem atom

= Cite specific experimental evidence that supports various atomic models
and evidence that is contradictory

o Identify elements and individual isotopes using data from mass spectra

o Justify that, in a pure sample of a compound, the ratio of the masses of its
constituent elements is always the same

¢ Distinguish between a molecular and an ionic compound and a molecular
and an empirical formula

o Name common ions and ionic and molecular compounds and write their
formulas

= Recognize the structures and names of alkanes, alcohols, and carboxylic acids

The Atomic Theory of Matter

Scientists formulate models based on experimental observations. They then use these
scientific models to make predictions and test the predictions with experiments.
When new data are inconsistent with & model’s predictions, that model must be re-
vised or replaced. The development and refinement of the atomic theory of matter
illustrate this fundamental process of science.

Dalton’s Alemic Theory

Nineteenth-century English chemist John Dalton proposed that matter is composed
of tiny indivisible particles called atoms. Figure 2.1 summarizes Dalton’s basic ideas.
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ATOMS, MOLECULES, AND IONS

Dalton’s Atomic Theory

1. Hach element is composed of extremely small particles called atoms,

An atom of the element oxygen

An atom of the element nifrogen

2. All atoms of a given element are identical, but the atoms of one element
are different from the atoms of all other elements:

Oxygen Nitrogen

3. Atoms of one element cannot be changed into atoms of a different element
by chemical reactions; atoms are neither created nor destroyed in chemical
reactions.

Nitrogen

4. Compounds are formed when atoms of more than one
element combine; a given compound always has the
same relative numbers and kinds of atoms.

'
Elements Compound

Figure 2.1 Summary of Dalton’s atomic theory.

Dalton’s theory explains three fundamental Jaws:

The law of constant composition states that in a given compound, the relative num-
bhers and kinds of atoms are constant.

The law of conservation of mass states that the mass of materials does not change in
a chemical reaction.

The law of multiple proportions states that when two elements combine to form a
compound, their masses always exist in a ratio of small whole numbers.

Today we accept three of Dalton’s four ideas expressed in Figure 2.1. Only the
second idea is incorrect. We now know that atoms of a given element are not iden-
tical. Evidence from mass spectra (desctibed later in this topic) clearly demon-
strates that atoms of the same element can be composed of different isotopes, each
having different masses and different numbers of neutrons.

The Thomson Model

7. 1. Thomson showed that cathode rays are streams of negative particles, and he is
credited with discovering the electron. Thomson postulated that all atoms contain
electrons, contradicting Dalton’s assumption that atoms are indivisible. Thomson
proposed that an atom consisted of a uniform positive sphere in which electrons were
embedded like plums in a pudding (Figare 2.2).
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Negative
glectron

Positive charge
spread throughout
sphere

Figure 2.2 J. J. Thomson’s
plum-pudding modet of the
atom. Ernest Rutherford proved
this model wrong.

The Rutherford Experimant

Ernest Rutherford’s gold-foil experiment, illustrated in Figure 2.3, showed that atoms
are mostly empty space having a tiny dense nucleus. Rutherford’s evidence is incon-
sistent with Thomson’s assumption that atoms are solid particles. Rutherford proposed

Experiment Interpretation

e e

Incoming <__-c..=ﬂ~_n_%

o particles .

N Beam of o particles R
Gy, T T T B

—— 7o \

Source of
a particles

Circular T,
fluorescent e L
screen Lo

A few o particles are
scattered bacause of
repulsion by tiny '
positive nudeus

Most & particles
undergo no scattering
because most of

Figure 2.3 Rutherford’s a-sbattering experiment. When a particles pass through a gold foil, most pass

through undeflected but some are scattered, a few at very large angles. According to the plum-pudding
model of the atom, the particles should experience orly very minor defiections. The ruclear model of

the atom explains why a few w particles are deflected at large angles. For clarity, the nuclear atom is

shown here as a sphere, but remember that most of the space around the nucleus is empty except for
the tiny electrons moving around.

Copyright © 2023 Pearson Bducation, Inc.




ATOMS, MOLECULES, AND JONS

that electrons circle the nucleus much as planets orbit the sun. However, he offered no
explanation why an atom is stable. Classical physics predicts that orbiting electrous
would lose energy and fall into the nucleus but this does not happen.

Niels Bohr explained why atoms are stable. He postulated that the lines of the atomic
emission spectrum of hydrogen (described in Topic 6) represent transitions of elec-
trons from one allowed energy state to another. Atoms are stable because their electrons
occupy fixed energy states preventing orbital decay.

S

For each atomic model proposed by Dalton, Thomson, and Rutherford, cite at least
one piece of experimental evidence that is inconsistent with that model.

The Modern View of Atomic Structure

R

Your Turn 2.1

Section 2.3

Explain the quantitative relationship between the mass spectrum of an element { spQ-1.8.

and the masses of the element’s isotopes. See also Section 2.4.

i

In studying chemistry, it is often convenient to think of atoms as fundamental, indivis-
ible units of matter. However, atoms are composed of three basic subatomic particles:
protouns, electrons, and neutrens.

Atoms consist of a tiny, dense, positively charged nucleus surrounded by a cloud of
negative electrons.

The nucleus contains positively charged protons and neutral neutrons.

Atoms are electrically neutral because each atom contains the same number of pro-
tons as electrons.

Atoms can gain electrons to form negatively charged ions called anions or they can
fose electrons to become positively charged ions cailed cations.

The afomic number is the number of protons in the nucleus.

An element is a substance containing atoms that have the same number of protons.
Fach element is defined by its atomic number.

The mass nuimber is the mumber of protons and neutrons in the nucleus of an atom.
{sotopes are atoms containing the same number of protons but different mass numbers.

Symbols are often used to denote various elements and to distinguish isotopes. For example,
the isotope of carbon containing six protons and six neutrons is designated like this:

12 == mass number = number of protons plus neutrons
152C

6 = atomic number == number of protons
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TORIC 2

Because carbon is the element that always contains six protons, often the atomic
number designation is omitted and the following symbols all designate the same iso-
tope of carbon:

2¢ = C = carbon-12 = C-12 (Read all these symbols as “carbon twelve.”)

Carbon has several isotopes, each having six protons and a different mass number.
The respective number of neutrons of an isotope is calculated by subtracting the
atomic number from the mass number, Here are symbols for various isotopes of
carbon showing the number of neutrons present in each isotope. Isotopes are distin-
guished by their mass mumnbers.

e % e e
5 neutrons 6 peutrons 7 neutrons 8 neutrons
C-11 C-12 C-13 ' C-14

Atomic Weights

The alomic mass unit, amu, is a convenient way to express the relative masses of tiny
atoms. One amu equals 1.66054 X 1072 g, However, it is more useful to compare
the masses of atoms to the mass of one carbon-12 isotope. One carbon-12 atom has a
defined mass of exactly 12 amu,

Atomic mass, sometimes called atomic weight, is the weighted average mass of all
the isotopes of an element based on the abundance of each isotope found on Earth.
Atomic masses are expressed in amu. All atomic masses reported on the periodic table
are based on the carbon-12 standard. For example, the atomic mass of magnesium is
24.3050 amu. This means that the average mass of all the magnesium isotopes is a little
more than twice the mass of a carbon-12 atom.

iiass Spectrometry

Mass spectromelry is a method that measures precise masses of atoms and molecules.

A mass specirometer is an instrument that bombards a sample with high-energy
electrons. It converts the sample to charged particles, which are accelerated and
deflected in a magnetic field. The extent of deflection depends on the mass of the
particle, thereby separating different particles according to their masses. The spec-
trometer detects the masses and relative abundances of the charged particles.

A mass speclrum is a graph of intensity of the detector signal versus particle atornic mass.

Figure 2.4a shows a schematic diagram of a mass spectrometer. Figure 2.4b shows a
typical mass spectrum.

Mass spectrometers dramatically demonstrate the existence of isotopes, and they
accurately measure the individual masses and relative abundances of these isotopes.

Mass spectrometry is the most accurate way to determine atomic masses.
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ATOMS, MOLECULES, AND IONS 11
(a) (b)
Accelerating grid Magnet 3,5C1
O ol Detector R o
Heated iy O g’ . l ,,,,, 1
filament._ |1 g |
o E _ _
ey Beam N o k= 37cl
Sample \ of positive Slit (%U T B
ions R
Tonizing To vacuum Separation of E | |
electron pump ions basad on ‘ :
beam mass differences 34 35 36 37 38

Figare 24 (a) A mass spectrometer. A sample of Ci atoms are introduced at the left and are ionized
to C17 ions, which are then directed through & magnetic field. The paths of the ions of the two C1
isotopes diverge as they pass through the field. (b} Mass spectrum of atomic chlorine. The fractional
abundances of the isotopes **Cl and *’Cl are indicated by the relative signal intensities of the beams
reaching the defector of the mass spectrometer.

* Example:

Detailed analysis of data from the mass spectrum of chlorine shown in
Figure 2.4(b) reveals that there are two different isotopes of chlorine. Cl-35
has a mass of 34.969 amu and a relative abundance of 75.77%. CI-37 has
a mass of 36.966 amu and a relative abundance of 24.23%. Calculate the
atomic mass of chlorine.

Solution:

The atomic mass of an element is the weighted average of the masses of
the isotopes. Multiply each individual mass by its relative abundance,

Average atomic mass =

(mass of C-35)Xabundance of Ci-35)+ (mass of Cl-3TYabundance of CI-37)
= (34,969 amu)(0.7577) + (36.966 amu)(0.2423) '

= 26.496 + 8.957 = 35453 = 3545 amu

(This result compares favorably, within significant figures, with 35.453,
the atomic mass of chlorine found on the periodic table.)

The method of radiocarbon dating of ancient artifacts uses a technique called accel-
erator mass spectrometry, AMS. The mass spectrometer measures the ratio of C-12
to C-14. Because C-14 is radioactive, it decays to N-14 at a known rate. The less
carbon-14 an object contains, the older it is. The age of a sample is calculated from
the measured C-12:C-14 ratio.

Besides measuring the masses of isotopes, mass spectrometry accurately measures

the masses of molecules and provides a powerful method to identify them. The
high-energy beam of electrons striking a molecule produces a “parent ion,” which
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Your Turn 2.2

Section 2.5

TOPIC 2

breaks into a collection of smaller pieces that are characteristic of the molecule.
The resulting mass spectrum shows the molecular mass (mass of the parent 1on) of
the sample and a pattern of fragmented masses that is a characteristic “fingerprint”
of the molecule. '

-l

Figure 2.5 shows the mass spectrum 60
of lead. How many different isotopes
of lead are represented in the figure? P
Justify your answer. Identify each o
isotope. Tell how many electrons, £
protons, and neutrons are contained "§ 30 e
in the atoms of each isotope of lead. 2

[0 S —— :

i4

o E .
203 204 205

Mass

Figure 2.5 The mass spectrum of lead.

The Periodic Table

The pericdic table is an arrangement of elements in order of increasing atomic num-
ber, with elements having similar properties placed in vertical columns. The vertical
columns are called groups or families and the horizontal rows are called periods.
Figure 2.6 shows the periodic table with the symbol, atomic number, and atomic
mass of each element. It also shows two commonly used numbering systems for the
groups. Elements are classified as metals, nonmetals, and metalloids.

Table 2.1 shows the special names given to four element groups.

Table 2.1 Names given to four groups of elements on the periodic table,

Group Number Wame of Group

lor 1A alkali metals
2or2A alkaline earth metals
170r7A halogens

18 or BA noble gases
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Main Growp Main Group
Representative Blements Representative Elements

3A
] 13
D Metals {:! Metalloids Nonmetals -
3 Li | Be B
| 6541 190121831 Transition metals 10,813 112
11 12| : 13 114
3p Na- | ‘Mg 38 4B 58 6B 7B o BBy 1B 2B Al B
|z2089770] 243050 ;3 4 5 6 7 8 9 10 11 12 |6981538] 280855 (300973760
19 | 20 21 ] 22 23 24 25 26 27 -] 28 29 30 31 32 1 33
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39.0983 40078 |44.955008] 47.867 | 50.9415 51.006] 154.938044 55.845 |[58.933194} 58.6034 £3.346 | 4539 §98,723 | 7264 174.92160 :
37 ag 39 40 41 42 43 44 45 46 47 48 49 50 .51 52"
51 Rb Sr Y Zr Nb Ma Te Ru Rh Pd Ag cd In Sn Sb. Te
85,4678 ﬂB'I.éZ §8.005841 91.224 152.90637; 95.85 o8] | 101.07 3302.90350 106.42 |3107.8682] 112.414 | 114318 118.710 | 121,760 127,60
55 56 ! 72 73 4 15 16 17 T8 79 | 80 81 82 83 84
6| €s | Ba La HI Ta w Re Os Ir Pt An Hg Ti Pb Bi Po
]32.905453“E:327 174.567 | 178.4% |1B0.9479} 1B3.84 186,207 | 190.23 | 192.217 | 195078 196066565 200,59 [204.3833] 207.2 20898038 | (208581 [F[200.99]:
87 28 103 104 105 106 107 108 108 10 | 11l 112 113 114 115 il6 117
71 ¥r | Ra Lr | Rf | Db Sy | Bn | Hs | Mt | Ds | Rg | Cn | N Fl | Mc | Ly Ts
[223,02] [{226.04]. {26211} | {267.1} {268.3} liﬁ9.$] [276.13 j265.13 2782} | 1281.2] | [282.3] [285.2] {-1286.2] ; |289.2] 289,71 | 1293.2] [293.2]
‘" 57 58 59 | &0 §1 | 62 | 63 64 | 65 66 &7 68 6 | 70
Lanthanide series La  Ce Pr Nd Pin Sm Eu Gd Th Dy Ho Er Tm -Yh
138.9055| 140,116 [14090766 144.24 {145] 150,36 | 151.964 | 157.25 {158.92534 162.50 |164.93033] 167.259 16803422 173.04
29 90 91 92 93 94 05 | 96 o7 o8 99 100 ;M 102
Actinide series Ac’ Th Pa u Np Pu Am Cm | Bk CE Es Fm Md No -
R27.08 23_2.0377 231,03588(238.02891 [237.05] 124406} | £243.06) | [247071 |247.07] | [251.08] { [352.08) {257,103 | [258.10} | 1259.10] J
aThe labels on top (1A, 24, ete.) are common American usage. The labels below these (1, 2, eic.) are those recommended
by the Internafionat Union of Pare and Applied Chemistry (TUPAC).
Atomic weights in brackets aze for the longest-tived or most importzni isotope of radioactive elements.
Further information is available at lttp:/fsww.webelements.com
Figure 2.6 The periodic table of the elements.
Wolecules and Molecular Compounds ~ Section 2.6
Explain the quantitative relationship between the elemental composition by mass | { SPO-2.A.
and the empirical formula of a pure substance. See also Sections 3.4 and 3.5. 1 '
Although the atom is the smallest representative particle of an element, most matter
is cornposed of molecules or ions, which are combinations of atoms.
A maolecule is an assembly of two or more atoms tightly bonded together. For exam-

ple, amolecule that is made up of two atoms is called a diatomic molecule. Figure 2.7
shows the names, formulas, and pictorial representations of some simple molecules.

Seven elements normally occur as diatomic molecules. They are hydrogen, oxygen,
nitrogen, fluorine, chlorine, bromine, and iodine. The formulas for these diatomic
molecules are written like this:

H,, Oy, Ng, By, Clg, Bry, Ip

The subscript displayed in each formula indicates that two atoms are present in each
molecule.
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Hydrogen, H, Oxygen, O, Carbon Carbon
monoxide, CO dioxide, CO;

Water, H,O Hydrogen Methane, CH,  Ethylene, C;Hy
peroxide, HyOp

Figure 2.7 Molecular models. Notice how the chemical formulas of these
simple molecules correspond to their compositions.

Common misconception: Chemists often use the name oxygen to refer to both O
and O,, even though the latter’s official name is dioxygen to distinguish it from
monatomic oxygen. For chemists, the correct species can easily be inferred by
the context of the sentence. For example, the oxygen we breathe is O,, and the
oxygen in the water molecule is O. Most texts use the monatomic names for
the diatomic elements. Pay close attention to the context in which these names
are used to determine the exact meaning. '

<t

Your Tirn 2.3

Tell which chemical form of chlorine is implied in these two sentences: (a) Chlorine
is a toxic gas. (b) Common table salt contains the element chlorine.

Compounds are substances consisting of two or more different tightly bonded
elements. Generally, there are two types of compounds: molecular compounds and
ionic compounds.

Molecular compounds are composed of molecules and usually contain only nonmet-
als. A molecular formula indicates the actual number and type of atoms in the mol-
ecule and is the most often used formula for molecular compounds.

Figure 2.8 shows various ways chemists represent molecular compounds.

Dashed wedge is
a bond behind

Solid line is a bond
| 4 inplane of page.

H
| \\\\"'C\
CH, H—C—H H¢ H

! H . Wedge s a bond L
H aut of page. |

Molecular formula  Structural formula  Perspective drawing Ball-and-stick model ~ Space-filling model

Figure 2.8 Different representations of the methane (CH,) molecule. Structural formulas, perspective
drawings, ball-and-stick modeis, and space-filling models comespond to the molecular formuia, and each
helps us visualize the three-dimensional arrangement of atoms,

Copyright © 2023 Pearson Education, Inc.



ATOMS, MOLECULES, AND IONS 15

lons and lonic Compounds ~ Section 2.7

lons are charged particies composed of single atoms (in which case they are called
monatomic ions) or aggregates of atoms (in which case they are called polyatomic
ions). A cation is a positive ion, and an anion is a negative ion.

lonic compounds are composed of ions and usually contain both metals and
nonmetals.

An empirical formula gives only the relative number of atoms of each type in the
compound. Empirical formulas are usually used for ionic compounds and sometimes
used for molecular compounds.

-4

Your Turn 2.4

a. Which formulas in Figure 2.7 represent molecular formulas? Which represent
empirical formulas? Explain your reasoning. b. Why not use H, 0, HO, and CH, for
the formulas of hydrogen, oxygen, hydrogen peroxide, and ethylene, respectively?

Unlike molecnlar compounds, ionic compounds do not consist of discrete molecules.
Tonic compounds are a collection of many ions arranged in a regular pattern, as
shown in Figure 2.9. Rather than draw the ionic arrangement of sodium chloride,
chemists use the much simpler empirical formula, NaCl, to represent the compound.

Loses an
electron

Na atom
i7p +

Gains an
electron

Cl atom

Ci”ion

(@) - ) ()

Figure 2.9 Formation of an jonic compound. {2) The transfer of an electron from a NaatomtoaCl
atom leads to the formation of a Na™ icn and a CI ion, {b) Arrangement of these ions in solid sodinm
chloride, NaCl (c) A sample of NaCl crystals.

Naming Inorganic Compounds ~ Section 2.8

Metal atoms can lose electrons to become monatomic cations.

Nonmetal atoms gain electrons to become monatomic anions.
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The periodic table is useful in remembering the names and charges of monatomic
cations and anions. Figure 2.10 shows the common names and charges of ions de-
rived from elements on the left and right sides of the periodic table. Notice that the
cations of the A groups carry a positive charge equal to the group number, and the
anions carry a negative charge equal to the group number minus 8. Transition metals
tend to form cations of more than one charge value.

Commeon misconception: The names and formulas of monatomic anions need not
be memorized. Simply locate the atom on the periodic table, assign the charge
based on the group number, and change the ending to -ide.

. R The name of a monatomic
A monatomic cation has the .
) anion replaces the end of the
same name as the metal, A metal that forms cations NN
element rame with -ide,
of more than one charge
1A 2A ZA_ has & Roman numerat in 3A 4A 5A A TA  BA
maghesium the name to indicate the
e calcium charge. nitride H-
strontium 4‘
barium i H 1
. irongll) copper(l) NP
Li+ /77 iron(If) copper(l) NS-{ O F
¥
2. -
Nat MG | 3p 4 58 6B 78 8B 9B 10B s#1 d
Tid+ |2+ | Cra+ M2+ F92+ Co2+ |Nj2+ |Cuz+ g
K+ | Ca#|Sc¥ Ti4+ Y+ O3+ 1Mt (Fe3+ [Cos+ [N+ |Cut Zn2+ Se*| Br
Rb+ | Sr2+ Agt |Caes Snzv Tez| |
1 g Sn4+ e .
AUt [Hgz Ph2+
C|S+ Baz2+ AU |Hoaer Diyd+
Via Vara A
h)(dr.ogen mercury(il) tin{ll)  fead(i) 6A hydride
I'tg"um mercury(l) tn{lY) Jead(lV) oxide  fluoride
sodium sulfide  chioride
potassium selenide  bromide
rubit'iium telluride  jodide
cesium

Figuire 2,10 Charges of some monatomie cations and anions are consistent within groups on the
periodic table. Notice that some transition metals form ions having more than one charge.

A few common diatomic anions also end in -ide.

OH™ hydroxide CN~ cyanide O,% peroxide
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Narmes of Pelyatomic Cations

Polyatomic (containing more than one atom) cations formed from nonmetals end
n -ium.

NH," = ammonium CH,NH," = methylammonium

(CH,),NH," = dimethylammonium

Palyatomic Oxyanions (Anions Containing Oxygen)

Some polyatomic anions end in -ate or _ite. These are called oxyanions because they
contain oxygen. The ending -ate denotes the most common oxyanion of an element,
The ending -ite refers to an oxyanion having the same charge but one fewer oxygen.
Because there is no logical way to predict their formulas or charges, these must be
memorized. Table 2.2 lists the names and formulas of some common OXyanions.

Some polyatomic oxyanions have a hydrogen ion attached. The word hydrogen or di-
hydrogen is used to indicate anions derived by adding H" to an oxyanion. An added
hydrogen ion changes the charge by 1.

Table 2.2 Names and formulas of some common oxyanions listed by charge.
Charge 3— 2— 1—
Name and formula | phosphate PO,” | hydrogen phosphate HPO ™ dihydrogen phosphate H,PO4

sulfate SO/ hydrogen sulfate HSO4
carbonate CO5~ hydrogen carbonate HCO5
nitrate NO5

acetate (also ethanoate) CH,CO0O™

Chlorine forms a series of four oxyanions. Prefixes and suffixes are used to distin-
guish them, as shown in Table 2.3. '

Table 2.3 Tormulas and names of halogen oxyanions.

r Cl0™ hypochlorite hypo- denotes one fewer oxygen than -ite
CiO; chlorite _ite denotes one fewer oxygen than -ate
ClOy chlorate _ate denotes one more oxygen than -ite
Clo4 perchlorate per- denotes one more oXygen than -ate

Names of lonic Compounds

Names of jonic compounds consist of the cation name followed by the anion name,
as shown in Table 2.4.
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Table 2.4 THow to write formulas and names of ionic compounds.

Wirite 2 formula: Name a compound:
Combine the cation and anion in a ratio such that Name the cation, then name the anion.
the charge of the compound is zero. Use a subscript
to indicate the number of each anion and cation, and
use parentheses when necessary for polyatomic ions.
Cation Anion Formula Name
Li F LiF lithium fluoride
Mg** _ Br~ MgBr, magnesium bromide
_ Fe** 0% Fe,0, iron(III) oxide *
L Fe2* 0> FeO iron(1l) oxide *
o ca®t N3~ CasN, calcium nitride
Ba®* PO, Bas(PO,), barium phosphate
NH, _ SO, (NH,),SO,4 _ | ammonium sulfate

* The Roman numerals IIl and II refer to the 3+ and 2+ charges of the iron cations, respectively. Notice that the
charge of each iron cation is inferred by the ratio in which iron combines with the 2— charge of the oxide ion.

<t

Your Turmn 2.5
Name the following ionic compounds: KI, MgSO,, FeS, AlyOa, Pby(PO.),.

Mames and Formulas of Acids

The names and forrulas of some common acids, an important class of hydrogen-containing
compounds, are listed in Table 2.5. In all cases, the formulas of acids are composed of
one or more hydrogen ions added to a common monatomic anion or oxyanion. Acids of
monatomic ions are called binary acids, and acids of oxyanions are called oxyacids.

Table 2.5 Names and formulas of some common acids.

Copyright © 2023 Pearson Education, Inc.

. Binary Acids (syacids
j L HF hydrofluoric acid HNO; nitric acid
HCl  hydrochloric acid H,50, sulfuric acid
HBr  hydrobromic acid HyPO, phosphoric acid
HI  hydroiodic acid CH,COOH  acetic acid
H,S  hydrosulfuric acid H,COy carbonic acid
- H,Se hydroselenic acid HNO, nitrous acid
' H,S50, sulfurous acid
HCIO, perchloric acid
- HCIO;  chloric acid
HCIO, chlorous acid
: HCIO hypochlorous acid
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To name binary acids, replace the -ide ending of the anion with -ic acid, and add the
prefix hydro-. :

ide becomes hydro ic acid.

Bromide, Br, becomes hydrobromic acid, HBr.

To name oxyacids, replace the -ate ending of the oxyanion with -ic acid or the -ite
ending of the oxyanion with -ous acid.

ate becomes ic acid.
Nitrate, NO5~, becomes nitric acid, HNOs.
ite becomes ous acid,

Hypochlorite, C1O™, becomes hypochlorous acid, HCIO.

Some common exceptions:

Phosphate, PO,2~, becomes phosPHORic acid, HyPOy4.
Sulfate, SO, becomes sulfURic acid, Hy5O,.

Names of Binary Molecular Compounds

A binary molecular compound contains two nonmetals. The rules for naming binary
molecular compounds are the following:

1. Name the first element.
2 Name the second element and change the ending to -ide.

3. Use prefixes to denote how many of each element are present in the for-
mula. The prefixes are shown in Table 2.6. (Notice that a prefix ending
in a- drops the a- when it precedes -oxide.)

Table 2.6 Prefixes and example names for binary molecular compounds formed between nonmetals.

Prefix Meaning Prefix Meaning Formula fame

mono- 1 hexa- 6 CO, carbon dioxide

di- 2 hepta- 7 SCl, sulfur trichloride

tri- 3 octa- & N,Os dinitrogen pentoxide
tetra- 4 nona- 9 P4Oy tetraphosphorus decoxide
penta- 5 deca- 10 CO carbon monoxide
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Common misconception: Although there are similarities, the naming system for
binary molecular compounds should not be applied to naming tonic compounds.
Tonic compounds, usuzlly those that contain at least one metal atom, do not use
prefixes unless the prefix is already part of an ion name, as is true of the ion di-
hydrogen phosphate, H,PO,~.

e

Your Turn 2.6 ‘
Name the following compounds: SCly, CF4, Brly, PBrs, SFy.

Section 2.9 Some Simple Organic Compounds

Drganic chemistry is the study of carbon compounds.
Hydrocarbons are compounds containing only carbon and hydrogen.
Alkanes are hydrocarbons containing onty C— C single bonds.

Table 2.7 shows the names and formulas of some common alkanes. Notice that in
each name a prefix indicates the number of carbon atoms in the formula. The suffix
—ane indicates that the formula is an alkane.

Table 2.7 Names and formulas of some simple alkanes. The prefix of the name

tells how many carbon atoms are in the formula.

Number of

Garbon Atoms | Prefix | Name Formula

1 meth- | methane | CHy

2 eth- ethane CH,CH;

3 prop- | propane | CH;CH,CH;

4 but- butane CH,CH,CH,CH;,

5 pent- | pentane | CH,CH,CH,CH,CH,

G hex hexane CH,CH,CH,CH,CH,CH;

7 hept- | heptane | CH;CH,CH,CH,CH,;CH,CHs

8 oct- octane CH,CH,CH,CH,CH,CH,CH,CH;,

9 non- nonane | CH,CH,CH,CH,CH,CH,CH,CH,CH,
10 dec- decane | CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,
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The same prefixes are used to name organic compounds having functicnat groups,
groups of atoms that relate to the structure and properties of an organic compound.
For example, — OH is the functional group of a class of organic compounds known
as alcohols. The functional group of a carboxyiic acid is — COOH. Table 2.8 lists
the names and formulas of simple alcohols and carboxylic acids. In Chapter 24 of
Chermistry: The Central Science, you will study organic compounds in more detail.

Table 2.8 Names and formulas of some simple alcohols and carboxylic acids. The
prefix tells how many carbon atoms are in the formula.

21

Alcohois Carboxylic Acids

Name Formula Name Formula

methanol CH;0H methanoic acid H,CO0H

ethanol CH;CH,0H ethanoic acid CH;COOH

1-propanol CH,CH,CH,OH propanoic acid CH,CH,COOH |
2-propanol | CH;CHOHCH;

1-butanol CH,CH,CH,CH,OH | butanoic acid CH,CH,CH,COOH
&butanol CH,CH,CHOHCH; |

. . . 80
Predict which element or mixture of ele-
ments the mass spectrum below repre- -
sents. Justify your answer with evidence. PN SRS
40 f-m = —— —
7)1 S S
o et W o @ =
56 57 58 59 60 61 62 63 64

- Your Turn 2.7

Mass spectrum

Copyright © 2023 Pearson Edueation, Inc.




¢
22 TOPIC 2

Muttiple Choice Guestions

1. Fluorine gas is bubbled through an aqueous solution of calcium bromate.
Besides water, this statement refers to which chemical formulas?

A) F,and CaBr,

B) Fand CaBry

C} Fyand Ca(BrOs),
D} F,and CaBrOs

2. Magnesium nitride reccts with water to form ammonia and magnesium hydrox-
ide. Besides watey, this statement refers to which chemical formulas?

A) MgiN,, NHy, and Mg(OH),
B) Mg(NOs),, NH,*, and MgH,
C) Mg(NOs)o, NH,, and MgH,
D) MgiN,, NH;, and MgOH

3. The mineral spinel is an ionic compound containing only the elements magne-
sium, aluminum, and oxygen. Its simplest formula is probably

A) MgAlO,
B) MgAlO,
C) MgALO,
D) Mg,ALO,

4. The mineral chromite, FeCryQ,, consists of a mixture of iron{Il} oxide
and chromium{IIT} oxide. What is the most likely ratio of iron(Il) oxide to
chromium(HI) oxide in chromite?

A) I:1
B) 1:2
C) 2:3
D) 3:2
5. Which formula represents a peroxide?
A) KO
B) K,0,
C) KO,
D) CaO
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What is the general formula for an alkaline earth metal hydride?
A) MH

B) M,H

C) MH,

D) M(OH),

Which of the following'compounds contains only four carbon atoms?

A) propane

B) butanoic acid

C} ethylmethyl ether

D) 2-pentanol

Bromine has just two major isotopes giving it an atomic mass of 79.904 amu.

Based on this information, which of the following statements can explain the
atomic mass value? ‘

A) The isotope Br-81 is more common than Br-79.
B) Br-79 and Br-81 exist in about equal proportions.
C) Br-78 is about twice as abundant as Br-&1.

D) The two major isotopes of Br have 45 and 46 neutrons.

Which is a collection of only molecular compounds?
A) NO, CS,, PCls, HBr

B) NaNQs, CCly, CuS

C) Ar, NHy, SF4, PCls

D} Cl,, CCly, NOy, SF¢

Which is true of the Am3T ion?
Protons Electrons Neutrons
A) 148 148 243
B) 95 98 243
C) 95 g5 148
D) 95 92 148
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Refer to the following information and Figure 2.4 to answer Questions 11-16.

The mass spectrum of a natural abundance of chlorine atoms is shown in Figure 2.4.
Detailed analysis shows that the two stable isotopes of chlorine have masses of 34.969
amu and 36.966 amu,

1.

12,

13.

14.

15.

Which are the mass numbers of the two isotopes of chlorine?
A) 34.969 and 36.966

B) 34 and 36

C) 35 and 37

D) 17 and 17

Estimate the approximate % abundance of the lighter isotope.
A) 20

B) 25

C} 50

Dy 75

How many types of molecules with different masses exist in a sample of chlorine
gas if the sample exists entirely as diatomic molecules?

A} 1

B) 2
C) 3
D) 4

Estimate the approximate mass of the most abundant naturally occurring Cly
molecule.

A) 70
B) 71
C) 72
D) 74
How many neutrons does the less abundant chlorine atom have?
A) 17
B) 18
Cy 19
D) 20
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ATOMS, MOLECULES, AND IONS

Why are the individual masses of the two isotopes not integers?

A) Atomic mass of an element is the average mass of all isotopes.

B) The masses of individual protons and neutrons are hot integers.

C) Mass number is the total number of protons and neutrons in an isotope.

D) Mass number of an element is the average mass of all isotopes.

A compound whase empirical formula is CH,0 has a molar mass that lies
between 100 and 150 g/mol. What is the molecular formula of the compound?

A) CH,O
B} CyHz0,
C) CeH120;
D) CeH1p0,

Find the empirical formula for a compound only one element of which is

a metal. The compound’s percentage composition by mass is 40.0% metal,
12.0% C, and 48.0% Q.

A) CaC0,
B) NayCO,
C) NaHCO;
D} AL(COs)s

The following diagrams best represent which pair of substances?

A) NaCl Cl,

B) KF NO
C) Ag co
D) H,O H,

Answer Questions 20-22 using the following diagram, which represents a sample
of a fictional element called chemistrium, Ch, having two different isotopes.

EEES Y N
. @ o
T g
L@ F o :
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2

' 20. Estimate the natural abundance of the more common isotope.

21

22.

A) 8
B} 12
C) 0.40
D) 0.60

If Ch forms diatomic molecules, how many peaks will the mass spectrum of this
element display?

4) 1
B) 2
C) 3
D) 4

If Ch has 10 protons, and the two isotopes have 10 neutrons and 15 neutrons, re-
spectively, which best represents the approximate atomic mass of chemistrium?

A) 21
B) 22
C) 23
D) 25

Free Response Questions

L

2.

Use the data provided for Multiple Choice Questions 11-16 to perform the fol-
lowing mathematical operations:

a. Calculate the mass of the chlorine molecule having the largest molecular mass.
b. Calculate the % abundance of the more abundant chlorine isotope.

Iodine, like chlorine, is a halogen and forms similar compounds. Write the
names and formulas of the four oxyanions and the four oxyacids of jodine.

3. Consider the four systems in the figure:

I o v
a. Identify each system as a pure substance or a mixture. Explain your answer.

b. Identify each pure substance as an element or a compound. Justify your answer.
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c. When pﬁysically divided, which system, Tl or IV, will always contain particles
that have identical ratios of masses? Explain using atomic molecular theory.

. Examine Figure 2.1 and tell which of the four postulates of Dalton’s atomic
theory is(are) incorrect according to the modern view of the atom. Justify your
answer with evidence that demonstrates why each postulate is incorrect.

_ Examine Figure 2.4b and use it to estimate the relative abundances of chlorine-35
and chlorine-37. Is your estimate consistent with the atomic mass of chlorine?
Justify. your answer.

 Examine the different representations of methane in Figure 2.8. Draw five analo-
gous representations of the molecule ethane. Tell what kind of information each
representation yields.

a. Why is an empirical formula used to represent sodium chloride in Figure 2.97
b, A magnifying glass reveals that common table salt is composed of many tiny
cubic crystals. How does the arrangement of ions in solid sodium chloride ex-
plain this observation?

27
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CHEMICAL REACTIONS AND REACTION
STOEGHE@METRY

You may have learned some of this material in first-year chemistry, When you finish
reviewing this topic, be sure you are able to:

s Apply the law of conservation of mass to balance a chemical equation using
symbols for atoms and molecules and particle drawings

s Use the mole as 2 quantitative model for chemical composition

o Calculate moles, mass, number of particles, and volume of a gas and intercon-
vert those quantities

o Determine the identity or purity of various substances using calculations of
mass data

o Calculate the percentage composition of a compound

o Calculate the empirical and molecular formulas of a compound and of a
hydrate from combustion and decomposition data

e Calculate the masses and moles of reactants and products using stoichiometry

s Determine limiting reactants and percent yields from experimental data

Chemical Equations  Section 3.1

v e EE T e 5 TR T R LT B R T R e i R O T 7 L R T P T ST £ 9 A SR S TS A IR

Represent changes in maiter with a balanced chemical or net ionic equation: g " TRA-1.8.
a. For physical changes.
b. For given information about the identity of the reactants and/or product.

c. For ions in a given chemical reaction. See also Sections 4.2 and 4.3 for
net ionic equations.

© Represent a given chemical reaction or physical process with a consistent particu- - g : TRAw‘E_.G.
- late model. See also Section 16.2. '

Stoichiometry is the area of study that examines the quantities of substances involved
in chemical reactions.
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Your Turn 3.1

TOPIC 3

A chemical reaction also called a chemical change, is a process by which one or
more substances are converted to other substances.

Chemical equations use chemical formulas to symbolically represent chemical reac-
tions. For example, the chemical sentence “Hydrogen burns in air to produce water™
can be expressed as chemical symbols or as a molecular picture of the particles, as
shown in Figure 3.1.

Reactants Products

2H, + 0y ———>  2H0

Figure 3.1 A balanced chemical equation,

When the reaction is more complex, chemists prefer to write the equation using
only chemical symbols to represent the particle pictures. For example, the following
chemical equation describes how butane, C4H, o, burns in air:

2C4H;o(g) + 130,(g) — 8C0O,(g) + 10H0(I)

reactants — products

The equation is a “chemical sentence” written in the symbolic “words” of chemical
formulas and symbols. The formulas on the left are reactants, and the formulas on
the right are products. The equation reads:

“Two molecules of gaseous butane react with thirteen molecules of oxygen gas to
produce eight molecules of carbon dioxide gas and ten molecules of liquid water.”

A balanced chemical eguatien has the same number of atoms of each element on
each side of the arrow. The coefficients preceding each formula “balance” the equa-
tion. Notice that, because of the coefficients, on each side of the arrow there are eight
carbon atoms, twenty hydrogen atoms, and twenty-six oxygen atoms.

The symbols (g), (1), (5), and (ag) are used to designate the physical state of each
reactant and product: gas, liquid, solid, and aqueous (dissolved in water).

-

Write a chemical sentence to illustrate how to “read” the following chemical equation:
COy(g) + 2NHy(g) + HO(1) — 2NH," (ag) + CO™ (ag)

Convert each formula of the equation to a particle representation.
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To balance simple equations, start by balancing atoms other than hydrogen or
oxygen. Balance hydrogen atoms next {o last, and balance oxygen atoms last.
Exampie:
Balance the following equation:

H,S04(aq) + NaHCO(s) — COy(g) + H,O(1) + Na,S04{aq)

Solution:

1. S and C are already balanced, so start with Na.

H,504(ag) + 2NaHCO,(s) = CO,(g) + H,0(1) + Na,S04(aq)
2. Now balance carbon. | 7

H,S04(aq) + 2NaHCO4(s) —2C0,{(g) + H0(1) + Na,SO4(aq)
3. Next balance H.

H,50,4(aq) + 2NaHCO5(s) = 2C0,(g) + 2H,0() + Na,S04(aq)

4. Check to see that oxygen is balanced and double-check all other atoms.

(As in algebraic equations, the numeral 1 is usually not written.)

Simple Patterns of Chemical Reactivity

Predicting the products of chemical reactions is an essential skill to acquire in the
study of chemistry. Sometimes reactions fall into simple patterns, and recognizing
these patterns can be helpful in predicting which products will be produced from
given reactants. Topic 4 addresses predicting products of chemical reactions in more
depth. For now, here arc a few patterns to leam to reco gnize.

1. Tn a combination reaction, two elements combine to form one compound.
(Other combinations are possible, and Topic 4 describes better ways to
predict what will happen.)

Example:

A metal reacts with.a nonmetal to produce an ionic compound. Write
an equation to describe what happens when solid sodium is exposed fo
chlorine gas.

Solution:
2Na(s) + Ch{g) —> 2NaCl(s)

Write an eguation to describe what happens when solid magnesium metal reacts at
high temperature with nitrogen gas.
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2. Inadecompositionreaction, one reactantchanges to two or more products.

Example:

Upon heating, a metal carbonate decomposes to yield a metal oxide and
carbon dioxide. Write an equation to describe what happens when solid
magnesium carbonate is heated.

Solution:
MgCO5(s) — MgO(s) + CO,(g)

e

Your Turn 3.3

Write an equation to describe what happens when liquid water is decomposed to its
- elements by an electric current.

3. A combustion reaction usunally involves oxygen, often from air, react-
ing with hydrocarbons or other organic molecules containing carbon,
hydrogen, and oxygen to produce carbon dioxide and water.

Example:

Write an equation to describe what happens when liquid ethanol burns in air.

Solutton:
CH?,CHZOH(I) + 302(g) ——>2C02(g) + 3H20(g)

(Recall that encoded in the name “ethanol” is a two-carbon alcohol
having the —OH functional group.}

e

Your Turn 3.4

Write an equation to describe what happens when liquid hexane is burned in air.

Recall that a physical change is one in which the appearance of the substance
changes but its chemical composition does not change. Examples are changes of
physical state from solid to liquid or from liquid to gas. Like chemical reactions,
physical changes are represented using chemical symbols. For example,

The melting of ice:  H,O(s) — H,00)

The evaporation of water: H,O(l) ~» H,0(g)
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et R e e e ST

actions for:
a. Chemical processes.
:

b. Physical processes..

Chemical changes usually involve the breaking and/or formation of chemical bonds
(see Topic 8). Processes that involve only changes in intermolecular forces (see Sec-
tiop 11.2), such as phase changes, are typical of physical changes.

The distinction between chemical and physical changes is sometimes arbitrary. For
example, plausible arguments can be made for the dissolution of a salt in water as
either a physical or chernical change. The process involves breaking ionic bonds and
formation of ion-dipole interactions between ions and solvent (see Section 13.1).

Avogadro’s Number and the Mole

35

! Explain the relationship between macroscopic characteristics and bond inter- % TRA-1.D.

Section 3.4

I
Calculate quantities of a substance or its relative number of particles using { : SPO-1A. .

dimensional analysis and the mole concept. See also Sections 1.7 and 2.4,

Avogadro’s number (N = 6.02 % 10% mol ™) provides a way to count the number of
atoms, ions, molecules, or formula units in a measured mass of any pure substance.

Avogadro's number is 6.02 X 1023, Tt represents the number of atoms inexactly 12 g
of isotopically pure 120, Because all atomic masses are based on 12C, the atomic mass
of any element, expressed in grams, represents Avogadro’s number (6.02 X 107) of

atoms of that element.

A mole is the amount of matter that contains 6.02 X 10% atoms, ions, molecules, or
formula units.

The molar mass of a substance is the mass in grams of one mole of that substance.
To calculate a molar mass of any substance, add the atomic masses of all the atoms
in its formula. (For convenience, a{omic masses are often rounded to three significant
figures.) Table 3.1 shows the molar masses of various substances.

Commaon misconception: “Molar mass” is a universal term that is often used to
replace the terms atomic mass, molecular mass, and formula mass. Molar mass
is used to express the mass of one mole of any substanice, whether it s an atom
(atornic mass), a molecule (molecular mass), an ion (formula mass), or an ionic
compound (formula mass). '
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Tabie 3.1 The molar mass of any substance is the mass in grams of 6,02 X 10%
particles, or one mole, of that substance.

Mumber of Representative 7
Formula | Particles Particles Molar Mass | Alternative Term
Ar 6.02 X 102 Atoms 39.9 g/mol Atomic mass
CO, 6.02 X 105 Molecules 44.0 g/mol Molecular mass
NaBr 6.02 % 108 Formula nnits 103 g/mol Formula mass
CO2 6.02 X 10% lons 60.0 g/mol Formula mass

Grams, moles, and representative particles (atoms, molecules, ions, or formula units)
are converted from one to another using the “mole road” described in Figure 3.2.

grams
)
Multiply Divide
by molar mass. by molar mass.
MOILES
)
Multiply Divide
by 6.02 x 10%, by 6.02 x 10=
~ number of
representative
particles

Figure 3.2 The “mole road.” Divide to convert to moles. Multiply to convert from moles.

CGalcutating Percentage Composition of 2 Compound

The percentage composition of a compound is the percentage by mass contributed
by each element in the compound. To calculate the percentage composition of an
element in any formula, divide the molar mass of the element multiplied by the
number of times it appears in the formula, by the molar mass of the formula, and
then multiply by 100.
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% composition = 100 X (molar mass of element X subscript for
element) /(molar mass of substance)
Example:

What is the percentage composition of NayCO5?

Solution:

% Na = 100 X 2(23.0) g Na/[2(23.0) + 12.0 + 3(16.0) g] = 43.4% Na
% C = 100 X 120 g C/[2(23.0) + 12.0 + 3(16.0) g] = 11.3% C
% 0 = 100 X 3(16.0) g/[2(23.0) + 12.0 + 3(16.0) g1 = 45.3% O

Y

Determine the percentage composition of Caz(POy),.

Empirical Formulas from Analyses

The empirical formula for a compound expresses the simplest ratio of atoms in the
formula. The percentage composition of a compound can be determined experi-
mentally by chemical analysis, and the empirical formula can be calculated from
the percentage composition.

Exaimple:

What is the empirical formula of a compound containing 68.4% chromium
and 31.6% oxygen?

Solution:

In chemistry, percentage always means mass percentage, unless speci-
fied otherwise. The data mean that for every 100 g of compound, there are
68.4 g of Crand 31.6 g of O.

1. Write the formula using number of grams.

Crega O316

2. Convert grams to moles by dividing by the molar mass of each elemeni.
Creg.ajsao Osi6n60 = Crisis Orors

3. Convert to small numbers by dividing each mole quantity by the
smaller mole quantity.

Criaisprats Orerspars = CrOus

4. If necessary, multiply each mole quantity by a small whole number that
converts all quantities to whole numbers.

Crix2015x2 = CrUs
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Your Turn 3.6

TOPIC 8

-

Analysis of a poison victim’s blood revealed a compound containing 15.8% Na, 51.4%
As, and 32.8% O. Determine the simplest formula for the poison.

Molecular Formulas from Empirical Formulas

A molecular formula tells exactly how many atoms are in one molecule of the com-
pound. The subscripts in a molecular formula are always whole-number multiples of
the subscripts in the empirical formula. Molecular formulas can be determined from
empirical formulas if the molar mass of the compound is known.

Example:

A compound containing only carbon, hydrogen, and oxygen is 63.16% C
and 8.77% H. Mass spectrometry shows that the compound has a molar
mass of 114 g/mol. What are its empirical formula and its molecular
formula?

Selution:

1. Write the formula using number of grams.
Cea16 Hs 11 Oson

(Calculate the grams of oxygen by subtracting the grams of carbon and
the grams of hydrogen from 100 g.

xg0O =100g — 63.16 g C — 877gH = 2807g0.)
2. Convert grams to moles by dividing by the molar mass of each element.
Cer16/120 Hs1/1.00 Oss 077160 = Csa61 Hy77 Or754

3. Convert to small numbers by dividing each mole quantity by the small-
est mole quantity.

Cs263/1.754 Hy77 /1754 Or1sap1.75¢ = C3 Hs Oy

empirical formula
4. All quantities are whole numbers.

5. Divide the known molar mass by the mass of one mole of the empirical
formula. The result produces the integer by which you multiply the em-
pirical formula to obtain the molecular formula.

(114 g/mol) /{57.0 g/mol) = 2
Cayynr Hsxy Oyxa = CoHyg Oy

molecular formula
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Empirical Formulas from Combustion Analysis

When a compound containing carbon, hydrogen, and oxygen is completely com-~
busted, all the carbon is converted to carbon dioxide, and all the hydrogen becomes
water. The empirical formula of the compound can be calculated from the measured
masses of the products.

Example:

A 3.489-g sample of a compound containing C, I, and O yields 7.832 g of
CO, and 1.922 g of water upon combustion. What is the simplest formula
of the compound? '

The unbalanced chemical equation is
CxHyOz 4 02 — COZ + HQO

X is the number of moles of carbon in the compound because all the
carbon in the compound is converted to COp. X equals the number of
moles of CO, because there is one mole of carbon in one mole of CO,.

X = mol C = 7.832 g CO,/44.0 g/mol = 0.178 mol C

Y is the number of moles of hydrogen in the compound because all the
hydrogen becomes water. Y equals twice the number of moles of water .
because there are two moles of hydrogen in one mole of water.

Y = mol H = (1.922 g H,0/18.0 g/mol) X 2 = 02136 mol H

7 is the number of moles of O. To obtain the number of grams of O in the
compound, subtract the number of grams of C (Xmol X 12.0¢ [mol)
and the number of grams of H (¥ mol X 1.00 g/mol) from the iotal
grams of the compound. Convert the result to moles of O by dividing by
16.0 g/mol.

Z = mol O = [3.489 —(12.0)(0.178)—(1.00)(0.2136)]/16.0
= 0.0712mol O

Convert to small numbers by dividing each mole quantity by the simallest
mole quantity.

Coars Hozas Opomiz =

Co.7sj00712 Hozsspoomz Qoonapanz = Cy sH04

Finally, multiply each mole quantity by a small whole number that converts
all guantities to whole numbers.

Coswa Haxa Or1xa = CsHgOy
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A 3.489-g sample of an unknown compound containing only C, H, and O vyields
7.832 g of carbon dioxide and 1.922 g of water upon combustion. a. Determine
the empirical formula of the compound. b. The mass spectrum shows that the
compound has a molar mass of 196 g/mol. Determine the molecular formula of
the compound. c. Write a balanced equation for the combustion of the compound.

Formulas of Hydrates

Ionic compounds often form crystal structares called hydrates by acquiring one or
more water molecules per formula unit. For example, solid sodium thiosulfate deca-
hydrate, NapyS,05 + 10H,0, has ten water molecules per formula unit of sodium
thiosulfate, Heating a sample of hydrate causes it to lose water. The number of water
molecules per formula unit can be calculated from the mass difference before and
after heating.

Example:

When 21.91 g of a hydrate of copper(1l) sulfate is heated to drive off the
water, 14.00 g of anhydrous copper(Il) sulfate remains. What is the formula
of the hydrate? '

Solution:

This is a variation of an empirical formula problem. The solution lies in
calculating the ratio of H,O moles to the moles of CuSQy. The chemical

equation is
CuSOy » X HyO(s) ~> CuS04(s) + X H,0(g)
21.91¢ 14.00 g

Calculate the grams of water by subtracting the grams of copper(Il) sulfate
Jrom the grams of the hydrate.

xgH,O =2191g — 1400g = 791 g H,0

mol H,0 = 7.91 g H,0/18.0 g/mol = 0.439 mol H,0

mol CuS0, = 14.00 g/159.5 g/mol = 0.08777 mol CuSO,

mol Hy0 /mol CuSO, = 0.439 mol /0.08777 mol = 5.00

The formula has five moles of water per mole of copper(Il) sulfate:
CuS04 + 5H,0.

e

Upon heating, 39.208 g of sodium thiosulfate hydrate yields 18.328 g of sodium
thiosulfate. Determine the formula of the hydrate.
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Quantitative Information from Balanced Equations  Section 3.6
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Explain changes in the amounts of reactants and products based on the 1 ( - SPQ-4.A.
balanced reaction equation for a chemical process. See also Section 4.6. : I
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Stoichiometry explores the quantities of substances involved in chemical reactions.
The coefficients in a balanced chemical equation indicate both the relative sumber
of molecules (or formula units) involved in the reaction, and the relative number of
moles. For example, the equation for the combustion of octane, CgHy3, a compo-
nent of gasoline, is

2CH (1) + 250,(g) — 16CO,(g) + 18H,0{g)

The four coefficients that balance the equation are proportional to one another and
can be used to relate mole quantities of reactants and/or products.

Example:

How many moles of octane will burn in the presence of 37.0 moles of
oxygen gas?

Solution:

The balanced equation tells us that 2 moles of octane will burn in
25 moles of oxygen gas, so the answer to the question involves the ratio
2 mol CyHg per 25 mol O,. '

x mol CyHyg = 37.0mol O, {2mol CgHy5/25 mol 0,) = 37.0 X 2/25
= 2.96 mol C¢H 5.

Alternatively, we can use the mole road:

To convert mol O, to mol CgH g, multiply by 2./25.

x mol CeHyg = 37.0mol(2/25) = 2.96 mol CsHm

(Always multiply by the coefficient at the head of the arrow and divide by

the coefficient at the tail of the arrow.)

X25/2
mol CeH g == mol O,
X2/25

To convert mol CyHlyg to mol Oy, multiply by 25/2.

Figure 3.3 shows an expanded mole road to include the relationship between the
moles of any reactant or product in a balanced chemical equation.
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grams
Multiply Divide
by molar mass. by molar mass.
¥
. MMultiply by ratio
M@LE% of coefficients in
balanced equabon,
a
Multiply Divide
by 6.02 x 107, by 6.02 X 10%.
|
number of
representative
particles

grams
]
Multiply
by molar mass,
Y
MOLES
Mudtiply
by 6.02 x 107,
¥
number of
representative
pariicles

Figure 3.3 The stoichiometry “mole road.” Divide fo convert to moles, Multiply to convert from moles.
Muitiply by the ratio of coefficients in a balanced eguation to convert moles of one sabstance to moles
of another substance.

This stoichiometry mole road allows us to relate any quantity in a balanced equation
to any other quantity in the same equation. ‘

Exarmple:

How many grams of carbon dioxide are obtained when 695 g (about I gallon)
of octane are burned in oxygen?

Solution:

Follow the road map:

2CH, (1) + 250,(g) — 16CO,(g) + 16H,0(g)
695 g CH,, ?g CO,
Divide by Multiply by
molar mass molar mass
of actane: of COy
+ 114 g/mol x 44.0 g/mol
Multiply by ratio of coefficients:
_ 16 mol
mol C,H,, 9 mol = omel CO,

x g CO, = (695 g){1 mol/114 g){16 mol/2 mol)(44.0 g/mol} = 2150 g CO,
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Your Turn 3.9

Calculate the number of grams of oxygen gas needed io produce 152 g of carbon
dioxide in the combustion of gasoline.
‘ Explain the quantitative relationship between the elemental composition by 1 ( SPQ-2B.

mass and the composition of substances in a mixture. See also Section 1.2, |
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A pure substance contains, atoms, molecules or formula units of a single element or
a single compound. Mixtures contain atoms, molecules, or formula units of two or
more substances, whose relative proportions can vary.

Chermists use stoichiometric calculations to determine the purity of a substance as a
percentage.

Example:

Chalk is composed of a mixture of calcium carbonate and calcium sulfate.
To determine the percentage of calcium carbonate in the chalk, a student
reacts 100.0 g of chalk with excess hydrochloric acid and finds that

the reaction produces 33.0 g of carbon dioxide. What is the percentage

of calcium carbonate in the chalk? Assume that calcium sulfate does

not react with acid and that calcium carbonate reacts according to the
following balanced equation.

CaCOs(s) + 2HCI(ag) —> CaCl{agq) + COy(g} + H,0(!l)

Solution:

The amount of carbon dioxide generated by reaction with the calcium
carbonate in the chalk is directly proportional to the amount of calcium
carbonate in the mixture.
x g CaCO; = 33.0 g CO,(1mol CO, /440 ¢ CO,)
(1 mol CaC03/1 mol CO,)(100.0 g CaC0s)/1 mol CaC0Os) '

= 75.0 g CaCOy
% CaCOs = (g CaC0s/g chalk)(100) = {75.0 g/100.0 2){100) = 75.0%

Y

Your Turn 3.10

The purity of a mixture of sodium sulfate with sodium chloride is determined by
gravimetric analysis. A solid 2.172-g sample of the mixture is dissolved in water.
Excess solution of barium chloride is added to precipitate all the sulfate as barium
sulfate. The barium sulfafe precipitate is filtered, dried, and weighed, indicating a
mass of 1.234 g. a. Write a chemical equation for the precipitation reaction. b. Cal-
culate the percentage of sodium sulfate in the original sample.
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Section 3.7 Limiting Reactants

The limiting reactant is the reactant that is completely consumed in a chemical
reaction, The limiting reactant limits the amount of products formed.

The excess reactant is usually the other reactant. Some of the excess reactant is left
unreacted when the limiting reactant is completely consumed.

In a stoichiometric mixiure, both reactants are limiting and both are completely con-
sumed by the reaction. There is an excess of neither, Because of their subtle nature,
quantitative limiting-reactant problems are among the most difficult. The mole road
is a useful tool in solving limiting-reactant problems.

Common misconception: Stoichiometry calculations can calculate only how
much reactant reacts or how much product is formed. Stoichiometry cannot
calculate how miich excess reactant is left unreacted. To calculate how much
excess reactant remains after the reaction is complete, first calculate how much:
is consumed and then subtract that amount from how much total reactant was
initially present. o '

Example:

255 g of octane and 1510 g of oxygen gas are present af the beginning of
a reaction that goes to completion and forms carbon dioxide and water
according to the following equation:

a. What is the limiting reactant?

b. How many grams of water are formed when the limiting reactant is
completely consumed?

¢. How many grams of the reactant that is in excess are consumed?

d. How many grams of excess reactant are left unreacted?

Sclution:

a. 1o find the limiting reactant, first compare the number of moles of
reactants relative fo the ratio in which they react. To do this, divide
the number of moles of each reactant by its corresponding coefficient
that balances the equation. The resuliing lower number always identi-
fies the limiting reactant. Then use the mole road to solve the problem
based on the identified limiting reactant.
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2CIL() + 250,0g) —> 16CO,g) + I18H,0(g)

256 ¢ 1510 ¢ 78
+ 114 g/mol +32.0 g/mol x 18.0 g/mol
/ v % 18 mol/2 mol
w2 mol + 25 mol
| L

112 < 189

jimiging reactant

a. CgHyg is the limiting reactant because 1.12 < 1.89.

b xg H,0 = (255 ¢/114 g/mol)(18 mol/2 mol)(18.0 g/mol)
= 362 g H,0 |

e 2CH, (1) + 250,(8) —> 16CO,(8) + 18H,0(2)
255¢ 1510 ¢ ’g
?g Oz react

+ 114 ¢/riol
s j x 32.0 g/mol

% 25 mol/2 mol

xg 0, = (255g/114 g/mol){(25 mol/2 mol}(32.0 g /mol)
= 895 g O, react

d. g O, leftunreacted = 1510 g — 895 g = 615 g O, unreacted

Theoretical, Actual, and Percent Yields

The theovetical yield of a reaction is the quantity of product that is calculated to form.

The actual yield is the amount of product actually obtained and is nsually less than
the theoretical yield. '

The percent theoretical yield relates the actoal yield fo the theoretical yield:
Percent theoretical yield = {aciual yield)/(theoretical yield) X 100

Example:

In the previous example, the theoretical yield of water is calculated to be
362 g. What is the percent yield if the actual yield of water is only 312 g7

Sofution:
Percent theoretical yield = 312 g/362 g X 100 = 86.2%
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Nirric acid is used to etch silver in making jewelry. The process produces the toxic
gas nitragen monoxide gas:

3Ag(s) + 4HNO4(I) — 3AgNOs(aq) + NO(g) + 2H,0(1)

If 84.0 g of silver is mixed with 75.0 g of nitric acid, what is the limiting reactant?
How many grams of water can be produced?

How many grams of excess reactant remain?

If 7.12 g of NO is produced by the reaction, calculate the percent yield.

VRTINS
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Multipie Choice Questions

1. Awmmonia forms when hydrogen gas reacts with nitrogen gas. If equal numbers

of moles of nitrogen and hydrogen are combined, the maximum number of
moles of ammonia that could be formed will be equal fo

A) the number of moles of hydrogen
B) the number of moles of nitrogen
C) two-thirds the number of moles of hydrogen

D} twice the number of moles of nitrogen

. If C4H (O undergoes complete combustion, what is the sum of the coefficients
when the equation is completed and balanced using smallest whole numbers?

A) 8

B) 16

C) 22

D) 25

. What are the products when lithium carbonate is heated?
A} LiOH + CO,

B) Li,0 + CO,

C) LiO + €O,

D) LiC + 0,

. Beginning with 48 moles of Hy, how many moles of Cu(NH).Cly(aq) can be
obtained if the synthesis of Cu{NH3)4Cly(aq) is carried out through the fol-
lowing sequential reactions? Assume that a 50% yield of product(s) is (are)
obtained in each reaction.

1. 3H,(g) + Nafg) — 2NH;(g)

2. 4NHs(g) + CuSO,(aq) — Cu(NH;)4S04(aq)

3. Cu(NH,)SOs + 2NaCl—> Cu(NH)(Chyag) + NaxSO4(aq)
A) 1

B) 2

C) 4

D) &
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5. What mass of water can be obtained from 4.0 g of Hy and 16 g of 0,7

2H,(g) + 0,(g) = 2H,0
A) 9.0g
B) 18g
C) 36
D) 54 ¢

. The empirical formula of pyrogallol is C,H,O and its molar mass is 126. Its

molecular formula is
A) CH,O
B) C,H,0,
C) C,Hi0,
D) CgH0;

. What is the maximum amount of water that can be prepared from the reaction

of 20.0 g of HBr with 20.0 g of Ca{OH),?
2HBr + Ca(OH), — CaBr, + 2H,0
A) (20/81)(2/2)(18) g

Bj (20/74)(2/2)(18) g

C) (20/81)(2/1)(18) g

D) (20/74) (2/1) (18} g

. How many moles of ozone, O, could be formed from 96.0 g of oxygen gas, 057

A) 0.500
B) 1.00
C) 2.00
D) 3.00

. The percentage of oxygen in CgH 1,0, is

A) (16/140) (100}
B) (32/140) (100
C) (16/124) (100)
D) (140/32) (100)
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CHEMICAL REACTIONS AND REACTION STOICHIOMETRY

A compound contains 48.0% O and 40.0% Ca, and the remainder is C. What is
its empirical formula?

A) 0:CCa,
B} O:CCas
C) 0,CCa
D) 0.CCay

Calculate the maximum number of grams of MgCl, that can be prepared from
the reaction of 20.0 g of HCl with 20.0 g of Mg(OH),.

A) (20.0/36.5)(1/2)(58.3)
B) (20.0/36.5)(95.3)

C) (20.0/36.5)(1/2)(95.3)
D) (20.0/58.3)(1/2)(95.3)

Calculate the maximum number of grams of CO, that can be produced from
50.0 g each of sulfuric acid and sodium hydrogen carbonate. The unbalanced
equation is

NaHCO;3 + HyS0,—> COy + HyO + NapSOy

A) (50.0/98.0)(1/2)(44.0)
B) (50.0/98.0)(44.0)

C) (50.0/84.0)(2)(44.0)
D) (50.0/84.0)(44.0)

Heating Br,0; causes it to decompose o ifs gaseous elements. What is the ratio
of bromine to oxygen molecules in the product?

A) I1to7
B) 2t07
C) 7to2
D) 7wl

A sample of hydrated copper(Il) sulfate, CuSOy XH,0, weighs 24.95 g. When
the water is driven off. the anhydrous form weighs 15.95 g. What is the value of
x in the formula of the hydrated salt?

Ay 2
B) 3
C) 4
D)3
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5.

16.

The mass spectrum shown is most likely that of

80

B e —

40—

% abundance

1) O —

3 24 25
Mass spectrum

A) magnesium
B) sodium
C) a mixture of magnesium and sodium

D) a mixture of Cr, Mn, and Fe

The figure shows oxygen molecules as reactants and carbon dioxide and water
as products. How many molecules of what other reactant would you draw to
make this a balanced equation?

Reactanis Products
| 3 I

CO, and H,0

A) 1 CyHy
B) 4CH,
C) 1CoHg
D) 2 CH,
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CHEMICAL REACTIONS AND REACTION STOICHIOMETRY

The molecules shown represent a collection of carbon dioxide and water molecules
formed by the complete combustion of a hydrocarbon. What is the empirical
formula of the hydrocarbon?

A) CyHpOms
B) CiHp
C) C,Hs
D) CHi0;

The following depiction represents the reaction between water and methane. How
many moles of what products will be produced from 3 moles of methane and
4 moles of water?

A) 3mol CO+6mol Hy
B) 3mol CO+9mol H,
C) 4mol CO+6 mol H,
D} 4mol CO+ 12 mol Hy

In the following diagram the dark spheres represent N and the light spheres
represent H. If the reaction of nitrogen with hydrogen to form ammonia goes to
completion, how maiy molecules of each species would you draw to represent
all the molecules in the final mixture?

A} 6 NH;only

B) 6 NH;+1N;

C) 4 NH;+2N;+3 H)
D) 4NH;+ 1 H,

Nitrogen monoxide reacts with oxygen to form nitrogen dioxide. If the picture
represents the reactant molecules, how many nifrogen dioxide molecules would
you draw as products if the reaction had a yield of 50%?

A) 4
B) 6
C) 8
D) 10

If complete combustion of the following mixture of ethanol and oxygen goes
to completion, what will be the correct number of moles of each species in the
final mixture?
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22. Hydrogen reacts with carbon monoxide to form methanol. The following
diagram depicts the reactants and products with the carbon monoxide
molecules not shown. How many molecules of carbon monoxide would you

23.

CHCHOH | 0, | €0, | Hy0
A) 0 0 4 6
B) 0 1 4 6
0) 1 3 2 3
D) 1 0 2 3

draw to complete the diagram?

CC molecules
not shown

A) 2
B) 4
C) 6
D) 8

The diagram shows a reaction mixture of hydrogen molecules (light spheres)
and oxygen molecules (dark spheres). What is the limiting reactant and how
many molecules of the excess reactant will be left after complete reaction?

A) Hydrogen, 2
B) Oxygen, 2
C) Hydrogen, 3
D) Oxvgen, 3

Before reaction
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Free Response Questions

1. Combustion of 8.652 g of a compound containing C, H, 0, and N yields

11.088 g of CO,, 3.780 g of Hy0, and 3.864 g of NO,.

a. How many moles of C, H, and N are contained in the sample?
b. How many grams of oxygen are contained in the sample?

c. What is the simplest formula of the compound?

d. If the molar mass of the compound lies between 200 and 300, what is its
molecular formula?

e. Write and balance a chemical equation for the combustion of the compound.

2. A student finds that 344.0 g of a puré sample of the mineral gypsum contains

80.00 g of calcium.

a. Show a mathematical calculation to demonstrate that the pure mineral
sample does not contain pure calciwm sulfate.

b. If gypsum is hydrated calcium sulfate, use the data from thé experiment to
derive the chemical formula for gypsum. (How many waters of kydration
does the formula contain? )

3. Decomposition of 36.54 g of a pure solid compound produces 4.06 g of nitrogen

gas, 10.44 g of water, and a solid metal oxide. The metal oxide is found to con-
tain 68.42% chromium.

a. What is the simplest formula for the metal oxide?

b. What is the oxidation number of chromium in the oxide?

c. How many moles of each elemeﬁt are present in the unknown compound ?
d. What is the simplest formula for the unknown compound?

e. Express the formula of the compound with a common cation—anion pair, and
name the compound.

f. Write and balance a chemical equation for the decomposition reaction.



