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broperties of Matter

Wiy . Would you believe that someone has invented a solid material that has about the same
¥ density as air? Tt’s so light, if someone put a chunk of it your hand you might not even
notice. Silica aerogel is a foam that’s like solidified smoke. Aerogel is mostly air and
has remarkable thermal, optical, and acounstical properiies.

Aerogels are fantastic insulators, You could hold a flame under a chunk of the material and
touch the top without being burned. Asrogels have the potential to replace a variety
of materials used in everyday life. If rescarchers could make a iransparent
version of an aerogel, it would almost certainly be used in double-pane
windows to keep heat inzide your house in the winter and outside in the
summer. Opaque aerogels are already being used as insulators. Aerogels
have been put to use by NASA in several projects, including the Mars
Pathfinder, Sonjourner and Stardust missions. Read this chapter to find out
more about various types of matter and their properties.

'Ksy Questions

v What are some Important pmpeﬁr‘es
of solids?

V' What is a fluid and how are Buids
different from sollds?

v What is pressure?

v Why does a steel cube sink while a
steal boat fioats?




ERCENTR 10 | prossresormaiter |

10.1 Density M VOCABULARY

. o . . density - the mass per unit |1f'|.:
Mass and volume are different properties of matter, but they are relaied. For instance, a solid of a given matarial, Unts for dendg

biock of wood and a solid block of steel can have the same volume, but they weuld not have the are often expressed as gimL, g/éil
same mass. The steel block has a lot more mass than the wood block. Because of the mass or kgfm?®.
difference, the wood block floats in water and the steel block sinks, Whether an object floats or
sinks is related to the object’s density. This section will explain density, a property of all matier,

Density is a property of matter

Density Ismass Density describes how much mass is in a given volume of & material. R

per unit voluma  Stecl has high density; it contains 7.8 grams of mass per cubic centimeter ““‘“{33@3;‘;‘23;‘;;“‘““
(7.8 g/om®). Aluminum, as you might predict, has a lower density; a '
1-centimeter cube has a mass of only 2.7 grams (2.7 gfcmE).

1ocm? 1em?

Alurninum .3

7.8 g/ml 2.7 gimt 3

Watar A

Steel 7.8 ¢ Aluminum 2.7 g Water 1.0 g 1.0 gfmlL 0.001 gfml 3

Hustraliar rat to scals 3

The denslty of Liquids and gases ate matter, therefore, they have densily. The density of Figure 10,1: The density gfs':.'.'
water and ait  water is about 1 gram per cubic centimeter. The density of air is lower, of ahuminwm, water, and air expréasiy

course—much lower. The ait in your classroom has a density of about 0.001  gramns per mitliliter (1 mL =1 em’}
grams per cibic centimeter (0.001 g/em?). Density units can be expressed
as gfem?, ¢/mL, or kg/m” (Figure 10.1).
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Your laboratory investigations will typically express dengity in units of grams
per milliliter (g/mL). The density of water is one gram per milliliter. This
means | milliliter of water has a mass of 1 gram,

Some problems express density in units of grams per cubic centimster (gfem?).
Since 1 mlllllltcr is exacily the same volume as 1 cubic centimeter, the units
of g.l"cm and g/mL are the same. For measuring large ﬂh_]ects iL ig easier {o
eXpIess density in units of kilograms per cubic meter {kg:’m ). Figure 10.2
gives the densities of some common materials in both unils.

To convert from one unit of density to the ofher, remﬂmbar that 1 glom® is
equal to 1,000 kg/m?. To go from gfom? tD ke/m?, youmultiply by 1,000. For
example, the dem-.:lt:-,f of ice i§ 0.92 g/em®, This is the same as 920 ke/m>. To
go firom kg.-’m fo g,-"cm 3y-::ru divide by 1,000. For example, the density c-f
aluminum is 2,700 kg/m®, Dividing by 1,000 gives a density of 2.7 glem?,

High g‘l;:m}nug'l
density ?,BE S;Gms 25giomd o .
Plastic _ "
' 2.0 gfem3 |£
Water
i F Waod 3
il Dﬁagmfcm3 0.5 afom? 1.0 gfem

IR

! Material

qum } talom™)
Platihum 21,500 215
Lead 11,300 11.3
Stesl 7.800 7.8
Titaniwm 4,500 4.5
Aluminum 2,700 2.7
Glass 2,700 2.7
Granite 2,600 245
Cancrete 2,300 2.3
Plastic 2,000 2.0
Rubber 1,200 1.2
Liguid water 1,000 1.0
lca 920 0.2
Ash (wood) G670 .67
Pine {wood) 440 .44
Cork 120 .12
Air favgd 0.9 0.0002

Figure 10.2: Density of some

comman matericia,

Eakad SOLVE IT! weiaidinil

Ipe (pronaunced ee-pay) is a Brazilian
hardwood that can be used as a
durahle (but expensivel} construction
material for decks, docks, and other
outdnor projacte. Every cubic foot of
ipe weighs B2 pounds. UUse
dimansional analysis to convert the
density of ipe to gfem®. How does the
denelty of ipe compare to other woods
and ratertals in the list above?
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Dansity of a
matexial does
not change with
quantléy or
shape

Liqulds tend to
be less dense
than sollds of

the same
material

Water is an
excepticn

Density is a property of material that is independent of quantity or shape. For
gxample, a steel nail and a steel cube have different amounts of matter and
therefore different masses (Figure 10.3). They also have different volumes
and shapes. Bul they have the same density. Dividing mass by velume gives
the same density for the nail and the cube, because both are made of steel.

Density of a material is the same no matter what the
size or shape of the matlerial

The density of a liquid is usnally & little Jess than the density of the same
materigl in solid form. Take the examplec of solder (pronounced sod-der).
Solder is a metal alloy used to join metal swfaces,

500 g of solid solder fills a volume of 50 mL.
The density of solid solder is 10 g/mL, The
same mass (500 g) of melted (liquid} solder
has 52.6 mL of volume. Liquid sclder has a
lower density of 9.5 g/mL. The density of a
liquid is lower because the atoms are not
packed as tightly as they are in a sclid, Imaginc
a brand-new box of toy blocks, When you
open the box, the blocks are tightly packed,

= like the atoms in a solid. Now imaginc
dumping the blocks out of the box, and then
pouring them back into the original box again.
"The same number of jumbled blocks take up
more space, like the atoms in a liquid

(Figure 10.4).

Water is an exception to this rule. The density of solid water, or ice, is less
than the density of liquid water. When water molecules freeze into ice
crystals, they form a pattern that has an nnusually large amount of empty
space. The water molecules in ice are actually farther apart than they ave in
liquid water. Because of this, ice floals in liquid water.

. - i52.8 ml

saldar solder

Staal cube
Volume: 10,0 cm® [# x

Figure 10.3: The density of as
nail 15 the same as the density of 03

cuba of ateal. 4

Figure 10.4: The same numbe (@
maas) of blocks arranged in o tight
repeating pattern take up less spaie)
than when they are jumbled up.
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ining density

density To find the density of a material, you need to know the mass and velume of a
sample of the material, You can calculate density using the formula below.

U

. [ W)
Mnasgs iy

/ @ Aluminum block
Density D Wass = 10,2 grams

Yolume = 4 om®

Volume
igfom?® ar gfml) V —_— (e or mU) Density = 2.7 gfem?
-

Drensity gives us information about how tightly the atoms or molecules of a e L
particnlar material al‘e “packed.” Diamond is made of carbon atoms and has a e Hollow
density of 3.5 gfcm The carbon aioms in diamond are rclatively tightly 1].| {
packed. Parafﬁn wax is also made mostly of carbon atoms, bul the density is .
enly 0.87 giem®, The density of paraffin is low because thc carbon atoms are —_
mixecd with kydrogen atoms in long molecnles that take up a Jot of space. The .

: ! . - Aluminum soda ¢an
molecules in paraffin arol,_nnt as tightly packed as the atoms in diamond. Mass = 10.8 grams

Volums = 400 cm?
Average density = 0.027 gfom?

anslty gives
g liifornation

sity af @ &
msily of @

Suppose you have a piece of aluminum foil, a length of aluminum wirc, and
an alominum brick. At the same temperature and pressure, the aluminum
making each of these has the same density. It does not matter whether the

aluminum is shaped into a brick, flat sheet, or long wire. The density is Figure 10.6: The gluminum block
2.7 gfem? as long as the object is made of solid aluminum. and the sodu can have the sane inass

) ) but different unlumes and densities. The
If an object is hollow, its average density is less than the density of the density of the cluminum can is called its

matcrial from which the object is made. Suppose a small block of aluminum average density because it also includes
with a mass of 10.8 grams is used to make a soda can (Figurc 10.5). Both the ~ the air inside the can as port of the
golid block of aluminum and the soda can have a mass of 10.8 grams, but the voluime.

hollow can has a much larger volume. The can has 100 times the volume of

the block, so its densily is 100 times less.
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Solving Problems: Calculating Density

m

A solid wax candle has a volume of 1,700 mL. The candle has a mass of
1.5 kg (1,500 g). What is the density of the candle?

1. Looking for: You are asked for the density.
2. Given: You are given the mass and volume.

3. Relatlonships: Density is mass divided by volurne.

4. Solutlon: Density = 1,500 g + 1,700 mL = 0.88 g/mL .
M
Your turn...

a. Look at Figure 10.7. A student measures the mass of five steel hex nuts fo
be 96.2 g, The hex nuts displace 13 mi. of water. Calculate the densify of
the steel in the hex nuis,

b. The density of granite is about 2.60 gfem?. How much mass would a solid
piece of granite have that measures 2.00 cm x 2.00 em x 3.00 ¢m?

c. Ice has a density of about (,.920 g/em’. What is the volume of 100.0 g of
ice?

.....

:j To Find:

a.rslnene.it'g.ar

volume

mess

Figare 10.6: Using the densi;y;.
equution. E:

Eyper 1

Figure 1{.7: A student Jrn.eu_'::suL
valume and mass of five steel hey il
ESouvE Fins L@ Ty

8 T4 gml;b3l.2g; clﬂ
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Section 10.1 Review

1. Define density, write the formula (from memory!), and pive two different
units used to measure density.

2. One cubic centimeter (cm’) is the same volume as one .

3. A material’s density is the same, no matter how large or small the sample
is, or what its shape is, as leng as it is a solid, vniform piece of the
material. Explain how this is possible and give an example.

4. The densily of balsa wood is about 170 kg/m®. Convert to g/cm?, Why do
you think balsa woad, rather than ozk or ash, is commonly used lor
building models? {Use evidence from Figure 10,2 on page 217.}

5. A certain material has 2 density of 0.2 g/cm’. Is this material beticr for
building a bridge or for making sofa cughions? Explain, using evidence
from Figure 10.2 on page 217,

2em

o
o

6. The piece of wood shown above has a masg of 20 grams. Calculate its
voelume and density. Then, use Figure 10.2 on page 217 to determine
which type of wood if is. What are the fwo factors that determine a
material’s density?

7. The density of maple wood is about 755 kg/m®. What is the mass of a
solid picce of maple that has a volume 640 em?

¥ SOEVE 1T 1258

2.0¢cm

4.0 cm

Two toy blocks are made of the
same type of matatial. Ona has a
mass of 20.0 grams and its
dimensions are 2.0 om x 4.0 cm ¥
1.0 cmi. The second black measures
4.0 cm x 3.0 cm = 2.0 cm. Galculate
the mass of the second block.

10.1 DENSITY
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10.4 Buoyancy

If you drop a steel marble into a glass of water, it will sink to the bottom. The steel does not float
becansc it has a greater density than the water. And yet many ships are made of sieel. How does a
sieel ship float in water when a steel marble sinks? The answer has to do with gravily, weight, and
displacement.

Weight and buoyancy

Welght and

mass are not the

234

Same

Buoyancy is a
force

Pushing a ball
usiderwatay

We all tend to use the terms weight and mass interchangeably. In science
however, weight and mass are not the same thing, Mass is a fondamental
property of matter, Weight is a force caused by pravity. It is easy to confuse
mass and weight because often heavy objects (more weight) ha'fc lots of
mass and light objects (less weight) have little mass.

It is much easter to Lift yourselfin a swimming pool than to liﬂ yourself on
land. This is because the water in the pool exerts an upward force on you that
acts in a direction opposite to your weight (Figure 10.20). We call this force
buoyancy. Buoyancy is a measure of the upward force that a finid exerts on
an object that is submerged.

The strength of
the buoyant force
on an abject in
wafer depcnds on
the volume of the
abject that is
underwater.
Suppose you have
a large beach ball
that you want {o
submerge in a pool. As you keep pushing dowmward on the ball, you notice
the bucyant force getting stronger and stronger. The greater the part of the
ball you manage to push underwater, the stronger the force trying te push it
back up. The strength of the buoyant force is preportional to the volume of
the part of the ball that is submerged.

Buoyra.l.'l.t forca

I VOCABULARY "
huoyancy - the measure of i What i
upward force that a fiuid exerts n '
oblact that is submerged. :

Eunyant;’
force K

Figure 10.20: The waler in
exerta an upwond force on your
the nef force on you ia lessened. .
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& huoyancy

" What is
Archimedes’
- princlpla?

In the third century BCE, a Greek mathematician named Archimedes realized
that buoyant force is equal to the weight of the fluid displaced by an object.
We call this relationship Archimedes’ princlple. For example, suppose a
rock with a volume of 1,000 cubic centimeters is dropped into water

(Figure 10.21). The rock displaces 1,000 cm” of water, which has a mass of
1 kitogram. The buoyant force on the rock is the weight of 1 kilogram of
water or 9.8 newtons.

S H Frae body . g Free body

. dlagram : ' dlagram
* —

| Eoala Seala

' AN i 20.4N 198N ¢

: 284N Bucyant| -

5 . [ ] force

P Walght| 98N

| Mass=3kg - :i;e‘light 204N

| volunie = 1,000 ¢ 5 4N

[ .

Look at the illustration above. A simple experiment can be done to measure
the buoyant force on a rock (or other small object) using a spring scale.
Suppose you have a rock with a volume of 1,000 cubic centimeters and a
mass of 3 kilograms, In air, the scalc shows the rock’s weight as 294
newtons. The rock is then gradually inmersed in a container of water, but not
allowed te iouch the boltom or sides of the container. As the rock enters the
water, the reading on the scale decrenses. When the rock is compleiely
submerged, the scale reads 19.6 newtons.

Subtracting the two scale readings, 29.4 newtons and 19.6 newtons, resulis in
a difference of 9.8 newtons. This is the buoyant force exerted on the rock, and
it is the same as the weight of the 1,000 cubic centimeters of water the rock
displaced.

WA VOCABULARY M

Archimedes’ principle - states
that the buoyant fores 12 squai to the
walght of the fluld digplaced by an
object.

Figure 10.21; 4 rock with o velume
of 1,000 cm? experiences o buoyani force
of 8.8 newions.
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Sinking and floating

Comparing
huoyant force
and welght

Equlllbrium

Danser ohjects
fioak lower in the
watar

Buoyancy explains why some objects siok and others float. A submerged
object floats to the surface if the buoyant force is greater than the cbject’s
weight (Figure 10.22), If the buoyant force is less than its weight, the object
sinks.

Suppose you place a block of foam in a tub of water. The block sinks
partiaily below the surface. Then it floats without sinking any farther. The
upward buoyant force perfectly balances the downward force of gravity (the
block’s weight). But how does the buoyant force “know” how strong it needs
to be to balance the weight?

grams

Ty

You can find the answer to this question in the illustration above. If a foam block
and & wood block of the same size are both floating, the wood block sinks farther
into the water. Wood has a greater density, so the wood block weighs more. A
preater buayant force is needed to balance the wood block’s weight, se the wood
black displaces more water. The foam block has to sink only slightly to displace
water with a weight equal to the block’s weight. A floating object displaces just
enough water until the buoyant force is cqual to the object’s weight,

P~ — ol = T =

g o
Figure 10.22: Whether an obji
sinks or floata depends on how Lhi]
Buayant force compuares with the o
weight. 3

236
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8ty and buoyancy

If you know an cbject’s density, you can immediately predict whether it will
sink or float—without measuring its weight. An object sinks if its density is
greater than that of the liquid it is submerged into. It floats if its density is less
{han that of the surrounding flmd.

To see why, imagine dropping a steel ball and a wood ball into a pool of
water. The balls have the same size and volume but have different densities.
The steel ball has a density of 7.8 g/cm?, which is greater than the density of
water (1.0 gfem?). The wood ball has  density of 0.75 gfem?, which is less
than the density of water.

5 am stes! ball
gnslty = 7.8 gfom?

5 cm wood ball
Density = 0,75 gfem?®

When they are completely underwater, both balls have the same buoyant force
because they displace the same volume of water. However, the steel ball has
more weight since it has a higher density. The steel ball sinks because steel’s
higher density makes the ball heavier than the same volume of water. The
wood ball floats because wood’s lower density makes the wood ball lighter
than the same volume of displaced water,

The bhuoyant force
is the samel

B TECHNOLOGY R
Buoyancy and Submarines

Dreep baneath the ocean suriace are
underses mountaing and volcanoes
and many clues fo past and present

-conditions of our planet, Exploring the

deep acaan requires sophisticated
anginesring. The U.S. Navy's
submaring Afvih is a research vessel
that can divs to 4,500 metars balow
tha ccean-surface. Sclantizis aboard
Alvin hava discovered strange life
forms near.deep hot spots where
thers is no light, and preseurss are
400 times greater than at Earth's
surface! -

Alvin's dapth is controlled by changing
lts average density. Thera is &
chamber aboard the submarine that
can be fillad with air or water. To dive,
water is pumpad Into the tank and air
Is released., The tank's average
density bacomes greater than the
denslty of water and the submarine
sinks. :

.When Alvin reaches the pﬁ:-per depth,

the amount of air and water is.
adjusted with pumps until the average
dansity of the whola vessel Is the
same as the density-of water. This Is
called nautral buoyangy, When it ls
time for Alvin to head back to the
silrface, water is pumped out of the
tank and replaced with air. Alvin's
average density decreases and the
submanne rises. '
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Boats and apparent density

How do steel  If you place a solid chunk of steel in water, it immediately sinks bceause the
boats float? density of stee! (7.8 g/cm?) is much greater than the density of water
(1.0 g/em?). 8o how is it that thousands of huge ships made of stecl are
floating around the world? The answer is that apparent density determines
whether an object sinks or floats (Figure 10.23).

Making a steel To make steel float, you have to reduce the apparent density somehow.
object hollow  Making the steel hollow does exacily that. Making & boat hollow expands its
decreases yolume a tremendous amount without changing its mass. Steel is se strong
apparantdensity that it is quite easy to reduce the apparent density of a boat to 10 percent of
the density of water by making the shell of the boat relatively thin,

Solid steel cube Hollow steel b

7 Vol = i0et
Igas = ?BQ‘

Voluma = 1 am?
- Denslly = 78 glom’®

Mase =789
Danstty = 7.8 giem?

Increasing ... o Ah, you say, bui that’s an empfy ship. True, so the
volume - " fj»  density of a new ship must be designed to be under
decreases 5 x 1.0 g/cm? to allow for carge, When objects are placed

density in a boat, the boat’s apparent densiiy increases. The

boat must sink deeper to displace more water and

. increase the buoyant force. If you have seen a loaded

RTER gy T cargo ship, you might have noticed that it sat lower in
AT the water than an unloaded ship nearby. In fact, the

limit to how much a ship can carry is set by how low in
Full cargo 5 - the water the ghip can get before rough seas cause

mése dlzplased witer waves to break over the sides of the ship.

Emply cargo ¢hip -
baxn cligpilased witse

W Y OCABULARY

apparent density - the tolal .i;i Ak Fcisin-a gas

dividsd by the total voiume of ang
object thai is mads up of more 1]
ane matarial Including sir, -

An object with an appal Ry n 2 vss

density GREATER thanj}
density of water will ]

An object with an
density LESS than tig
densilty of water will figg

Apparant Danslty

Apparent density Is the tota
divided by the total volume.,

Sofid stee] bal Holtow stoe) ]
voluma = 25 ml. volume = 25 ik
magz =195 g mass = 20 7]

_ 1859
App. Domstty = =5

SINKSI

Figure 10.23: The manning.:ii,f:
apparent deneity. Note: I mL = 14§
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LARY
‘= the total
piuma of a

Hollow steal.
volume = 25

App. Density =

mass =20 9.4

gIn a gas

in zgas

incy, volume, temperature, and pressure of gases

Like water, gases can create buoyancy forces, Becanse a gas can flow and has
a very low density, objects of higher density sink quickly. For example, if you
drop a penny, it drops through the air quite easily. This is because the density
of a penty is 9,000 times greater than the density of air.

Objects of lower density can float on gas of higher
density. A hot air balloon floats because it is less
dense than the surrcunding air. What makes the air
inside the balloon leas dense? The word “hot” iz an
important clue. To pet their balloons to fly,
balloonists use a torch to heat the air inside the
balloon. The heated air in the balloon expands and
lowers the oversll density of the balloon te less than
the density of the surrdunding cooler aix.

The balloon example illusirates an important relationship, kaown as
Charies’s law, discovered by Jacques Charles in 1787, According to
Charles’s law, the volume of a gas increases with increasing temperature
(Figure 10.24), The volume decreases with decreasing temperature. Charles’s
law explains why the air inside the balloon hecomes less dense than the air
outside the balloon. The volume increases as the fcmperature increases. Since
there is the same total mass of air inside, the density decreases and the balloon
flpats. Stated another way, the weight of the air displaced by the balloon
provides huoyant force to keep the balloon in flight.

The pressure of a gas is also affected by temperature changes. If the mass and
volume are kept constant, the pressure goes up when the temperature gocs up,
and the pressure goes down when the temperature goes down. This happens
because the average kinetic energy of moving molecules is proportional io
temperature. Hot molecules move faster and exert more force when they
bounce off cach other and off the walls of their container. The mathematical
relationship between the temperature and pressure of a gas at constant volume
and mass was discovered by Joseph Gay-Lussac in 1802 (Figure 10.23).

MR VOCABULARY IEENN

Charles's law - at constant
pressura and mass, the volume of a
gas increases with incréasing
temparature and dacreasas with
decraaging temperature,

(CHARLES'S LAW

inftial volume  New volume

V V.

_I_. — _...i
TJ.' Tz
initial Now

temparalure (Kl  temperatiire (K

Pressure and mass ramain consfant

Figure 10.24: The formula for
Charles’s low,

(PRESSURE- ——
TEMPERATURE RELATIONSHIP

inltial pressire New pressure

P P

- 2
TI TZ
initial Now

temperature (K] lomperature (K}
Volums and mass remain constant

Figure 10.25: The pressure-
temperature relationship for goses.
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Use Kelving for  Any time you see a temperature in a formula in this section about pases, the . o
problems temperature mmst be in Kelving (Figure 10,26). This is because only the CONVERTING :"': i

related to gas  Kelvin scale starts from absolute zero. A temperature in Kelvins expresscs CELSIUS TO KELVING
the true thermal eneigy of the gas above zero thermal cnergy. A temperature :
in Celsius measures only the refative energy, relative to zero Celsius, T - +
Kelvin Celslus

R

Solving Problems: Gases
Figure 10.26: To conver: degred
Celstus to Kelving, simply add 2?3 }l
Celsiug lemperature. 2

A can of hair spray has a pressure of 300 psi at room temperature (Z1°C). The
can is accidentally moved too close to a fire and ifs temperature increases to
295°C, What is the final pressure in the can (rounded to the nearest whole
number)? NOTE: This is why you should NEVER put spray cans near heat
{Figure 10.27). The pressure can increase o much that the can explodes!

1. Looking for: You are asked for final pressure in psi.
2. Given: You are given initial pressure in psi, and initial and final terperatuies in °C.

3. Relatlonships: Convert temperatures to K: °C + 273 e
Apply the pressure—temperature relationship: P+ Ty =P+ Ty

4, Solution: Convert °C to K; 21°C + 273 =294 K and 295°C + 273 =568 K
Rearrange variables and solve:
Py =(Py x Ty) + Ty = (300 psi x 568 K) + 294 K= 580 psi.

¢
e ——————————

Your turn...

a. A balloon filled with helinm has a volume of 0.50 m> at 21°C, Assuming Figure 10, 2;? NEVER P”” i 7
the pressure and mass remain constant, what velume will the balloon cans near heat B '1 3
occupy at 0°C? u 9

b. A tire containg 255 cm® of air at a temperature of 28°C. If the temperature 3
drops to 1°C, whai volume will the air in the tire occupy? Assume no 1

change in pressute or mass.
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Section 10.4 Review

The bueyant force on an object depends on the of the object that is
underwater.

What happens o the buoyant force on an object as it is lowered into
water? Why?

The buoyant force on an object is equal to the weight of the water it

When the buoyant force on an object is greater than its weight, the object

Legend has if that Archimedes added
ta his fame by using the congepts of
volume and density o figure out
whethar a goldsmith had cheated
Htera ll, the king of Syracuse, Tha

‘m' . .
b goldsmith had baen given a piece of

20 om gold of a known waight to make a

e : . . crown. Hiero suspectad the gotidsmith
A rectangular abject is 10 centimeters long, 5 centimeters high, and had kept some of the goid for himself

20 centimeters wide. Its mass is 800 grams. and replaced Itwith an equal weight of
a. Calculate the object’s volume in cubic centimeters. another metal. Explain the steps you

b. Calculate the object’s density in gfom’. could follow fo determine whethar or
¢. Will the object float or sink in water? Explain, not the crown was pure gold.

Solid iron has a density of 7.9 g/em®, Liquid mercury has a density of
13.5 gfem®. Will iron float or sink in mercury? Explain.

Why is it incorrect to say that heavy objecis sink in water?
Steel is denser than water, yet steel ships float, Explain.

If mass and pressure are constant, what is the relationship between
temperature and volume?

. A helinm balloon has a pressure of 40.0 psi at 20°C. What will the

pressure be at 40°C7 Assume constant volume and mass.
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'Jf-_a, Periodic Table of the Elements

:uH iy clements make up the universe? The only way to tell if a substance is an element is to
filiemically break it down into other substances by any possible means. A substance that can
'f-. ically broken apart cannot be an element. As of this writing, scientists have identificd 117
I clements, Only about 90 of these elements occur naturally. The others are made in

T

' tiodic table

Alhe modern  As chemists worked on identifying the frue clements, they noticed that some
I fodlc table  elements acted lilke other elements, For example, the soft metals lithium,

1 sodinm, and potassium always combine with oxygen in a ratio of two atoms
of metal to one atom of oxygen (Figure 12.17). By keeping track of how each
element combined with other clements, scientists began to recognize
repeating patterns. From this data, they developed the first periodic table of

3;n0n115.| ° the elements. The parlodie table organizes the elements according to how
L they combine with other elements due to their chemical properties.
%008%8 Rhiization of The periodic table is organized in order of
0000 s perlodlc = increasing atomic number. The lightest
o000 - . fable Ll { Flement aymbol clement (hydrogen) is at the upper left. The
- S : - g Momle number heaviest is on the lower right. Each
lithitzm —— Element name element corrcsponds fo one box in the
B i’ petiodic table, identified with the element
i symbol.
OO0 periodic table is further divided into periods and groups. Each horizontal
QOO0 row is called a periad. Across any period, the properties of the elements
gradually change. Each vertical column is called a group. Groups of
glements have similar properties. The main group efemenis are Groups 1 and
2 and Groups 13 through 18 (the tall columns of the periodic table). Elemenis
{Question b in Groups 3 through 12 are called the transifion elements. The inner transition

elements, called lanthanides and actinides, are often shown below the bottom
row of the chart in order for the chart to fit on a page.

Amms AND THE PERIUDIC TABLE .~ Chapter m

TR VOCABULARY RSN

periodic table - a chart that
arganlzes the elsments by their
chemical properilas and Increasing
atomic number.

period - a row of the periodic table.

graup - a column of tha pariadic
table.

Lithtum (i)
Oxygen
Lithfum L)

‘ Sodium (Ma)

Potasslum (K}

Oxygen'y
Potasslum {I)

Figure 12.17: The metals lithium,
aodiitm, and potassinm all form
compounda with o ratio of fwo aloms of
the metal to one alom of oxygen. All the
efements in Group I of the pertodic table
form aimilar compounds.
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S Chapterm ATOMS AND THE PERIODIC TABLE.

Reading the periodic table JOCABULARY

Metals, Most of the elements are metals. A metal is typically shiny, opaque, and 4 metals - etements that are yplg : mass
nonmetals, and  good conductor of heat and electricity as a pure element. Metals are also shiny and good conductors of e
metallolds ductile, which means they can be bent into different shapes without breaking, and eleciriclty. :
Nonmsatals are poor conductors of heat and eleciricity. Solid nonmetals are nonmetals - elemsants the
brittle and appear dull. With the exception of hydrogen, the nonmetals are on conduclors of heat and elact
the tight side of the periodic table. The elements on the border between & Mass

metals and nonmetals are called metalfoids. Silicon is an example of a - e
metalloid element with properties in between those of metals and nonmetals.

1 Pariodic Table of the Elements 18

9 Dﬂﬂalnﬁmup Elgmnn'!u _] ﬂnn matals 13 14 15 16 17 B i
Li | Be D‘I‘mnaltlun Elaments D Metals o iIéixl.l'l'l'll.'lm'

i il ROWS —FERIODS  COLUMNS = GROUPS
Na | Mg Al
23 4 5 6 7 8 9 10 11 12 fum

K|CalSc| Ti|V | Cr|Mn| Fe|Col| NI |CulZn|Ga|Ge
19 |20 Q21| 22123 | 24| 25 26} 27 28 [ 29 30| a1] a2
Jrctasshen | &aicem ndbom | anurre | vanadum |chvombam [manganesel© ban | ol | el wna | pelhm gurr!unm

P
Abl Sl Y_|-Zr | Nb. Mo | Tc| Ru[ Ah|Pd| Ag|Cd]| In | Sn|Sb°
a7 | 38 |39 "4t | 42 | 43| 44 |48 146 (47 |48 § a9 |50 BT

ninsteinlum

nibiuen | aantiem [§ ylliun ﬂiﬂﬂm rigtium, tchietu | ruthenhe | o [ psladum '_aa-m tokiimy bdum | ¥n | endmony

Cs| Ba Hf [Ta | W |Re|Os| Ir | Pt {Au| Hg] TI | Pb Bi | Po

55 | 56 72| 73174 75 |76 |77 |78 | 79| B g1 | 82 | 83 | a4

e | baium netium | tamim | tungeka | denium | cembm | gkm | pldinum | god marcury W thalium ead bl | polonhun e

Fr | Ra | Af [Dhy S% gh | Hs | Mt | Ds | Rg [UubjUut |UueiUup! UuhiUus

87 | 84 w1041 106 | 106 | 107 108 | 109 | 110 11 112 113 | 114 15| #6117

hrerwckom | sadium Imm.u!mm seabergium] botriem | hassium |mefierenparmstadun|enigerkim] srcrbiuml ke s un ;
i e S o TPV A o T e Ll R T R e SR :-a:-*?-':r'-_'-
LafCo| Pr|Nd!Pm|Sm|Eu | Gd| Th Dg Ho | Er |[Tmi Yb | Ly
57 58 | B9 |} 80 &1 B2 | 63 [ 94 | 85 66 | B7 ga B2 | TO | 71
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Isctopes

‘ATOMS AND THE PERIODIC TABLE

The mass of individual atoms is so small that the numbers are difficult to
work with. To make calculations easier, scisntists came up with the atomic
mass unit (amu). One atomic mass nit is about the mass of a single proton
{or neutron). In laboratory uniis, 1 amy is 1.66 x 1024 prams. That’s
0.00000000000006000000G00166 grams!

The atomic mass is the average mass (in amu) of an atom cf each element,
Atomic masees differ from mass numbers because most elements in nature
contain more than one isotope (see chart below), For example, the atomic
mass of lithium is 6.94 amu. That does #or mean there are 3 protons and
3,94 neutrons in a lithium atom! On average, out of every 100 atoms of
lithium, 6 atoms are Li-6 and 94 atoms are Li-7 (Figure 12.18). The average
alomic mass of lithium is 6,94 because of the mixture of isctopes.

As you learned earlier, the atomic number is the number of protons all atoms
of that element have in their miclei. If the atom is neutral, it will have the
same number of electrons as well,

Average atornle mass (@M
Stable meaas numbers

) 'l;i—'— Elermant symibe|
3 +——d— Atomic numbes

I VOCABULARY IR

atomic mass unit - 2 unit of mass
equal to 1.86 x 1072% grama.

atomic mass - the average mass of
alt the known isotopss of an atement,
gxpressed [n amu.

& Lthum-s € Lithiom-7

G qut af 100 atams are Lithium-6
84 out of 100 atoms are Lithium-7

BBBHBEBEBE
LBHEBIHREE
HE2TEIRBET

SGEPEEETEE
&
&
&
@

BEHDLTDBE
HEBBBBIEBY
BHETBHRHE
BBEHEBODS
BLLBERBD
2BLBBBBEE

&
&

Figure 12,18: Naturally-cecurring
elements have o mizture of laciopes.
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Groups of the periodic table

294

Alkali metals

Group 2 metals

g

M

All of the elements in the different groups of the periodic table have similar
themical properties. The first group is known as the alkali metals. Some
examples ¢f this group are the elements lithium {Li), sodinm (Na), and
potassium (K). The alkali metals are soft and silvery in their pure form and
are highly reactive, Each of them combines in a ratio of two te one with
oxygen. For example, lithium oxide has two atoms of lithium per atom of
OXYZen,

Some examples of Group 2 metals are beryllium (Be), magnesium (Mg), and
calcium (Ca). These metals also form oxides, however, they combine one-fo-
one with oxygen. For example, beryllium oxide has one beryllium atom per

each oxygen atom.

The halogens arc on the right-hand sidc of the periodic table. These
glements tend to be toxic in their pure form, Some examples are fluorine (F),
chlerine (Cl), and bromine (Br). The halogens are also very reactive and ate
rarely found in purc form. When combined with alkali metals, they form
salts, such as sodivm chloride (NaCl) and potassivm chloride (K.C1).

On the far right of the periodic table are the noble gases. Some examples
of this group are the elements helium (He), neon (Ne), and argon (Ar). These,
elements do not naturally form chemical bonds with other atoms and are
almost always found in their pure state. They are sometimes cailed inert
gases for this reason.

It the middle of the periodic table are the transition metals, including
titanivm (Ti}, ivon (Fe}, and copper (Cu), These elements are usually good
cohductors of heat and electricity. For example, the wires that catry
electricity in your school are made of copper, Figure 12.19 shows the
tocation of the groups of elements on the periodic table.

MR VO CABULARY g / levels

alkall metals - elements In 3 listhe
group of tha perladic table. ergy level 1]

halogens - elements In the g}

f

containing flucrine, chiorine, aiy i

bromine, among others. i} ' .
bl | - -2 |s the

notle gases - elements in thy hd energy |

group containing helium, neu‘n:

argon, smong othars. - | :lwel

Alkall  Group 2
metals  metals Halogens

1B&: 1 51| s

Figure 12.19: Groups of the [}§
table. i
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. IATOMS AND THE PERIODIC TABLE
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:'leuels and the periodic table

The periods (rows) of the periodic table correspond to the energy levels in the
Bohr model of the atom (Figure 12.20). The first energy level can accept up to
two eleetrons. Hydrogen (H) has one electron and helium (He) has two. These
two elements complete the first period.

The next element, fithium (L), has three electrons. Lithium begins the second
period because the third electron gocs info the second enexrgy level. The
sccond energy level can held eight electrons, so there are eight elements

in the sccond row of the periodic table, ending with neon (Ne). Neon has

10 electrons, which completely fill the second energy level.

Sodium (Na) has 11 electrons, and siarts the third period becavsc the eleventh
electron goes into the third energy level. We know of elements with up to
118 electrons. These elements have their outermost elecirons in the seventh
energy level.

As we will see in the next chapter, the ontermost electrons in an atom are the
ones that interact with other atoms. The ouvter elecirons are the oncs in the
highest energy level. Electrons in the compleiely filled inner enexgy levels do
not participate in forming chemical bonds.

¥ energy tevel
3"enerpy level ——— ]

Bmenargy lovel —— B

12 period {row)

L_Jmoooooooiﬂm
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Figure 12,20: The rows (periods) of
the periodic table correspond to the

energy levels for the electrons in an
il
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Section 12.3 Review

1. Groups of the periodic table correspond to slements with:
a. the same mass number
b. the same atomic number
c. similar chemical properties

d. similar numbers of neutrons | Fnergy levels . -
4 @RCOOO00 -3

eraturcs of -
ical proper
bout some «
felements

2. 'Which element is the atom shown in Figure 12.217

3. Mame three elements that have similar chemical properties to oxygen. : ig:ﬂ“ﬂ“““ E I
4, The atomic mass unit (amn) is: ' \inat alement Is Hhis? n
a. the mass of a single atom of carbon 1
b. one-millionth of a gram Figure 12.21: Question 2. te
¢. approximately the mass of a proton ] 2
d. approxitately the mass of an electron tl
5. 'Which element belongs in the empty space in Figure 12.22? €
6. The ontermost clectrons of the element vanadium (atomic #23) are in a
which energy level of the atam? How do you know? Z
7. The elements fluoring, chlorine, and broming are in which gronp of the i

pericdic table?
a. the allali metals
b. the oxygen-like elements
c. the halogens
d. the noble gases
8. Which three metals are in the third period {row) of the periodic table?

Figure 12,22: Question &.

. : i\;‘ 1
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Compounds

What does the word chemical mean to you? Daes it make you think of strange,
bubbling concoctions in test tubes, mixed by a scientist in a whitc lab coat?

You tmight have heard or reud abont a hazardous chemical spill, or yon might have experimented
with chemicals in a science lab. Would it surprise you to know that YOU are a mixture of chemieals?

So are a block of wood and a glass of orange juice. The scientific term for 4 chemical is
compound. The word compound is used to describe any substance that is composed of atoms
bonded together. Water (H,0}3 and sodium chleride (NaCl) are compounds. Your body
contains thousands of different compounds. While some compounds are hazardous to your
health, many such as proteins and catbohydrates, are necessary for growth and survival.

All of the millions upen millions of different compounds are made of only
92 elements combined in different ways. Just ag you can spell thousands
of wards with fhe same 26 letters, you can make all the compounds

from 92 elements. A

Koy Questlons

v What does the chemical formuila Hs0 mean?

form compounds?

. ¢ What compounds is yotlr body made of?




 chapter [EY SR

13.1 Chemical Bonds and Electrons s \/OCABULARY B
Most matter exists as compounds, not as pure elemenis. That's because most pure clements are EE:?;E}?J;?EZSE?::;#ET n |_3 a
chemically unstable. They quickly form chemical bonds with other elements o make compounds. alectrons. g
For example, water (H,0) is 2 compound of hydrogen and oxygen. The salt used in food is a covalent bond - a chemica
compound that contains two elements, sodium and chlorine, that are poisoncus by themselves. In farmed by atoms that are sha
this section, you will learn why and how the atoms of elements form compounds. or Thore electrone. .
chemical formula-a
CD‘VHIEI‘It ho nds reprasentation of 8 compoun

Elactrons form A chemical bond forms when atoms transfer or share electrons, Almost all includes the symbols and ral
atomz of each element in the

¢hemical bonds  elemenis form chentical bonds easily. This is why most of the matter you compound
experience is in the form of compounds. '

Covalentbonds A covalent bond forms when atoms share electrons, A group of atoms held
together by covalent bonds is called a molecu/e. The bonds between oxygen
and hydrogen in a watcr molecule are covalent bonds (Figure 13.1). There
are two covalent bonds in a water molecule, between the oxygen and each of
the hydrogen atoms. Each bond represcnts & shared electron pair.

Chemlcal A molecule’s chemical formula tells you the ratio of atoms of each element

formutas  in the compound. For example, the chemical formula for water is HyO. The
subscript 2 indicates there are two hydrogen atoms in a water molecule. No
subscript after the O indicates there is only one oxygen atom for every two
hydrogen atoms it the molecule.

Reading a Chemical Formula shared slet _.-:I

Elament symbol o._- Element symbel indicatss cxygan Figure 18.1: In a covalent ba'{_
ellzstes hydrog 2 ."]\ electrons are shared belween alvin
Subscript maana there ara two Mo svbscript means thers I ane i
hytrogen atoms In each motecuta oxygen atom n each moleculs 3

Waler malacule

i
¢
t
1
I
(
1
£
C
e
| =)
g
4]

Ratio of two hydrogen atome 1o one axygan stom (n the compound
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W honds
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¢ or share ; arged atom

I and rati
wentin the

Not all compounds are made of molccules. For example, sodinm chloride
(NaCl) is a compound of sodium (Na} and chlorine (CI) in a ratio of one
sodium atom per chlorine atom, The difference is that in sodium chloride, the
electron is trangferred (instead of shared) from the sodium atom to the
chlorine atom. When atoms gain or losc an electron, they becong ions. An
ion is a charged atom, By losing an electron, the sodium afom becomes a
sadiom ion with a charge of +1. By gaining an electron, the chlorine atom
becomes a chloride ion with a charge of —1. (Note that when chlorine
becomes an ion, the name changes to chloride.}

Sodium and chlorine-farm an lonic bond because the positive sodium ion is
atiracted to the negative chloride ion, lonic bonds are bonds in which onc or
more electrons are transferred from one atom o another.

Unlike covalent bonds, ionic bonds are not limited to a single pair of atoms,
Tn sodinm chloride, each positive sodium ion is aitracted to all of the
neighboring chloride ions (Figure 13.2). Likewise, each chloride ion is
aftracted to all the neighboring sodinm ions. Because the bonds arc not just
between pairs of atoms, ionic compounds do not form molecules. In an ionic
compound, each atom bonds with off of its neighbors through attraction
between positive and negative charges.

Like covalent compounds, ionic compounds have fixed ratios of elements.
For example, there is one sodium ion per chloride ion in sodium chloride
(NaCl). This means we can use chemical formulas for ionic compounds just
like we do for covalent compounds.

Sodium chloride involves the transfer of one electron. However, ionic
compounds may also be formed by the transfer of two or more electrons. A good
example is maghesium chlotide (MgCly). The magnesium atom gives up two
glectrons to become a magnesium ion with a charge of +2. Each chlorine atom
gains one electron to become a chloride ion with a charge of —1. The ion charge
is written as a superseript after the element symbol (Mg*', CI, Fe**, etc.).

- Chapter |KEJ

N VOCABULARY MEEEEER

ion - an atom {or group of atoms) that
has an electric charge other than
zerg, created whan an atem (or group
of atams) gains or loses electrons.

ionlc bond - a bond that transfers
one or more glectrons from one atom
to anathar, resulting in attraction
betwasn oppositely charged ions.

Sorlum and Chloring Form
an lonle Compound

Chloride £ 3 Sodium
@ ion fan

Figure 13.2: Sodium chloride is an
tonie compound in which each positive
sadium ion i3 attracted to ofl of ita
negative chloride ion neighbors and vice
vErsi.
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Why chemical bonds form

Atoms form [t takes energy to pull the tape off of a surface. Similarly, it also takes energy
honds to reach a  to separate atoms that are bonded together. If it takes energy to separate
lower enexgy  bonded atoms, then the same amount of energy must be released when the
state  wond forms. Energy is released when chemical bonds form. BEnergy is

released becanse atoms that have bonded together have less total energy than
the same atoms separately, Like a ball rolling downhill, atoms form
compounds becanse the ators have lower energy when they are together in
compounds. For example, one carbon atom and four hydrogen atoms have
more tofal energy apart than they do when combined in a methane melecule
(Figure 13.3).

Chemical  All elements, except the noble gases, form chemical bonds. However, some

reactivity elements are much more reactive than others, In chemistry, reacfive means
an element easily forms chemical bonds, often releasing energy. For
example, sodium is 2 highly reactive metal. Chlorine is a highly reactive gas.
If pure sodium and puve chlarine are placed together, a violent explosion
occurs as the sodium and chlorine combine, The energy of the explosion is
the energy given off by the formation of the chemicai bonds.

0 froup Nohle gasss
"] 4 ]~ Electrons away from noble gas —=-| 4 t E.'"T 211 | |
[ Mot reactive : vl
r__l Moderately reaclive
il very reactive

X\ S Mn) Repge A8 ASE
2 b | M T Rait g IGHTHE

Some elements  The closer an element is to having the same number of ¢lectrons as a noble
aremore gas, the more reactive the element is. The alkali metals are very reactive
reactiva than  becansc they are just ene electron away fiem the noble gases, The halogens
othars  ave also very reactive becauss they are alse one electron away from the noble
gases. The beryllium group and the oxygen group are less reactive because
each element in these groups is two electrons away from a noble gas.

1 Carbon 3
(HICH(Hydrogen 3
" 5
&2
(&
Low

Figure 13.3: The methane (C] :!'!
molecule has fower total energy thi
four separate hydrogen afoms ﬂnd
separate carbon alomt. :

I CHALLENGE

The noble gases (He, Ne, A, &
called fnert bacause they don
ordinarily react with anything.
put sodium in an atmosphare
helium and nothing will happe
Howevar, scientisis have faun
few noble gases oo form com
in very speslial circumstances,
Research this topic and ses f
find & compound involving an
gas. :
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~; CoMPOUNDS .

The discovery of encrgy levels in the atom solved a 2,000-year-old mystery.
Why do elements combine with other elements only in particular ratios (or
noi at al)? For example, why do two hydrogen atoms bond with one oxygen
atom to make water? Why isn't there a molecule with three (H30) or even
four {H,0) hydrogen atoms? Why does sodium chloride have a precise ratio
of one zodium ion to one chloride ion? Why don’t helium, neon, and argon
form compounds with any other elements? The answers have to do with the
electrons in the oulermost energy levels.

Chemical bonds are formed only beiween the elecirons in the highest unfilled
cnergy level, These electrons are called valence electrons. You can think of
valence electrons as the outer “skin™ of an atom. Electrons in the inner (filled)
energy levels do ntot interact with other atoms because they are shielded by
the valence electrons. For example, chlorine has seven valence electrons. The
first 19 of chlorine®s 17 elecirons are in the inner {filled) energy levels

(Figure 13.4).

It turng out that eight is the stable number for chemical bonding. All the
elements heavier than boren form chemical bonds to acquire a configuration
with eight valence electrons. For example, sodium and chlotine form an ionic
bond so each can have a configuration of eight valence elecirons

{Figure 13.5). Eight is 2 stable number becanse eight electrens completely fill
a part of the outermest energy level. The noble gases alrcady have a stable
number of eight valence electrons, They don’t form chemical bonds because
they don’t need to veact to achieve this stable number.

For elements with an atomic number of five (boron) or less, the stable numbex
is two instead of eight. For these light elements, two valence electrons
completely fili the first energy level. The elements H, He, Li, Be, and B form
bonds to reach the stablc number of two valence electrons.

Because of its single electron, hydrogen can also have zero valence electrons.
Zero {s a stable mmmber for hydrogen, as well as two. This flexibility makes
hydrogen a very “friendly” element; hydrogen can bond with almost any
other element.

MEERN VOCABULARY IR

valence elactrons - the elecirons
in the highest unfillsd snargy level of
an atom.

Chlorine
17 total elactrons
T valence elactrons
Valence
alactrons

inner alectrans

Figure 13.4: Chiorine has 7 valence
electrons, The cther 10 electrons are in .
filled finner) energy lovels,

Bond

. Chloring
Sodium 7 valance elactrong
1 valence alectron

Figure 18.5: Chiorine and sodium
bond so each can reach o configuration
with eight valsnce elecirons.
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Valence electrons and the periodic table

Pariod 2
elements

Each successive
elemant has cne
more vatance
alactron

Bonding

Double bonds
share bwo
elactrons

The illustration below shows how the elecirons in the elements in the second
petiod (lithinm to neon) fill the energy levels. Two of lithium’s threc
electrons go in the first energy level. Lithium has one valence electron
because iis third electron is the only one in the second energy level.

Cioing from left to right across a period, each successive element has one
mote valence eleciron, Beryllium has two valence electrons, boron has three,
and carbon has four. Each element in the second period adds one more
electron until all eight spots in the second energy level axe full at atomic
mumber 10, which is neon, a noble gas. Neon has eight valence electrons.

1 valenca elecinon 2 valancs slectrons 3 valance elecirons 4 yalanaa elacirons
" Jolvlalulatnle | 9B OOO000 BT T Lalelelsis] T JEIT Y Jelacale)
L L I prrea L il , (L L T

5 valencs elechons 8 valance alectrons 7 valencs slectrens f valenca alestrong

._uuquuuoo:. FGIVIBRO0 ..uuuuuuuo.“.uuuuuuuu
.. 20 e ag .. e -

Oxygen has six valence electrons. To get to the magic number of eight,
oxygen needs to add two electrons. Oxygen forms chemical bonds that
provide these two cxtra electrons. For example, a single oxygen atom
combines with two hydrogen atoms because each hydrogen can supply only
onc electron {Figure 13.6).

Carbon has four valence electrons, That means two oxygen atoms can bond
with a single carbon atom, with each oxygen sharing two of carbon’s four
valence electrons. The bonds in carbon dioxide (CQO,) are double bonds
because each hond involves four electrons (Figwre 13.7), two from carbon
and two from oxygen. Each oxygen has two lone pairs of clectrons (sce the
in-text diagram ot the next page).

¥

© v o

Gvaience  1valence 1 valandel
glactronz  electron slaction;

Total: .
R Yalence alacirons = Stable

-ig
Figure 13.6: Oxygen hos six S
electrons and hydrogen has fws, 08
water molecule, each hydrogen sufg
one electron to make a tatal of elg)ig
velence electrons. i

liagrams |

Carbon dioxide

Double bonds /

2 glectrons from C, 2 ole

Figurﬂ 13_?: Uﬂrbﬂnform B
daublea bonds wi;h nrygen to mé‘
carbon dioxide. _

|
[
i
1
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':ut-diagrams

A Lewis dot dlagram is a way to represent an atom’s valence clectrons. A
dot diagram shows the element symbol surrounded by one to eight dots
represenfing its valence electrons, Each dot represents one electron. Lithium
has one dot, beryllium has two, boron has three, etc. Figure 13.8 shows dot
diagrams for some of the elements.

Each element forms bonds to reach one of the stable numbers of valence
electrons; two or eight. In dot diagrams of a complete molecule, each element
symbel has either two or cight dots around it. Both configurations correspond
to completely filled (or empiy) encrgy levels.

CO, Carbon dlaxide NH,Ammania GH, Methans CCi, Garbon tetrachiaride

Carbon has four dets and hydrogen has one. One carbon atom bonds with four
hydrogen atoms because this allows the carbon atom to have eight valence
electrons (eight dots}—four of its own and four shared with four hydrogen
atoms. The piclure above shows dot diagrams for carben diexide (CO5),
ammonia (NH;}, methane (CH,), and carbon tetrachloride (CCly).

A sodivim atom is nentral with 11 positively charged protons and 11
negatively charged elecirons, When sodium loses one electron, i has 11
protons (+) and 10 clectrons (-} and becomes an ion with a net charge of +1.
This is because it now has one more positive charge than its negative charges,
A chlorine atom is neutral with 17 protons and 17 electrons. When chlorine
gains one electron to have a stable gight electrons, it has 17 protons {+) and 18
electrons (—) and becomes an ion with a charge of ~1. This is because it has
gained one negative charge. When sodium and chlorine form an ionic bond,
ihe resulting compound is nentral (+1} -+ {—1) =0,

CONPOUNDS

- chapter |EEJIIN

MRS VOCABULARY I

Lewis dot dlagram - a method for
repregsenting an stem's valancea
alactrong using dots araund the
element symbl

Fluorine
T valence elecilrons

Creygen

& valetice alectrons

Nitrogen
S valenoo olocians

Carkon
A valoice glectrons

Boran
3 valeneo elactrons

Lithium
1 valenco clacton

Figure 13.8: Dot diagrams for some
af the efemenis.
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Section 13.1 Review

Which of these dlagrams ah__.
1. Molecules are held together by: thres valenca alectrons?:;

a. ionic bonds C ::
b. covalent bonds
c. bothaandhb
2. How many atoms of chlorine (Cl} are in the carbon tetrachloride , :
moleculs {CCl,)? B go200000 | B L I forn
3. Which of the compounds below has a chemical formula of CqHg? _ lonle |
3 - unds i
Figure 13.9: Question €. i
1
3
€
Mama two slemants that have 45
thls Lewia dot dlagram. .8
4. True or False: Ionic compounds de not form molecules. {;
5.  Atoms form chemical bonds using: - dation 2
a. elecirons in the innermost encrgy level. . : umbers ¢
b. electrons in the outermost energy level. Figure 13.10; Question 7. "3 g
¢. protons and electrons. L €
6. Which of the diagrams in Figure 13.9 shows an element with three 4
valence electrons? What is the name of this clement? ¥
7. Name two elements that have the Lewis dot diagram shown in ¥
Fipnre 13.10. ¢
8. Draw dot diagrams for the following. 3
a. silicon i
b. xcnon - 3
¢, calcium ¢
d. H,O
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iChemical Formulas

. tonic
__mpuunds

Mevious section, you learned how and why atoms form chemical bonds with one another.

5 learned that atoms combine i certain ratios with other atoms. These ratios determine the
! formula for & compound. In this section, you will learn how to write the chemical

g for compounds. You will also jearn how fo name compounds based on their chemical

fical formulas and oxidation numbers

Racall that the chemical formula for sodium chloride is NaCl. This formula
indicates that every formula unit of sodium chloride contains one atom of
sodium and onc atom of chlorine; it u 1:1 ratio. Why do sodium and chlotine
combine in a 1:1 ratio? When sodium leses an eleciron, it becomes an ion
with a charge of +1. When chlorine gains an electron, it becomes an ion with
a charge of —1, When these two iong cotnbing to form an ionic bond, the net
elecirical charge is zero (Figure 13.11). T his is because (F1) + 1) =0.

All compounds have an electrical charge of zero.
This means they are neutral.

A sodium atorn always ionizes fo become Na' (a charge of +1) when it
combines with other atoms to make a compound. Thercfore, we say that
sodium has an oxidation number of 1+. An oxidation number indicates the
eleciric charge on an atom when electrons are lost, gained, or shared during
chemical bond formation. Notice that the convention for writing oxidation
numbers is the opposite of the convention for writing the charge. When
writing the oxidation number, the positive (or negative) gymbol is writien
after the mumber, not before it.

What is chlorine’s oxidation number? If you think it is 1—, you are right. This

is because chlorine gains one electron, one negative charge, when it bonds
with other atoms. Figure 13.12 shows the oxidation nurnbers for some of the

elemenis.

. Chapter

AEpmEE VOCABULARY NSNS

oxldation number - a quantity thai
indicatas the charge on an atom when
it gains, loges, or shares alecirons
during bond formatian.

1. Electron transfar
[ ]

»

2 lonization
[ ]
"

o
a L

[ ]
Crddation Number: 1* leda'ﬂnn'Number: 1-
4. \onic bond
L L]

+ -
L [ ]
- ]

a8
Nautral compound: {17 + (17 =10

Figure 13.11: Sodium and chlorine
combine in o 11 ratio.

o aone |
‘ Atom |, Gained-or . Oxidation:.
' . Number :

Mg losas 2 24

Al loses 3 o

P gains 3 3

56 galns 2 7_

| Br gaing 1 1=

Figure 13.12: Oxidation nuinbers of
some cortmon elements.
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m COMPOYNDS - .

Predicting oxidation numbers from the periodic table

Valenze
electrons and
oxidation
numbers

Beryllium has an
oxidation
number of 2+

The perlodic
tahle

In the last section, you learned that you can tell how many valence electrons
an element has by its location on the periodic table. If you can determine
how many valence electrons an element has, you can predict its oxidation
hutnber. An oxidation mimber corresponds to the need of an atom to gain or
lose electrons (Figure 13.13).

For example, locate beryllium (Be) on the pericdic table below. It is in the
second column, or Group 2, which means beryllinum has two valence
glectrons. Will beryllium get rid of two electrons, or gain six in order to
obtain a stable number? Of course, if i easier to lose two electrons. When
these two electrons are lost, beryllium beeomes an ion with a charge of +2.
Therefore, the most common oxidation number for beryllivm is 2+, In fact,
the most common oxidation number for all elements in Group 2 is 2+

The periodic table below shows the most commaon oxidation numbers of
most of the elements. The elements known as transition metals (in the
middle of the table) have variable oxidation numbers.

Most common oxidation number 3+ 4+ 3-| 2-) 1-

NOTE: Many elements have morg than ene
possible oxidation numbar,

Oxidation Number. of
{need to losa 2 slectro

Oxidation Mumber of 13
(need to gain 1 electroi}
.e .8 LA

o .
2 &

Figure 13.13: Oxidation n
correspond fo the need to gain
elecirons. '
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i SOLVE T} i

You can usa tha periodic table to
pradict whather two elements will form
fonic or covalant compounds. For
example, potassium combines with
bromlne to make potassium bromlde
{KBr). Arg the chamilcal bonds in this

Jleting tonic and covalent bonds

¥iilionds are  Whether a compound is fonic or covalently bonded depends on how much
Kir covalent  each clement “needs” an electron to get to a magic number (two or eight).

' Elements that ars very close to the noble gases tend to give or take electrons
rather than share them. These elements often form ionic bonds rather than
covalent bonds.

nhar of.
1 electror) &
Q)

As an example, sodium has one electron more than the noble gas neon.
Sodium has a very strong tendency to give up that electron and become a
positive ion. Chlorine has one electron less than argon. Therefore, chlorine
has a very sirong tendency to accept an clectron and become a negative ion,
Sodinm chloride is an ionic compound because sodium has a strong tendency
to give up an electron, and chlorine has a strong tendency (o acccpi an
eleciron.

compound lkely to be ionic or
covalant? To solve thls problem, look
at tha periodic table at the [sft.

K is a strong electron dongr and Bris
a strang electron acceplor. KBr is an
lonle compound because Wand Br ara
from opposite sides of the periodic
table.

On the periodic table, strong electron donors are on the left side (aikali metals). Now youl try the following.
Strong clectron acceptors are on the right side (halogens). The farther separated 1. Are the chemlcal bonds In sllica
two elements arc on the periodic table, the more likely they are to form an ionic (Si05) Ukely to be ionic or

componnd. covalent?

2. Aratha chemical bonds in calzium
fluoride (CaFz) likely to be lonlc or
covalent?

Covalent compounds form when elements have roughly equal tendency to

: accept electrons, Elements that are nonmetals and therefore close together on
Sitpounds  the periodic table tend to form covalent compounds with each other becavsc
they have approximately equal iendency to accept electrons, Compounds

g invalving carbon, silicon, nitrogen, and oxygen ate ofien covalent.

Strong Strong I\ Halogans He
electron electron : T 15T,
donors acceptors :r,f' : ? I: ZH;?:_
‘8 | Cl ["Ar

'I:E 4 1F g

R&'Se | Br| Kr

1Ay 3] 36 || 38

Sh:[Te | 1 [[Xe

: _'52 53 a4
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Oxidation numhbers and chemical formulas

Oxldatlon
numbers In a
compound add
up to zero

Example:
carbon
tetrachloride

loat slements
have mora than
ane possibla
oxldatlen
number

When elements combine in molecules and icnic compounds, the total
electric charge is always zero. This is becanse any elcctron donated by one
atom is accepied by another. The rule of zero charge is easiest to apply using
oxidation numbers. The total of all the oxidation numbers for all the atoms in
a compound must be zero, This impertant rule allows you o predict many
chemical formulas.

The oxidation numbers for all the atoms in a
compound must add up to zero.

To see how this works, consider the compound carbon tetrachloride (CCly).
Carbon has an exidation mumber of 4+. Chlorine has an oxidation number of
1—. It takes four chlorine atoms ta cancel carbon's 4+ oxidation number,

Carbion Tetrachleride {CCl)

am LA ¥ » &
S EE LS
L] &+ L] ] L] a L]
(RO SRR 1

The total of the oxidation numbers for each atemn
in the meleculs must be zero.

[ X

Some periodic tables list multiple oxidation numbers for
most elements, This is because more complex bonding is
possible. When multiple oxidation numbers are shown, the
most common one is usually in bold type. For example,
nitrogen has possible oxidation numbers of 5+, 4+, 3+, 24,
and 3, even though 3— is the most common (shown at the
right). In some reference materials, roman numerals are
used to distingnish the oxidation number. Figure 13.14
shows a few of these elements.

Elament

———

. cupper (n

B

. .DHMH fir.
MNuinl

copper {11}

iron (11

iran {IN

chrarmium {II)

chromiurm {1}

lead {I}

lead (IV)

oxidation number for an efemen i

multiple numbers.
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WMo

ing chemical formulas for binary compounds

Once you know how to find the exidation numbers of the clementis, you can

predict the chemical formulas of binary compounds {Figure 13.1 5). A hinary

compousnd is a compound that consists of two elements. Sodinm chloride

(NaCl) is a binary compound. To predict and write the chemical formula of a

binary compound, use the following rules.

1. Writc the symbol for the element that has a positive oxidation number
first. Do not write the oxidation number,

2. Write the symbol for the element that has a nepative oxidation number
second. Do not write the oxidation number.

3, Find the least common multiple between the oxidation numbers to make
the sum of their charges equal zero. Use the numbers you multiply the

oxidation numbers by as snbscripis.

Solving Problems: Binary Compounds

Iron (I11) (3+) and oxygen (2-) combine to form a compound. Predict the

chemical fermula of this compound.

Chemical formula for a binary compound
Elements and oxidation numbers: Fe (I1[) = 3+ and O =2—
Writc the subscripts so that the sum of the oxidation numbers equals zero.

The least common multiple between 3 and 2 ig 6.

For iron (I11): 2 x {3+) = &+. For oxygen: 3 x (2-) = 6-

(6+) + (6-)=0. The chemical formula is Fe;04 because it took 2 Fe atoms
and 3 O atoms to make a neutral compound,

w

Your turn...

a. Predict the chemical formula of the compound containing beryllivm (2+)

and fluorine (1-).

b. Predict the chemical formula of the compound containing lead (IV) and

sulfur (2-).

- COMPOUNDS

S VOCABULARY NN

blnary compound - a chemical
compaound that congists of two
elemants.

Pradict the chemics! formuls for & compound
mrade from kon (eddation aumber 343 and
oxygen (oxidation number 2=},

1. Writa tha symbol for the elsmant that has a
positiva oxldation nember first. Do not write
the oxidation number.

2. Write the aymice| for the element that has a
negative pxidation number second. Do not

3. Artd subecyipts 2o thet the sum of tha
oxldailon numbera of all the atomns In
iha formula iz zerd.

e B RO = b
BRI 4"-C o i SR B ST
Chawieal Formuta: Fe O,

Figure 13.15; The steps to predict
the chemtical formula of 4 binary
componned.
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Compounds with more than two elements M VO CABULARY Bl com

Motall Have you ever taken an antacid for an upset stomach? Many antacids contain polyatomic ion - an ion thy
compounds are  calcium carbonate, or CaCO5. How many types of atoms does this contains more than one atof
made of only  compound contain? You are right if you said three: calcium, carbon, and
twotypes of oxypen. Some compounds contain more than two elements. Some of these |Oxidation '
aloms  tynes of compounds contain polyatomic ions. A polyatemle ion contains Numpor  Name of ton - Fan

more than one atom. The prefix poly- means “many.” Figure 13.16 lists some | -

U
' "

commion polyatomic ions. The example below illustrates how to wiite " ammoniur
chemical formulag for these types of compounds. - 1- acetate
2~ carbaonate
. . 2= chromate -
Solving Problems: More Chemical Formulas hydragen
- carbonate
1+ tyrdraniuim
Aluminum (3+) combines with sulfate (S042") or the sulfate ion to make = hydroxide |,
aluminum sulfate, Write the chemical formula for aluminum sulfate. - T
1. Looking for:  Chemical formula for a compound containing more than two elements 2 peraxide 1
2. Glven: Al3* and 502 ” phoserete !
. . F 2 suifate
3. Relationships: The oxidation numbers for all of the atoms in the compound must add up to o aulfite ]
Z6T0. 7 s
. vt T 2
4, Solutlon: Two aluminum ions have a charge of 6+, It takes three sullate ions to get a gﬁ‘ﬁ:ﬁiiﬁi‘l iﬁ;ﬁ‘;;’”;m
charge of 6— To write the chemical formula, parentheses must be placed POy 3
around the polyatomic ion. The subscript is placed on the cutgide of the AC L |
parenthescs. The formula is: Aly(SOy), "S‘ELE" FiRsT 4"00 A
a. HzDz —
Your turn... b. Cas(f04)y {1
a. Write the chemical formula for hydrogen {1+) peroxide (Q52). A
b. Wiite the chemical formula for caleinm {2+) phosphate (PD,J,S_). g
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atomic fong.
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By using the following miles, you can name a binary iomic compound if you
are given its chemical formula. A binary ionic compound is held together by
ionic bonds, Binary melecular compounds consist of covalently bonded
atoms. Naming binary molecular compounds is discussed in the Sofve ftf on
the next page. To name a binary ionic compound:

1. Write the name of the first element.
2. Write the root name of the second element,
3. Add the suffix -ide to the root name.

MgBr, is magnesium (name of first element) phus -brom (root name of sccond
element) plus -ide = magnesium bromide (Figure 13.17, top).

1f the positive element has more than one cxidation number, you must first
fipure out that number. Then, use a roman numeral to indicate the oxidation
number. For example, FeCl, = iron (I1I) chioride because iron (111} has a
charge of 3+. It would take threc chloride ions (oxidation number = 1-) to
make the sum of the oxidation numbers equal zero.

Naming compounds with pelyatomic ions is easy.

1.  Write the name of the first element or polyatomic ion first. Use the
periodic table or ion chart (Figure 13.16, previous page) to find its name.

2. Write the name of the second element or polyatomic ion second. Use the
pericdic table or ion chart (Figurc 13.16, previous page) to find its name.
If the second one is an element, use the root name of the element with the
suifix -ide.

NH,Cl i8 ammoniunm (the name of the polyatomic ion from Figure 13.16) plus
-chlor (root name of the second element) plus -ide = ammonium chloride
(Figure 13.17, bottom).

Again, if an element has more than oneg oxidation munber, you must figure cut
that number. For example, Cuy SO, would be named copper (1) sulfite and
CuS0; would be copper (1) sulfite.

MNaming & Blnary Compound
MgBr,

1. Writa the name of the first element,

Mg_z xaagnesium.

2. WHte the rot name of
tha =econd alemant.

Br_z.bromine = brom-
3. Add the BUftX -Ide 10 the teot name.

brow 4. 148 % hromide

Nama of the compountk:
Mogwra Sium bEramida

Maming Cempounds
with Polyatomle lons

NH,CI

1. ¥rite the name of the flrst elameant or
palyatamic ton first, Ues the periodic table
o e chart o find i name.

polyatomic lon second. Lsa tha periodic
tahte or ion chart to find ks narmea. IF the
socend one |9 an alement, uaa the reot
riarmd of the alernent with the suffix -ida.

Name of the compound:
ammonium chioride

Figure 13.17: Noming campounds.
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Section 13.2 Review

79 SOLVE !

Naming Binary Moleculaiig

. Compounds g
a. the number of oxygen atoms an element bonds with, P L gompound
Maming binary malecular eg ﬁ)‘fthnga fo

b. the positive or negative charge acquired by an atom in a chemical is slmilar ta the methods ug | WL lnrce
. B i
hond, naming binary ionic compo AE

1. The oxidation number is: ow: which ¢

¢. the number of electrons invelved in a chemical bond, described on the previous
by However, in this case, the nuni : =
: +, : » NG 1A :
2 Narm:.thrﬂa ele:mm.lts that have an oxidation lll.ll"ﬂhﬂl‘ of 3 sach type of atom (tho subscy j' | dia
3. What is the oxidation number for the elements in Group 177 also specified in the name of; oo are T
4. When elements form a molecule, what is TRUE about the oxidation compound. From 110 10,1 sented i
numbers of the atoms in the molecule? prefixes aret mono, o, i, f ictural
_— hexa, hiapla, ccla, nona, d : c
5, The snm of the oxidation numbers must equal zero. - o oo rams ¢
.y . b name a binary molacula
b. All oxidation nun?bn:rls from the same molecule mnst be positive. compound, spaclfy the nu g
5. True or False: All oxidaiton numbers from the same molecule must be each type of atem using th I
negative. prafix. As with binary lonlc C

compounds, the anding of
of the second element Int
compound is modified by 8

6. Which of the following elements will bond with oxygen, resulting in &
1:1 ratio of oxygen and the element?

I
e E
a. lithium suffix -ide as shown [n-the &k cule 1
b. boron _ below. ' ' C
c. beryilivm NQO : :
d. nitrogcn @ il F
7. Name the following compounds. kinitrogen mmi
a. NatCOs If the first slement in the ¢
b. BaCl, doas not have a subscrpt,
¢. LiF a Greek prefix for that elemeqii®
use one for the sacond elemd]
d. 5511(01‘1)3 example, CO3 is carbon dlex/dE
e. Sr

. .1 . Name the following blnary m
8. Would a bond between potassium and iodine most likely be covalent or compounds. g binaryn

ionic? Explain your answer. (a)CCly (b} N4Og
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