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Chemistry

Chapter 3
Mass Relations in Chemistry; Stoichiometry

Edward J. Neth ¢ University of Connecticut

Outline

» Atomic Masses

* The Mole

* Mass Relations in Chemical Formulas
+ Mass Relations in Reactions

Fundamental Questions

+ How many atoms are there in a gram of an element?

« How much iron can be obtained from a ton of iron
ore?

» How much nitrogen gas is required to form a
kilogram of ammonia?

Stoichiometry

+ Chemical arithmetic
+ Study of mass relationships in chemistry

Atomic Masses

+ Individual atoms are too light to be weighed on a
balance

+ Collections of atoms can be weighed and those
collections can give accurate atomic masses

The Carbon-12 Scale

» The atomic mass of an element indicates how heavy,
on average, an atom of an element is when
compared to an atom of another element

« Unit is the atomic mass unit (amu)
« Mass of one 12C atom = 12 amu (exactly)
 Note that 12C and C-12 mean the same thing
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Masses and the Periodic Table

» The mass of an element is indicated below the symbol for
the element

» Consider He
» On average, one He atom weighs 4.003 amu
» This is about 1/3 the mass of a carbon-12 atom

4.003 amu

=0.3336
12.00 amu

Comparing Two Atoms — Mass Ratio

atomic mass X _mass of atom X
atomic mass Y mass of atom Y

Figure 3.1 — Mass Spectrometer

+ A mass spectrometer is used to determine atomic
masses

A beam of gaseous fons is
deflected by the magnetic
field toward the detector,

| relative masses of the ions.
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Mass Spectrometry

» Atoms are ionized at low pressure in the gas phase

» The cations that form are accelerated toward a
magnetic field

« The extent to which the cation beam is deflected is
inversely related to the mass of the cation

Fluorine

+ Atomic fluorine exists as a single isotope
» Mass of F is exactly 19.00 amu

Carbon

» 12C has a mass of exactly 12.000 amu

» Carbon in the periodic table has a mass of 12.011
amu

* Why isn't it exactly 12.0007?
* Why are most atomic masses not whole numbers?




Isotopes

» Recall that an isotope is an atom with the same
number of protons

» Therefore, the same element
» Different mass number
» Therefore, a different number of neutrons

Averages

» Take the simple average of two numbers
+ Add the numbers and divide by 2
« Each number counts 50%
*(10+15)/2=125
* (0.5 X 10) + (0.5 X 15) =125

« A simple average is simply a weighted average
where each contributor counts 50%

Isotopic Abundance

» To determine the mass of an element, we must know

the mass of each isotope and the atom percent of
the isotopes (isotopic abundance)

+ The mass spectrometer can determine the isotopic
abundance

Chlorine

» Two isotopes
» CI-35
> CI-37

Atomic Mass Abundance

Cl-35 3497 emu 75.53%
Cl-37 3647 amu 24.47%

Figure 3.2 — Mass Spectrum of ClI

» The area under the peak in the mass spectrogram

gives the isotopic abundance
10}
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Abundance (%)

Average Atomic Masses

» The atomic mass quoted in the periodic table is the
weighted average of the atomic masses of all
isotopes of that element




Weighted Averages

» For an element with two
isotopes, Y, and Y,:

%Y,
100

%Y,
100

atomic mass Y = (atomic mass Y,) + (atomic mass Y,)

» For chlorine:

atomic mass Cl =34.97 amu 5553 +36.97 S5 amu
100 100

Example 3.1

Example 3.1 Bramine is a red-orange liquid with an ave

T80 amu. [s name is derived [rom the Greek word Sromos (Spoges), which means
Zamu) and Br-§1

16 atomic mass of

stenchn I s twa naturally cccurring isolepes: Be-7

(40,92 amu}. What is the abundance of the he atope?

: tha
H. 1 we lel x — abundance of Br-

i
+ hen the abundance of

ing this problem is to re wmdances of the

SOLUTION  Suhatituting in Fquation 3.1,

- . {100 — x} [x}
FRAMamu = TR amu————— + S8 amu——
{TIl] 100

)

= 7A82amu + 2400 amn—-

1

X (79,90 72.92) amu

solving: — =
g 200 amu

=049 = 100[049] = 49%

Reality Check  The atomic mass of Br. 79490, 1 just aboul halfway between the masses
of the v tsolopes, 784

HOU2, S0, 1L is reasonable that il should conlain nearly
equal amounts of the rwa isotapes,

Masses of Individual Atoms

« Itis usually sufficient to know the relative masses of
atoms
« One He atom is about four times as heavy as one
H atom
+ Therefore

» The mass of 100 He atoms is about four times the mass
of 100 H atoms

» The mass of a million He atoms is about four times the
mass of a million H atoms

Avogadro’s Number

» There is a number that corresponds to a collection of
atoms where the mass of that collection in grams is
numerically equal to the same number in amu, for a
single atom

* N,=6.022 X 10%

* Number of atoms of an element in a sample whose
mass is numerically equal to the mass of a single
atom

+ By knowing Avogadro’s number and the atomic
mass, it is now possible to calculate the mass of a
single atom in grams

Figure 3.3 — One Mole of Several Substances

Example 3.2

m Consider titanium {11), the “space-age™ metal discussed af the end of

Chapter 1 Laking Avogadro’s number to be 6,022 % 107, caleulate

{a) Lhe mass ol'a lilaniwm alom.
(b} the number of atoms in a ten-gram sample of the metal.
(<) the number of protons in 01500 1b of titanium.

Strategy  From the periodic table, the atomic mass of titanium is 4787 amu. It follows
that

6.022 % 108 Ti atoms = 47.87 g Ti

‘Lhe relation vields the required conversion factor for (a) and (k). Also from the periodic
lable, we see thal the alomic number lor titanium is 22, the number of prolons inan
alom ol itanium.




Example 3.2 (cont'd)

SOLUTION
4787 g Ti

{a) mass of Tialom =1 Tiatm = 7949 K10 My

£.022 3 107 T aloms

H022

4

1 aloms

(b} no.of Tiatoms = 10,00 g = L.258 # 10* atoms

(e} First, change the given mass of 13 (12,1300 Tk} o grams:

4336 g

[ER VN {E = = HE0 g
Th &

G022 2 107 Tiatoms | 22 protons
478711 © latom

no. of protons = 68.04 g

= 1.883 x 10¥ protons

Reality Check  Becavse aloms are so liny,
TA9 0
1255 3107, lo weiy

expect their mass Lo be very small:

ssunable. Conve

il Lakes a ol ol aloms, in Lhis case

lem grams.

The Mole

» Amole is Avogadro’s number of items
» Very large number

» Avogadro’s number of pennies is enough to pay
all the expenses of the United States for a billion
years or more, without accounting for inflation

» The molar mass

» The molar mass, MM, in grams/mole, is
numerically equal to the sum of the masses (in
amu) of the atoms in the formula

Molar Masses of Some Substances

Formula Sum of Alomic Masses Molar Mazs, M
0 16,00 &mu 16,00 g/mal
0 21600 amu) 32,00 amu 3100 g/mal
H0 201.008 amu) — 16.00 amu = 18.02 amu 18.02 gfmal
MaCl 2299 amu — 35,45 amu = B8.44 amu ERE4 gfmal

The Significance of the Mole

« In the laboratory, substances are weighed on
balances, in units of grams

« The mole allows us to relate the number of grams of
a substance to the number of atoms or molecules of
a substance

Mole-Gram Conversions

e m=MMXn
* m = mass
« MM = molar mass
« n = number of moles

Example 3.3

Acetvlsalicylic acid, CaHs Oy, is the active ingredient of aspirin.

() Whal is the mass In grams ol 0,509 moles of acelylsalicylic acid?

(b1 A ane-gram sample of aspirin containg 73.2% by mass of Cal [,O. Thowe many moles
of acetylsalicvlic acid are in the sample?

(¢} How many molecules of C,H,0, are there in 12.00 g of acetylsalicylic acid? How
many carbon atoms?

Strategy  Tind the molar mass of C,H,0), and use it to convert moles to grams in (a),
grams lo moles in (b}, and {with Avogadro’s number) grams Lo molecules in (<)




Example 3.3 (cont'd)

SOLUTION ‘Lhe molar mass of CoHytY. is

MWT = [9012.070 + 8010080 + 4016000 | gimal = 18005 gimol

150,15 g
{a] 0,309 mol = 9.7
Il

TR p i HO 1 mal :
(b LoD gaspirin % ot T 42 510 mel

HI) g aspinin 1815 g

. 1 el 60022 5 10 molecules
[e) 1200 g CuH 0y = — = 4011 % 10 molecules
180150 1 mol

Since there are 9 carbon atoms in one molecule of CoH,0,,

9 Catoms "
= A6H

no. ol Caloms = 4011 3 10 mulecules 3
1 molecule

Reality Check  Becanse every known substance has a molar mass greater than 1 gimel,
the mass of the sample in grams is always larger than the number of maoles,

Chemical Formulas

+ In chapter 2, we learned that the chemical formula
tells us the number of atoms of each element in a
compound, whether that is a molecular compound or
an ionic compound

+ We can now combine that knowledge with the
knowledge of molar mass to begin relating elements
by mass

Mass Relations in Chemical Formulas

» Percent composition from formula
» The percent composition of a compound is stated
as then number of grams of each element in 100 g
of the compound
» By knowing the formula, the mass percent of each
element can be readily calculated

Example 3.4

e o, which consists ol dreailLL axide

SOLUTION

il Trane male af Bty ther

th cae Kilagrens of ke, comvert
e it and firalls o

1307 Ty, 1000 g hemwatile 1 menc ron
% s
niipke nid p Fadl, 10 s

wEas beonatine = 10K Fe s

= L15% 107" meiric lin

Chemical Analysis

« Experimentation can give data that lead to the
determination of the formula of a compound

» Masses of elements in the compound
» Mass percents of elements in the compound

» Masses of products obtained from the reaction of
a weighed sample of the compound

Simplest Formula from Chemical Analysis

« Often, the formula is not known, but data from
chemical analysis is known
+ Amount of each element in grams
» Can be used to determine the simplest formula
» Smallest whole-number ratio of atoms in a compound
» H,0 is the simplest formula for water
* H,0, is the molecular formula for HO




Example 3.5 — Simplest Formula from Masses of
Elements

range cormpound onkalas i g of prccs

M 0508l 0
)

The simplest farnila of ke prang
Reaality Chack 2 ke ratiaal |
the ke razia were 1

gy 1 e

Example 3.6 — Simplest Formula from Mass
Percents

» When dealing with percentages, assume 100 g of
the compound

» By doing so, the unitless percentage becomes a
meaningful mass

The compound that gives vinegar its sour taste is acetic acid, which
conlains the elements carbon, hydrogen, and osvgen, When 5.00 g ol acelic acid are
burned inai 3 gof CO; and 200 g of water are obtained. What is the simplest
frmula of acctic acid?

Example 3.6 — Simplest Formula from Mass
Percents (cont'd)

Strategy Lhe lirst step (1) is to caleulate the masses of C, H, and O in the 5.00-g
sample, To do this note that all ol the carbon has been converted 1o carbon dioxide, One
male of C {1201 g} forms one mole of GO (4401 ). Hence to find the mass of carbon
in 7.33 gof CO,, you use the conversion factor:
12001 g C4400 g G0,

By the same loken, all the hydrogen ends up as waler. Because there are lwo moles

of H (2016 g) in one mole of H.O (158,02 g, the conversion factor is
2(1.008)g HfL8.02 g HaO

‘The mass of oxygen in the sample cannot be found in a similar way because some of
the oxypen in the products comes from the air required to burn the reactants. Instead
we lind the mass of oxygen by dilference:

mass (1 = mass of sample — (mass of C + mass of H}

Omnee the masses ol the elaments are obtained, iUs all downhill; lollow the same path as
in Fxample 3.5.

Example 3.6 — Simplest Formula from Mass
Percents (cont'd)

SOLUTION

110 Find the mass of each = oo

i the sl

s - TR0,

i B o= LI Mo 3

s () =

2t

12) Findthe number of malz 1 element.

T

R

H
— = 038 el 0

H

L0 mul 0

Molecular Formula from Simplest Formula

+ The relationship between simplest and molecular
formula is a whole number

» The whole number relates the molecular mass to the
mass of the simplest formula as well

Example 3.7

SEIAEERE  The molar mass of acelic acid, as determined with a mass

spectrometer, is about 60 gimel. Using that information along with the simplest
lormula found in Exanple 3.6, delermine the molecular lormula of acetic acid.

Strategy Calculate the molar mass corresponding to the simplest formula, CH,O.
Then find the multiple by dividing the actual molar mass, &0 g/mol, by the molar mass
of CH,O.
SOLUTION
MM CH.O = 12201 g/maol + 201008 g/mol) + 16.00 g/mol = 30003 gfmal
The ralio of the aclual molar mass, 60 gimaol, o that of CHLO is
&0 gimol

malecular formula = C.HO-
30.03 gfmol




Mass Relations in Reactions How are Equations Written?

+ Chemical equations represent chemical reactions + We must know the reactants and the products for a
« Reactants appear on the left reaction for which an equation is to be written
« Products appear on the right + |tis often necessary to do an experiment and an
analysis to determine the products of a reaction

+ Equation must be balanced o . ) }
o NIUTTIBET 6F Eiams 6F cadh clEmant am ihe (e .. » Determining the products is often time consuming

* ...equals the number of atoms of each element on the and difficult

right

Writing Chemical Equations Example 3.8

1. Write a skeleton equation for the reaction.
. . SENNIIRCR  Crystals of sodium hydroside (lye) react with carbon diexide from air
2- Ind|Cate the phyS|CaI state Of eaCh reactant and Lo lorm a colorless liquid, waler, and a white powder, sodium carbonate, which is
product. commaonly added to detergents as a softening agent. Write a balanced equation for this

chemical reaction.

3. Balance the equatlon Strategy 1o translate names into formulas, recall the discussion in Section 2.6,
. On|y the coefficients can be Changed' Chapter 2. The physical stales are given or implied. To balance the equalion, vou could
. . g ’ start with either sodiam or hydrogen.
subscripts are fixed by chemical nature of the
reactants and products
+ lItis best to balance atoms that appear only once - o o
. . ) Because there are two MNa atoms on the right, a coeflicient of 2 is written in front of
on each side of the equation first NaOH:

SOLUTION  The skeleton equation is
NaO11(s] + COL{g) — NayCOyls) + 11O

INaOH{E) + COyfgh — NayCOy(s) = 1,000)

Carelul inspection shows thal all aloms are now balanced. There are lwo Na aloms, lour
O atoms, two H atoms, and one C atoni on both sides of the equation.

Mass Relations from Equations Example 3.9

» The coefficients of a balanced equation represent

the numbers of moles of reactants and products Graded
« 2 N2H4 (I) + N204 (I) 3 N2 (g) + 4 HZO (l) :\IIiJIllJIIi:A is used to make fertilizers for lawns and pardens by reacting nitrogen gas with
wydrupen gas.
* 2 m0| N2H4 + 1 m0| N204 3 mOI NZ + 4 mOI HZO (a) Write a balanced equation with smallest whole number coefficients for this
reaction,

(b1 Huow many moles ol armmonia are lormed when 134 mol ol nitrogen react?
75 3 10° g of ammueria?
of hiydrogen react?

fel Tl many grams ol hydrogen are required Lo produce 2
[d} How many molecules of amumenia are formed when 2,92

(2] - grams of amunonia are praduced when 15,0 L of air {79%. by valume
nitrogen) react with an excess of hydrogen? The density of nitrogen at the con-
dirions of the reaction is 125 /L
SOLUTION

fal ‘Lhe equation for the reaction is

Nalgh | 3H.lg) — 2NH,(g)




Example 3.9 (cont'd)

was .~ 173 % W0 g NEL <

11 We sl the Avapnue s

(X l

mulecalis ¥T], - 282517,

21 e Frat nd the s ol nilragn i 267 and Cien procesd ung & scheme sardlar b
thace abere,

17013 g KH,

T, AN

Limiting Reactant and Theoretical Yield

- 2Sb(s)+31,(s) 2Sbl,(s)

r { )
When antimony (dark gray powder) comes - vigorous reaction | The product b Shi,, |
in contact with lodine (vinlet vapor)...

takes place. i

The Reactants I'he Reaction
© BrckaCai. Cergage Lasming

Interpreting by Mass

+ Reactants
+ One mole Sb (243.6 g)
» Three moles |, (761.4 g)
» Two moles Sbl; (1005.0 g)
« All of the reactants are converted to product

In the Laboratory

» Reactants are usually not mixed in exact ratios
+ An excess of one reactant is often used
» Usually the less (or least) expensive reactant

» One reactant will then limit the amount of product
that will form

Sb-1, with a limiting reactant

» Suppose the mixture is
« 3.00 mol Sh
+ 3.00 mol I,
« In this case
+ 1.00 mol Sb will be left over

+ 2.00 mol of Sb will be used
* React with 3.00 mol I,
» Form 2.00 mol Sbl,

Approach to Limiting Reactant Problems

1. Calculate the amount of product that will form if the
first reactant were completely consumed.

2. Repeat the calculation for the second reactant in
the same way.

3. Choose the smaller amount of product and relate it
to the reactant that produced it. This is the limiting
reactant and the resulting amount of product is the
theoretical yield.

4. From the theoretical yield, determine how much of

the reactant in excess is used, and subtract from
the starting amount.




Example 3.10

Example 3.10

Consider the reaction
25bis) + 3ls) — 25bIs)
Delermine the limiling reaclant and the theoretical vield when

(a} 1.20mol of Sb and 2,40 mol of I; are mixed,
(B} 1205 ol Shand 240 g of [ are mixed. Whal mass of excess reactant s lefl when the

reaclion is complele?

Strategy

Ferllonw: thee four steps outlined above, Inosteps (7 and (2, follow the stratewy
described in Txample 19 1o caleulate the amount ol product formed. In (a), a simple

one-step conversion is required; in (b), the path is longer because you have to go from
mass of reactant to mass of product. To find the mass of reactant left over in (b}, caleu-
late how much is required to give the theoretical yield of product. Subtract that from the
starting amoun lo find the amount left,

Example 3.10

SOLUTION
. ) ) 2 mol bl .
() (1) ngy from Sh = 120 moel Sho= — 1,20 maol SbI,
g 2 mel $h
. . 2 mel 5hl; .
(20 gy from I, = 240 mal T, = = Leh mel b1,
: Smoll,

(3) Because 1.20 mol is the smaller amount of product, that i

he theoretical yield
af Shls. This amount of Shi; is produced by the antimony,

5h is the limiting

cenctant.
. . Lmolsh  2molSbT, 5015 g ShI,
(h) (1) mass of $hi; from 5h = 1.20 g &b = * L .
121.5 g 5b 2muolsb 1 maol 5hl,
= 4,95 5bI,
ek ; 1mall, 2 mod SbI,
{21 mass of Shi; from 1, = 2A0 g1, =

2558gl, 3moll,  1molShl,
= 317 gshl,
(3) The reactant that vields the smaller amount (317 g) of SBI; s L. Hence L is the

limiting reactant. ‘The smaller amounl, 3.17 g of 8bly, is the theoretical vield.

o , i 1218 g 5h "
4] mass ol b oreguires 317 gsbly 768 g Sb
1 mass ol S required g 5h. 5025 S0l L

massof Shlefr = 1.20p  076dg = 043 g

Verifying the Limiting Reactant

» Once the limiting reactant has completely reacted,

there is no more left to react with the excess of the
other reactant

The Pancake Analogy

» Consider a recipe for pancakes. To make 16
pancakes, you need

« 2 cups flour

« 2 teaspoons baking powder
» 2 eggs

* 1 cup milk

Pancakes

« Now start with
« 2 cups flour
« 2 teaspoons baking powder
* legg
1 cup milk

« ltis clear that the egg will limit you to 8 pancakes
and that you'll have a cup of flour, a teaspoon of
baking powder and a half a cup of milk left over

Pancakes

» The egg is the limiting reactant and the theoretical
yield is 8 pancakes

10



Experimental Yield

« Experimental yields are always lower than
theoretical yields

» Some product is lost to competing reactions
« Some product is lost to handling

» Some product may be lost in separating it from the
reaction mixture
» The actual yield is the quantity of product you
measure after you have done the reaction in the
laboratory

Percent Yield

» The percent yield is defined as

actual yield

———————— X100%
theoreticalyield

% yield =

Example 3.11

Example 3.17 [JEeeRRe again the reaction discussed in Example 3,10;

28h(s) 4 3L0s) — 28bLs)
Suppose that in part (a) the percent yield is 78.2%. How many grams of Shl; are formed?

Strategy  Usc Equalion 3.3 Lo find the number of moles of Sbl; and then the mass in
grams {1 mol Shl; = 502,35 g Sbl,).

Key Concepts

1. Relate the atomic mass of an element to isotopic
masses and abundances.

2. Use Avogadro’s number to calculate the mass of an
atom or molecule (in grams).

3. Use molar mass to relate
* Moles to mass of a substance

5. Find the simplest formula of a compound from
chemical analysis

6. Balance chemical equations by inspection
7. Use a balanced equation to
* Relate masses of reactants and products

« Find the limiting reactant, theoretical yield, and
percent yield of a reaction.

SOLUTION .
o SHL — Lol x TR SRS » Molecular formula to simplest formula
ssperimental yield 8bl, — L20mol 8bl, # —— % —————— — 472 g 8bl; : i
e e 100" U mal SHE £ 4. Use the formula of a compound to find its percent
composition or the equivalent
Key Concepts

11



