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CHEMICAL COMPOSITION

MASS PERCENT |

Objective: How to think about percent composition
Be able to calculate mass percentages

O

Suppose we have a single molecule of methane (CH,), as
shown below. Does this molecule contain more hydrogen or

more carbon?

W

The answer to this question will depend on how we choose
to quantify the “amount” of hydrogen or carbon. For
instance, the molecule contains more atoms of hydrogen
than carbon. Or, we could say that the total volume of the

molecule is more hydrogen than it is carbon.

However, a better metric is to consider the mass percent of

each element in the molecule or compound.

total mass of element X
% X = X 100%
total mass of compound

In terms of mass, CH, is more carbon than it is hydrogen.

It is easiest to understand this if we consider 1 mol CH,.

1 mol CH, = 1 mol C + 4 mol H
= 1x(1201g) + 4x(1.008g)
1 mol CH, = 16.042 g

The mass percent of each element can then be computed:

% C — 1x(1201g) X 100% = 74.90%C
16.042 g
%H — 4x(1.0088) x100% = 25.10%H
16.042 g
100.00 9% total

But what if we had not considered 1 mol? Does it matter?

PERCENT COMPOSITION, EMPIRICAL AND MOLECULAR FORMULAS
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M ASS P E RC E N T | | It is important to recognize that mass percentages are

Objective: Understand mass percentages are independent of the indepengent of the actual amount of the sample, which is why

amount of sample considered they are very convenient metric of content for chemists.
o Sample Exercise
Suppose that we were to calculate the mass percentages for What is the mass percent of oxygen in each substance?
2 mol CH, instead. H,O (water) and H,O, (hydrogen peroxide)
Again, it is simplest to consider 1 mol of each sample so that
The total mass of 2 mol CH, is now: we can use the molar mass of each as the total mass.
2 mol CH, = 2 mol C + 8 mol H
1 % (16.00 g)
= 2x(12.01g) + 8x(1.008g) For H,O (18.016 g/mol): eoTeg X 100% =88.81%0
2mol CH, = 32.084 g V08
2 X (16.00 g)
And the mass percentages are then: For H,0, (34.016 g/mol): 3101¢ gg X 100% = 94.07 % O
2 % (12.01 g)
%C - X 100% = 74.90 % C
32.084 g Although 1 mole of H,0, contains twice the moles of O as 1
8 X (1.008
%H - 32(084 gg) Xx100% = 25.10%H mole of H,O, the mass percent of O is not doubled. And,
100.00 % total note that while the percent composition is similar, the
These are the same percentages! chemical properties of the substances are quite different!

CHEMICAL COMPOSITION PERCENT COMPOSITION, EMPIRICAL AND MOLECULAR FORMULAS 02-B| 3



CHEMICAL COMPOSITION

EMPIRICAL FORMULA

Objective: Define empirical formula
Be able to determine empirical formulas

O

Suppose you have a nitrogen compound (N,O,) and you want
to figure out what it is, both its chemical formula and name.
Through analysis you find the compound is 30.4 % nitrogen

by mass. How might you figure out the chemical formula?

Well, since percentages are, by definition, out of “100,” it is
easiest if we assume we have 100 g of the N,O, compound.
This means that in 100 g of N,O,, there are 30.4 g N and,
therefore, also 69.6 g O.

30.4gN

Mass Ratio — {69.6 g 0

So, is the formula then N3p 4040 47

No! Why not? Remember that a chemical formula represents
the number of atoms in a compound, not the mass of each,

so we must convert these masses to moles of atoms.

1 mol N

N - 304gNX 14.01 g = 2.17mol N
1 mol O

O - 69'6gOX16.00g = 4.35mol 0

So, is the formula then N, 170,557

No! Why not? Atoms cannot exist in fractional amounts, so
we need a whole number ratio, which is achievable if we

divide by the smaller mole amount (2.17).

IR 2.17 mol N = 1molN
43?1710 > NO:
O > XMV 5ol
217

Nitrogen dioxide (NO,) is called the empirical formula, which

represents the simplest or smallest whole number ratio.
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CHEMICAL COMPOSITION

MOLECULAR FORMULA

Objective: Define molecular formula

Be able to determine the molecular formula of a compound based on its empirical formula and molar mass

Now suppose we have dinitrogen tetroxide (N,O,), which has
a molar mass of 92.02 g/mol. The percent composition by

mass of N,O, is actually the same as NO,!

2 X (14.01 g)
%N — 92.02 8 X 100% = 30.4 9% N
4 x (16.00 g)
%0 — 92.02 g X 100% = 69.6 9% O
100.0 9% total

Concept Question

If the percent composition of NO, and N,O, is identical, how
can we differentiate between the two compounds?

To distinguish between the two, we need to know the molar

masses of each: NO, = 46.01 g/mol and N,O, =92.02 g/mol.

O

The empirical formula gives us the simplest whole number
ratio of atoms in the compound; however, the molecular
formula gives the actual formula of the compound. To
determine the molecular formula, we need to compare the
molar mass to the mass of the empirical formula.

molecular formula = (empirical formula),
molecular formula mass

n = .
empirical formula mass

In the case of N,O, and NO,,

~92.02¢g
- 46.01g

Note that the empirical and molecular formulas can actually

be one and the same—it just depends on the masses!

PERCENT COMPOSITION, EMPIRICAL AND MOLECULAR FORMULAS

02-B|5



CHEMICAL COMPOSITION

GUIDED EXAMPLE

Objective: Be able to determine empirical formulas

O

Aluminum oxide (ALLO,) is 41.51 % Al and 36.92 % O by mass.

Determine the empirical formula for this compound.

Let’s write out a general procedure for the steps we will take!

Problem-solving Strategy
1. Assume a 100 g sample.
2. Convert the mass percentages to masses.
3. Convert the masses to moles using molar masses.
4. Divide the mole amounts by the smallest mole value.
 |f the mole ratios contains a fraction, multiply the
mole ratio by an integer to obtain whole numbers.
5. Write empirical formula from the simplest whole number

ratio obtained from previous step.

First, we assume a 100 g sample to simplify the math.

Al - 4151 %Al —- 4151gAl
Al Oy —
O - 3692%0 - 3692g0

Now we can convert these masses into mole values.

1 mol Al

Al - 41.51gAl X 2698 ¢ = 1.54 mol Al
1 mol O

O - 3692g0X 1600 g = 2.31mol O

Then, we divide by the smallest mole value to try to obtain a

simple whole nhumber ratio.

INDR 1.54 mol Al = 1 mol Al
1.54

O - 2.31 mol 0 = 1.5mol O
1.54

Sometimes we end up with fractional mole ratios. In these
cases, we can simply multiply the mole ratio by an integer to

obtain a simple whole number ratio.

Al > 1molAl X2 = 2molAl )
»— Al, 05
O » 1.5mol0 X2 = 3molO

J
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PROBLEMS

Fundamental Concepts
1. Cisplatin is found to be 65.02 % Pt, 23.63 % Cl, 9.34 % N,

and 2.02 % H by mass. Determine its empirical formula.

2. A certain halohydrocarbon is found to be 71.65 % Cl,
24.27 % C, and 4.07 % H by mass.

a) Determine the empirical formula.
b) Determine the molecular formula if the molar mass is

found to be 148.44 g/mol.

3. For each set of molecular formulas and molar masses,

determine the empirical formula and its mass.

a) C4Hy 78.11 g/mol
b) C,H,Cl,O, 201.85 g/mol
c) CCl, 153.81 g/mol

Problem-Solving Skills

4. Assume you have equal masses of H,50,, C,,H,,044, and

KCIO; samples. Which sample contains the greatest

number of oxygen atoms?

. The percent by mass of nitrogen is 46.7 % for a

compound containing only nitrogen and oxygen atoms.

Which of the following could this compound be?

N,O. N,O NO, NO NO,

. A metallic oxide is 13.38 % oxygen by mass. If the metal

cation has a +4 charge, what is the identity of the metal?

. A 135 g sample of a liquid hydrocarbon (containing only

carbon and hydrogen) is combusted in air. The mass of
CO, collected was 440 g and the mass of H,O collected
was 135 g. The molar mass of the hydrocarbon is 270

g/mol. What is the molecular formula of the substance?

CHEMICAL COMPOSITION PERCENT COMPOSITION, EMPIRICAL AND MOLECULAR FORMULAS
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PROBLEM 1

Cisplatin is found to be 65.02 % Pt, 23.63 % Cl, 9.34 % N, and 2.02 % H by mass. Determine its empirical formula.
— answer —

Objective: Be able lo determine empirical formulas given percent composition by mass

First, we should assume we have a 100 g sample of cisplatin, which means that in a 100 g sample there are

(65.02 g Pt
23.63 g Cl
934 gN
2.02 g H

100 g PtaCIbNCHd — <

\

Now, we can convert these masses into moles using the molar masses and divide by the smallest mole value to obtain a mole ratio.

1 mol Pt . ] Pt

Pt o 65.02gPtx —O ' 03333molPt o ooosSmMOIPt by
1951 g 0.3333
1 mol Cl 0.6666 mol Cl

Cl - 23.63gClx = 0.6666molCl — R -~ 2molCl
3545 g 0.3333
1 mol N ,

N —  934gNx - = 0667molN  — O867moIN o IN
14.01 g 0.3333
1 mol H _

H -  202gHX = 200molH o (200molH ol
1.008 g 0.3333

Therefore, the empirical formula of cisplatin PtCI,N,H,.

CHEMICAL COMPOSITION PERCENT COMPOSITION, EMPIRICAL AND MOLECULAR FORMULAS 02-B| 8



PROBLEM 2

A certain halohydrocarbon is found to be 71.65 % Cl, 24.27 % C, and 4.07 % H by mass.
a) Determine the empirical formula.
b) Determine the molecular formula if the molar mass is found to be 148.44 g/mol.
— answer —
Objective: Be able lo determine empirical formulas given percent composition by mass

Objective: Be able to determine molecular formulas given the empirical formula and molar mass

a) First, we should assume we have a 100 g sample. Then, we can convert these masses into moles using the molar masses and divide by the smallest

mole value to obtain a mole ratio.

1 mol C 2.021 mol

C - 2427gCX - 2021molc - (Z0AImOIC o elcC
12.01¢g 2.021
1 mol H 4.04 mol H

H - 407gHXx - 404molH o xo4molH_ -, K
1.008 g 2.021
1 mol C] 2.021 mol H

Cl - 71.65gClx - 2021molcl - 202molH_ i
3545 g 2.021

Therefore, the empirical formula of this hydrocarbon is CH,Cl, which has an empirical formula mass of 49.48 g/mol.
b) The molecular formula is always an integer-multiple of the empirical formula: (CH,CI),.. We can find the value of n and thus the molecular formula

by comparing the molar mass to the empirical formula mass.

molar mass 14444 g

n = 2 — (CH2C1)2 or C2H4C12

empirical formula mass 49.48g

CHEMICAL COMPOSITION PERCENT COMPOSITION, EMPIRICAL AND MOLECULAR FORMULAS 02-B| 9



PROBLEM 3

For each set of molecular formulas and molar masses, determine the empirical formula and its mass.

— anseer —

Objective: Be able to determine empirical formulas and molecular formulas

Notice that we are given molecular formulas and the associated masses. Remember that the molecular formula is always a whole number multiple (n)

of the empirical formula:
molecular formula mass

molecular formula = (empirical formula),, ; n = —
empirical formula mass

First, we can simplify each of the molecular formula into the simplest whole number ratio of atoms, which will give us the empirical formula. Note that

sometimes the molecular formula and the empirical formula are the same (e.g. CCl,).

Second, the empirical formula mass can be determined by computing directly based off of the empirical formula or by dividing the molecular mass by

the value of n.

Molecular Molecular n Empirical Empirical
Formula Formula Mass Formula Formula Mass
CyHyg 78.11 g/mol - 6 CH 13.02 g/mol
C,H,Cl,O, 201.85 g/mol — 2 CH,CI,O 100.93 g/mol
CCl, 153.81 g/mol — 1 CCl, 153.81 g/mol

CHEMICAL COMPOSITION PERCENT COMPOSITION, EMPIRICAL AND MOLECULAR FORMULAS 02-B| 10



PROBLEM 4

Assume you have equal masses of H,SO,, C;,H,,0,4, and KClIO; samples. Which sample contains the greatest number of oxygen atoms?
— answer —

Objective: Understand the information given by percent composition by mass

There are two ways you can solve this problem. The first way involves assuming some mass (let’s say 100 g) of each sample and using stoichiometry to

determine the number oxygen atoms in each compound. Doing so would indicate the answer is H,SO,.

1mol H,SO, 4 mol O 6.022 x10%3 atoms O

100 g H,S0, X X X = 2.46 X 10%* at 0
512984 % 798109 g 1 mol H,S0, 1 mol O Ao
000 CHooO. - 1mol C;,H,,04; y 11 mol O y 6.022 x10%° atoms 0 103 % 1024 atoms O
5 222811 34234 g 1 mol C,,H,,0;, 1 mol O - OIS

1mol KCl0; 3 mol O 6.022 x10%3 atoms O

100 g KCIO, X X X
583 % 7122558 1 mol KCIO; 1 mol O

= 1.47 x 10%* atoms O

Another way to solve this problem is to compute the percent mass of O in each compound, which will give an indirect measure of the number of

atoms of O in each sample. Doing so would also indicate the answer is H,50O,.

- 4x16.00 11x16.00 3%x16.00

: x100% = 65.250 : x100% = 51.41°0 : —— x100% = 39.17¢
HpS0,: —oro— X100% = 65.25% O Ci5Hpp011: —o——x100% = 51.41% 0 KCl03: ————=x100% = 39.17% O

CHEMICAL COMPOSITION PERCENT COMPOSITION, EMPIRICAL AND MOLECULAR FORMULAS 02-B| 11



PROBLEM 5

The percent by mass of nitrogen is 46.7 % for a compound containing only nitrogen and oxygen atoms. Which of the following could this compound
be? N,O: N,O NO, NO NO,
— answer —
Objective: Be able to determine empirical formulas and molecular formulas
To solve this problem, we can determine the empirical formula of the nitrogen-oxygen compound given the percent composition. But first we need to

determine the percent mass of O in the compound: 100.0 — 46.7 = 53.3% O.

1 mol N . IN
N - 467gNXx - - 333molN o oosmoN N
14.01¢g 3.33
1 mol O 3.33mol O
53.3g0 X = 3. 1 = 1 mol
O - g 16.00 8 3.33mol O - 333 mol O

This means that empirical formula and the compound is NO (nitrogen monoxide).

CHEMICAL COMPOSITION PERCENT COMPOSITION, EMPIRICAL AND MOLECULAR FORMULAS 02-B| 12



PROBLEM 5

A metallic oxide is 13.38 % oxygen by mass. If the metal cation has a +4 charge, what is the identity of the metal?
— answer —

Objective: Be able to determine empirical formulas and molecular formulas

First, understand that the empirical formula for such an ionic compound must be MO, because the metal cation is M4* and the anion is O2-. This

means that the mole ratio of M:O is 1:2.

Because we are given the mass percentages, we can set up the following work to determine the empirical formula. What we do not know though is

86.62
X

the identity of the metal M and its molar mass. Let’s say that the molar mass of the M is x g/mol though. That means we would have mol M as

shown below. So we need to figure out the value of x to identify the metal M.

Vv 86.62 o M X 1 mol M 86.62 M 86.62/x mol N | ol M
- ] = — — Mo
5 Xg x O 86.62/x
0 13380 x 01O 0.8362 mol 0 08362mol0 ) ol0
- _ = 0. - =
&% 1600 g Mo 86.62/x mo

Because we already know the mole ratio of M:O is 1:2, the quantity ==

mol M must be the smaller mole amount by which we need to divide each

quantity to derive the empirical formula. We can solve the portion related to oxygen to extract the molar mass (x) and identify M as Pb.

0.8362 mol O

— 2mol 0 —207.2
86.62/x moty =
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PROBLEM 6

A 135 g sample of a liquid hydrocarbon (containing only carbon and hydrogen) is combusted in air. The mass of CO, collected was 440 g and the mass
of H,O collected was 135 g. The molar mass of the hydrocarbon is 270 g/mol. What is the molecular formula of the substance?
— answer —

Objective: Be able to determine empirical formulas and molecular formulas

First, realize that the combustion of this compound can be expressed as the unbalanced chemical equation: C,H, (/) + O, (g) = CO, (g) + H,O (g).

Second, understand that all of the carbon in the hydrocarbon must be converted into the 440 g of CO, and all of the hydrogen in the hydrocarbon

must be converted into the 135 g of H,O. This means that we can determine the amount (moles) of C and H in the hydrocarbon as:

1molCO, 1molC 1 molH,0 2molH

440 g CO, X ~ 9.99, mol C 135 g H,0x X
527 44 01g  1mol CO, 8 1O 51257 71802¢g ~ 1 mol H,0

= 14.93 mol H

From this information, we can now determine the empirical formulas of the hydrocarbon as C,H; (empirical mass = 27.05 g/mol).

9.995 mol C
C - 999gmolC - = 1 mol C X2 = 2molC
9.994
14.95 mol H
H - 1493 molH 3.9 = 1.50molH x2 = 3molH
778

Because we know the molar mass of the hydrocarbon, we can determine the molecular formulas:

molar mass 270 g

= = =10 C,H C,oH
" empirical formulamass 27.05g = (C2Hs)10 0r CooHlso
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