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6.1: The Mole and Avogadro’s Number

Define the amount unit mole and the related quantity Avogadro’s number.
Calculate molar mass of a compound from the molecular formula.

We can argue that modern chemical science began when scientists started exploring the quantitative as well as the qualitative
aspects of chemistry. For example, Dalton’s atomic theory was an attempt to explain the results of measurements that allowed him
to calculate the relative masses of elements combined in various compounds. Understanding the relationship between the masses of
atoms and the chemical formulas of compounds allows us to quantitatively describe the composition of substances.

The Mole
So far, we have been talking about chemical substances in terms of individual atoms and molecules. Yet we do not typically deal
with substances one atom or molecule at a time; we work with millions, billions, and trillions of atoms and molecules at a time. We
need a way to deal with macroscopic, rather than microscopic, amounts of matter. We need a unit of amount that relates quantities
of substances on a scale that we can interact with.

Chemistry uses a unit called mole. The mole (mol) is an counting term similar to familiar units like pair, dozen, gross, etc. It
provides a specific measure of the number of atoms or molecules in a bulk sample of matter. A mole is defined as the amount of
substance containing the same number of discrete entities (such as atoms, molecules, and ions) as the number of atoms in a sample
of pure C weighing exactly 12 g. One Latin connotation for the word “mole” is “large mass” or “bulk,” which is consistent with
its use as the name for this unit. The mole provides a link between an easily measured macroscopic property, bulk mass, and an
extremely important fundamental property, number of atoms, molecules, and so forth.

The number of entities composing a mole has been experimentally determined to be , a fundamental constant
named Avogadro’s number ( ) or the Avogadro constant in honor of Italian scientist Amedeo Avogadro. This constant is
properly reported with an explicit unit of “per mole,” a conveniently rounded version being .

How big is a mole? It is very large. Suppose you had a mole of dollar bills that need to be counted. If everyone on earth (about 6
billion people) counted one bill per second, it would take about 3.2 million years to count all the bills. A mole of sand would fill a
cube about 32 km on a side. A mole of pennies stacked on top of each other would have about the same diameter as our galaxy, the
Milky Way. Atoms and molecules are very tiny, so one mole of carbon atoms would make a cube that is 1.74 cm on a side, small
enough to carry in your pocket. One mole of water molecules is approximately 18 mL or just under 4 teaspoons of water.

How many molecules are present in 2.76 mol of H O? How many atoms is this?

Solution
The definition of a mole is an equality that can be used to construct a conversion factor. Also, because we know that there are
three atoms in each molecule of H O, we can also determine the number of atoms in the sample.

To determine the total number of atoms, we have

How many molecules are present in 4.61 × 10  mol of ?

Answer
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6.02214179 ×1023
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6.022 × /mol1023

 Example 6.1.3
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2.76 × = 1.66 × molecules Omol OH2
6.022 × molecules O1023 H2

mol OH2

1024 H2

1.66 × × = 4.99 × atoms1024 molecules OH2
3 atoms
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1024

 Exercise 6.1.3

−2 O2
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2.78 × 10  molecules

Molar Mass
Why is the mole unit so important? It represents the link between the microscopic and the macroscopic, especially in terms of
mass. A mole of a substance has the same mass in grams as one unit (atom or molecules) has in atomic mass units. The mole unit
allows us to express amounts of atoms and molecules in visible amounts that we can understand.

For example, we already know that, by definition, a mole of carbon has a mass of exactly 12 g. This means that exactly 12 g of C
has 6.022 × 10  atoms:

12 g C = 6.022 × 10  atoms C

We can use this equality as a conversion factor between the number of atoms of carbon and the number of grams of carbon. How
many grams are there, say, in 1.50 × 10  atoms of carbon? This is a one-step conversion:

But it also goes beyond carbon. Previously we defined atomic and molecular masses as the number of atomic mass units per atom
or molecule. Now we can do so in terms of grams. The atomic mass of an element is the number of grams in 1 mol of atoms of that
element, while the molecular mass of a compound is the number of grams in 1 mol of molecules of that compound. Sometimes
these masses are called molar masses to emphasize the fact that they are the mass for 1 mol of things. (The term molar is the
adjective form of mole and has nothing to do with teeth.)

Consistent with its definition as an amount unit, 1 mole of any element contains the same number of atoms as 1 mole of any other
element. The masses of 1 mole of different elements, however, are different, since the masses of the individual atoms are drastically
different. The molar mass of an element (or compound) is the mass in grams of 1 mole of that substance, a property expressed in
units of grams per mole (g/mol) (Figure ).

Figure : Each sample contains  atoms —1.00 mol of atoms. From left to right (top row): 65.4 g zinc, 12.0 g
carbon, 24.3 g magnesium, and 63.5 g copper. From left to right (bottom row): 32.1 g sulfur, 28.1 g silicon, 207 g lead, and 118.7 g
tin. (credit: modification of work by Mark Ott).

This figure contains eight different substances displayed on white circles. The amount of each substance is visibly different.

Because the definitions of both the mole and the atomic mass unit are based on the same reference substance, C, the molar mass
of any substance is numerically equivalent to its atomic or formula weight in amu. Per the amu definition, a single C atom weighs
12 amu (its atomic mass is 12 amu). According to the definition of the mole, 12 g of C contains 1 mole of C atoms (its molar
mass is 12 g/mol). This relationship holds for all elements, since their atomic masses are measured relative to that of the amu-
reference substance, C.

Table : Mass of one mole of elements
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Element Average Atomic Mass (amu) Molar Mass (g/mol) Atoms/MoleElement Average Atomic Mass (amu) Molar Mass (g/mol) Atoms/Mole

C 12.01 12.01

H 1.008 1.008

O 16.00 16.00

Na 22.99 22.99

Cl 33.45 35.45

While atomic mass and molar mass are numerically equivalent, keep in mind that they are vastly different in terms of scale, as
represented by the vast difference in the magnitudes of their respective units (amu versus g). To appreciate the enormity of the
mole, consider a small drop of water after a rainfall. Although this represents just a tiny fraction of 1 mole of water (~18 g), it
contains more water molecules than can be clearly imagined. If the molecules were distributed equally among the roughly seven
billion people on earth, each person would receive more than 100 billion molecules.

Video : The mole is used in chemistry to represent  of something, but it can be difficult to conceptualize such a
large number. Watch this video and then complete the “Think” questions that follow. Explore more about the mole by reviewing the
information under “Dig Deeper.”

The relationships between formula mass, the mole, and Avogadro’s number can be applied to compute various quantities that
describe the composition of substances and compounds. For example, if we know the mass and chemical composition of a
substance, we can determine the number of moles and calculate number of atoms or molecules in the sample. Likewise, if we know
the number of moles of a substance, we can derive the number of atoms or molecules and calculate the substance’s mass.

Here are some examples. The mass of 1 hydrogen atom is 1.0079 u; the mass of 1 mol of hydrogen atoms is 1.0079 g. Elemental
hydrogen exists as a diatomic molecule, H . One molecule has a mass of 1.0079 u + 1.0079 u = 2.0158 u, while 1 mol of H  has a
mass of 1.0079 g + 1.0079 g = 2.0158 g. One molecule of H O has a mass of about 18.01 u; 1 mol H O has a mass of 18.01 g. A
single unit of NaCl has a mass of 58.45 u; NaCl has a molar mass of 58.45 g. In each of these moles of substances, there are 6.022
× 10  units: 6.022 × 10  atoms of H, 6.022 × 10  molecules of H  and H O, 6.022 × 10  units of NaCl ions. These
relationships give us plenty of opportunities to construct conversion factors for simple calculations.

What is the molar mass of sugar ( )?

Solution
To determine the molar mass, we simply add the atomic masses of the atoms in the molecular formula; but express the total in
grams per mole, not atomic mass units. The masses of the atoms can be taken from the periodic table.

6 C = 6 × 12.011 = 72.066

12 H = 12 × 1.0079 = 12.0948

6 O = 6 × 15.999 = 95.994

6.022 × 1023

6.022 × 1023

6.022 × 1023

6.022 × 1023

6.022 × 1023

How big is a mole? (Not the animal, the How big is a mole? (Not the animal, the ……
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  Example : Sugar6.1.4

C6H12O6
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TOTAL = 180.155 g/mol

Per convention, the unit grams per mole is written as a fraction.

What is the molar mass of ?

Answer

169.87 g/mol

Summary

The mole is a key unit in chemistry. The molar mass of a substance, in grams, is numerically equal to one atom's or molecule's
mass in atomic mass units.
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 Exercise 6.1.4

AgNO3
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